
 Eindhoven University of Technology

MASTER

Cooperative Vehicle Control and Platoon Sequencing for an On-Ramp Merging Vehicle

Tiwari, P.

Award date:
2020

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/1223f2be-d226-4010-b664-20d24d6076a6


DEPARTMENT OF MECHANICAL ENGINEERING

MASTER THESIS

Cooperative Vehicle Control and Platoon Sequencing
for an On-Ramp Merging Vehicle
DC2020.117

Prateek Tiwari
1295675
04-12-2020

DEPARTMENT OF MECHANICAL ENGINEERING

PO Box 513
5600 MB Eindhoven
The Netherlands
tue.nl





Cooperative Vehicle Control and
Platoon Sequencing for an On-Ramp

Merging Vehicle

Graduation Project

Prateek Tiwari
Student number: 1295675

DC2020.117

Department of Mechanical Engineering
Master Automotive Technology

Dynamics & Controls Research Group

Primary supervisors : Ir. Wouter J. Scholte
Dr. ir. Tom P.J. van der Sande

Supervisor and committee chair : Prof. dr. Henk Nijmeijer

Other committee members : Prof. dr. ir. Soora Rasouli
Prof. dr. ir. Peter W.A. Zegelaar

Eindhoven, December, 2020





D e cl ar ati o n c o n c er ni n g t h e T U/ e C o d e of S ci e ntifi c C o n d u ct 
f or t h e M a st er’ s t h e si s 

I h a v e r e a d th e T U/ e C o d e of S ci e ntifi c C o n d u ct
i
. 

I h er e b y d e clar e t h at m y M a st er’ s t h e si s  h a s b e e n c arri e d o ut  i n a c c or d a n c e wit h t h e r ul e s of t h e T U/ e C o d e of S ci e ntifi c 

C o n d u ct  

D at e  

N a m e  

I D-n u m b er  

Si g n at ur e  

I n s ert t hi s d o c u m e nt i n y o ur M a st er T h e si s r e p ort ( 2 n d p a g e) a n d s u b mit it o n S h ar e p oi nt

i
 S e e: htt p:// w w w.t u e. nl/ e n/ u ni v er sit y/ a b o ut -t h e-u ni v er sit y/i nt e grit y/ s ci e ntifi c -i nt e grit y/  

T h e N et h erl a n d s C o d e of C o n d u ct f or A c a d e mi c  Pr a cti c e of t h e V S N U
 
c a n b e f o u n d h er e al s o. 

M or e i nf or m ati o n a b o ut s ci e ntifi c i nt e grit y i s p u bli s h e d o n t h e w e b sit e s of T U/ e a n d V S N U  

V er si o n 2 0 2 0 0 7

3 0- N o v- 2 0 2 0

Pr at e e k Ti w ari

1 2 9 5 6 7 5





Abstract

The increasing demand for mobility and the limited capacity of the road networks has led to
concerns regarding safety, road throughput, fuel consumption, and emissions on a highway
scenario. To improve these aspects, the field of Intelligent Transportation Systems (ITS) has
been explored extensively in the past few decades. These explorations led to the development
of cooperative adaptive cruise control (CACC) technology. The CACC incorporates wireless
communication between the vehicles in addition to the on-board sensors such as radar, lidar,
or camera. This advent of CACC technology has transformed the research in the field of
cooperative driving. Even though cooperative driving can yield a safe and efficient driving
condition, the elementary maneuvers such as merging of an on-ramp vehicle into the main-
lane remain a challenging task. This elementary bottleneck maneuver of merging the on-ramp
vehicle is discussed in this thesis.

In this cooperative merging scenario, the on-ramp vehicle aims to join the CACC-equipped
vehicles moving in a platoon on the main-lane. This merging of the on-ramp vehicle is a
sophisticated procedure and requires reaching the desired states at the desired time before
joining into the platoon. Otherwise, the on-ramp vehicle can create a disturbance in the string
of the platoon resulting in an inefficient driving with a higher control effort of the vehicles.
Thus, to reach the desired states at the desired time efficiently a longitudinal trajectory is
designed. This trajectory is designed by formulating an optimal control problem, which is
solved using Pontryagin’s Maximum Principle (PMP). Furthermore, to handle the unknown
disturbances, the solution coefficients of this control problem are repeatedly solved online by
utilizing the Model Predictive Control (MPC) scheme.

In addition to the longitudinal trajectory, the on-ramp vehicle’s merging position in the
platoon also plays an important role in determining the overall effort. This merging po-
sition corresponds to the sequence in which the vehicles cross the merging point, and the
required effort is defined based on absolute acceleration. Even though several studies have
explored the cooperative merging scenario, limited attention has been given to determine
the merging sequence (MS). Furthermore, the research performed for determining the MS
in the past uses the centralized control approach. In this thesis, a decentralized control
approach for the strategies is presented, which reduces the infrastructural requirements.
Three strategies, namely, the first-in-first-out (FIFO), game theory-based, and time-till-arrival
(TTA) strategies, are presented in this thesis. Finally, to identify the performance of the de-
veloped decentralized strategies, they are compared with each other in various scenarios.

v



Acknowledgement

This thesis will always be vividly remembered due to the COVID-19 pandemic across the
world. First and foremost I would like to thank everyone working on the front-line against
COVID-19 for their efforts and selfless service.

Despite the challenges, I am very pleased to complete the thesis and want to acknowledge
everyone who made this possible. I would like to express my sincere gratitude to my primary
supervisors Wouter and Tom for their support, guidance, patience, and immense knowledge
which helped me throughout this graduation project. I could not have imagined having better
advisors for my project. I shall forever remain indebted to your kind support.

Next, I would like to thank professor Henk Nijmeijer for giving the wonderful opportunity
to work on this interesting project. Your valuable feedback and inputs during the meetings
helped me think clearly and motivated me to explore beyond the limits.

Finally, special thanks to my family for all their love and motivation. This opportunity to
study in a prestigious technical university would not have been possible without their support.
I also would like to thank all my close friends who constantly helped and inspired me to keep
moving during the tough times.

vi



Contents

Glossary x

Nomenclature xi

1 Introduction 1

1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Problem Description and Research Gaps . . . . . . . . . . . . . . . . . . . . . 3

1.3 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Report Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Literature Review 6

2.1 Merging Trajectory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Merging Sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Control Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 Performance Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Cooperative On-Ramp Merging 13

3.1 On-Ramp Merging Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Vehicle Following Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3 Gap-Creation Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4 Benchmark Target-Switch Strategy . . . . . . . . . . . . . . . . . . . . . . . . 21

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Longitudinal Trajectory Planning 23

vii



4.1 Control Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2 Optimal Control Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3 Trajectory Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.4 Trajectory Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5 Merging Sequence Management 35

5.1 FIFO Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.2 Game theory-based Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.3 Time-till-arrival Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.4 High-level Communication Requirements . . . . . . . . . . . . . . . . . . . . . 46

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6 Performance Evaluation 50

6.1 Comparison Based on On-Ramp Vehicle Initial Conditions . . . . . . . . . . . 50

6.2 Comparison Based on Parameter Variation . . . . . . . . . . . . . . . . . . . 53

6.2.1 Headway time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.2.2 Standstill distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7 Conclusions and Recommendations 60

7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

viii



Glossary

Roman Symbols
A system matrix
a acceleration
B input matrix
C output matrix; computed cost
c solution coefficient
D delay transfer function
d distance
e error
F weighting matrix
G vehicle transfer function; plant noise gain matrix
H spacing policy; Hamiltonian function
h headway time
j jerk; total number of vehicles in the merging scenario
K feedback controller transfer function
k controller gain
L length of the vehicle
` output dimension
M CAM message
n number of states; total number of time steps
Q weighting matrix
q position; number of inputs
R weighting matrix
r standstill distance
s Laplace variable; set of joining strategies
t time; time step
u control input
v velocity; measurement noise
w weights; process noise
x state vector
y output
Z number of potential merging sequence

ix



Greek symbols
α, β class κ function
Γ string stability complementary sensitivity
γ additional gap
θ communication delay
ξ controller input
τ driveline constant; time
λ co-state variable

Subscripts
cz cooperation zone
d derivative action
dd double derivative action
f final value
g gap opening
h horizon
i, j indices
lc lane change point
lead lead vehicle
m platoon length; merging point
min minimum
max maximum
N on-ramp vehicle
o initial value
p proportional action; platoon vehicle
pre preceding vehicle
r desired value
ref reference
step step size
tot total value

Miscellaneous
f(·) real-valued function
N set of natural numbers
Rn×m set of real of size n×m
Sm set of all vehicles in a platoon of length m
Sp set of potential joining strategies
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Chapter 1

Introduction

Cooperative automated driving is a promising field of research that strives to accomplish the
social demand for clean, safe, and efficient traffic systems through technological advancement.
This advancement in technologies has enabled vehicles to communicate with each other, al-
lowing them to drive together closely while improving traffic flow efficiency. Considering this
advancement, Section 1.1 first provides a background of the technological development in
the field of cooperative driving. In recent years, cooperative driving has received signific-
ant attention, particularly highway applications concerning safety and traffic flow efficiency.
Therefore, the later part of Section 1.1 briefly introduces these highway applications. Sec-
tion 1.2 presents the problem statement and the gaps in the existing literature. Thereafter,
in Section 1.3, contributions of this thesis are highlighted. Finally, Section 1.4 presents the
outline of the complete thesis.

1.1 Background and Motivation

Traffic congestion due to limited freeway capacity has been a constant problem for the last
few decades. The congestion reduces the road throughput, increases the risk of collision [1],
adds to the travel time [2], causes discomfort to passengers, and results in excessive energy
consumption and emissions [3]. One of the solutions to the traffic congestion problem can be
an increase in the number of roads. However, due to space limitations, the building of new
transport infrastructures does not seem to be an appropriate solution [4]. To relieve these
traffic congestion problems, substantial research in the area of Intelligent Transportation Sys-
tems (ITS) has been performed [5, 6, 7, 8]. As a solution to the problem of traffic congestion,
the concept of vehicle platooning is introduced.

Vehicle platoons are a chain of interconnected dynamical systems, typically consisting of a
leader and follower vehicles. These interconnected systems aim to increase highway capacity
and reduce energy consumption by adopting a short inter-vehicular distance. Later, this
platoon concept expanded, and the emphasis of research turned to incorporate longitudinal
automation through information exchange between the vehicles [9].

One of the first applications adopting the longitudinal automation between the interconnec-
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CHAPTER 1. INTRODUCTION

ted vehicles is adaptive cruise control (ACC). The conventional cruise control (CC) allows
the vehicle to maintain the speed initially set by the driver. On the other hand, the ACC
automatically adapts the velocity of the vehicle to realize a desired distance to the preceding
vehicle. To measure the distance to the preceding vehicle, the ACC utilizes sensors such as
radar, lidar, or camera, and maintains the distance by automatically changing its velocity.
Although the desired distances can be maintained in the ACC, it can lead to the propagation
of disturbances along the string of vehicles [10]. As a result, the ACC-equipped vehicles are
required to maintain large inter-vehicular distances and conclusively, result in poor highway
capacity utilization [11, 12]. Thus, the ACC is often considered to be more of a comfort
application rather than for road throughput [11].

To increase road throughput, vehicles must drive as close as possible without violating the
safety requirements. As close driving with ACC can cause disturbances to propagate along
the string, this may result in a phenomenon known as string instability. These disturbances
might occur due to, for example, sudden changes in velocity during normal driving. Even for
a standard time gap of 1s the string of vehicles is already unstable with ACC [11]. To deal
with such instabilities in a platoon, a more advanced system known as Cooperative Adaptive
Cruise Control (CACC) is developed. The CACC was introduced first in the Partners for
Advanced Transit and Highways (PATH) program [13]. In addition to the data obtained
by radar, lidar, or camera, the CACC employs inter-vehicle wireless communication, which
ensures short inter-vehicle distance, thus improving the highway capacity. Additionally, the
vehicles equipped with the CACC can also adapt to changes in the preceding vehicle’s state
quickly without compromising the string stability.

(a) (b)

Figure 1.1: (a) On-ramp merging on a highway [14], (b) Intersection on a highway [15]

The advent of CACC technology has transformed the research in the field of cooperative driv-
ing, thus making the CACC one of the prominent applications for connected and automated
vehicles (CAV). Considering these developments, the CACC is expected to benefit the current
transportation systems in terms of safety, mobility, and sustainability. Several applications
of CACC technology have been proposed and developed over the years under various traffic
networks and field implementations [16]. Some of the applications are merging of an on-ramp
vehicle and crossing of the vehicles at an intersection on highways. These cooperative ap-
plications shown in Figure 1.1 involve various elementary maneuvers such as merging and
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CHAPTER 1. INTRODUCTION

crossing of a vehicle. These elementary maneuvers make the traffic flow on highways not
only challenging but also increase the risk of collision between vehicles on different lanes [17].
To deal with traffic congestion and safety problems, the CAVs are employed, which allows
vehicles in proximity to share their local information with each other.

Even though the CAVs are associated with safer and efficient driving, the bottleneck element-
ary maneuvers remain a challenging task. Out of various such elementary maneuvers, one of
the challenging maneuvers on a highway is the merging of an on-ramp vehicle into the main-
lane platoon. To investigate the associated challenges, the merging scenario will be studied
extensively in this thesis. To this end, the problems related to the merging of an on-ramp
vehicle is described next.

1.2 Problem Description and Research Gaps

Significant research efforts for efficiently merging the on-ramp vehicle into the main-lane have
been performed in the last decade [18, 19, 20]. This merging of the on-ramp vehicle efficiently
has been defined based on the controller’s effort of the vehicles. Research studies in the past
to control and coordinate the vehicles on highways have been categorized into centralized
and decentralized approaches. In the centralized approach, a single central controller globally
decides at least one task for all the CAVs in the system [21]. In the decentralized approach,
CAVs are treated as autonomous agents, where each vehicle determines its control policy
based on the information received from other vehicles on the road or from a coordinator [22].

The approaches used in the literature to date involve the on-ramp vehicle to join in between
the independently controlled CAVs on the main-lane. As a part of this research, instead of the
independent CAVs on the main-lane, a platoon of CAVs equipped with the CACC strategy is
considered. Based on this objective of merging the on-ramp vehicle into a CACC-equipped
platoon, the merging problem can be divided into two main categories.

1. Design of on-ramp vehicle’s maneuver
In the merging scenario, the on-ramp vehicle looks for a suitable gap for merging into
the platoon. The merging of the on-ramp vehicle into the platoon requires the on-
ramp vehicle to reach the desired states before joining into the platoon. In addition of
the desired states, reaching these states at the desired time is equally important. Any
deviations from the desired final states can lead to disturbance in the string of platoon
vehicles. These disturbances can cause vehicles to accelerate and decelerate rapidly,
which may result in higher control effort by the vehicles leading to an inefficient driving
scenario. This inefficient driving may produce various problems such as higher energy
consumption, passenger discomfort, and increased travel time. One of the solutions
to this problem of inefficient driving could be to plan a movement of the on-ramp
vehicle such that it merges in between two main-lane vehicles at the desired time. This
movement of the vehicle could involve both longitudinal and lateral maneuvers; however,
only longitudinal movements of the vehicles will be considered in this thesis. Lateral
movements of merging vehicles are assumed to have no influence on the longitudinal
movements of main-lane traffic and, therefore, can be treated separately.
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CHAPTER 1. INTRODUCTION

2. Development of merging sequence strategy
Besides the planned longitudinal movement, the sequence in which the on-ramp vehicle
merges into the main-lane plays a significant role in containing the problem of inefficient
merging maneuver. As per the author’s knowledge, most of the literature focuses on
planning the on-ramp vehicle’s movement; very limited research has been performed
on determining the merging sequence (MS). The existing methodologies focus on the
determination of an MS using a centralized approach [20, 23]. Since the centralized
approach might restrict the feasibility due to the infrastructure requirements, a decent-
ralized approach for determining the merging sequence is required.

In conclusion, both the MS and the longitudinal movement of the on-ramp vehicle determ-
ine the overall control effort by the vehicle. Thus, each of these objectives will be treated
separately in this thesis.

1.3 Research Objectives

In line with previously defined problems and the research gaps, the main objective of this
thesis is to find the optimal MS, which accounts for the minimum overall control effort by
the vehicles. In addition to finding an optimal MS, one of the primary objectives is to merge
the on-ramp vehicle efficiently. This efficient merging involves planning a trajectory such that
the control effort by the on-ramp vehicle is also minimal. The goal of this thesis can thus be
categorized into the main and sub-objectives as:

Main Objectives

� Design the longitudinal trajectory for the on-ramp vehicle;

� Develop a decentralized strategy to determine the MS;

Sub-objectives

• Design a CACC-equipped vehicle model for the on-ramp merging scenario;

• Implement a suitable gap-opening control strategy for the platoon vehicles;

• Compare the developed MS strategy with the standard first-in-first-out(FIFO) strategy.

• Investigate the influence of the initial conditions and the platoon parameters on the MS
strategy’s performance.
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CHAPTER 1. INTRODUCTION

1.4 Report Outline

Following the research objectives defined above, this thesis is organized as follows: Chapter
2 presents the literature overview concerning the goal of this thesis. Chapter 3 presents a
cooperative merging scenario, where the main-lane CACC-equipped platoon vehicles open a
suitable gap for the on-ramp vehicle using a suitable gap opening controller. Thereafter, in
Chapter 4, a longitudinal trajectory for the on-ramp vehicle is designed, which ensures that
the on-ramp vehicle reaches the desired states at the desired time. Subsequently, to determine
an optimal MS for an on-ramp vehicle, three strategies are proposed in Chapter 5. These
strategies are then compared, and their performances are demonstrated in Chapter 6. Finally,
Chapter 7 summarizes the main conclusion of the thesis and presents some recommendations
for future research.
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Chapter 2

Literature Review

In a connected vehicle environment, vehicles can communicate and exchange information
such as velocity, acceleration, and position. This information exchange can help in improving
traffic safety and road throughput. Continuous efforts in the past have been devoted on
improving the traffic flow, traffic efficiency, and traffic throughput. Some of the research to
date has been reviewed in [21]. The survey summarizes the research efforts related to the
control and coordination of connected and autonomous vehicles (CAVs) under intersections
and merging on highways transportation scenarios. The control and coordination of vehicles
were categorized as centralized and decentralized approaches. In the centralized approach, a
single central controller globally decides at least one task for all the CAVs in the system. In
the decentralized approach, CAVs are treated as autonomous agents. In this approach, each
vehicle determines its control policy based on the information received from other vehicles on
the road or from a coordinator. Additionally, the paper also highlights the challenges such
as infrastructure requirements and heavy communications requirements when controlling the
CAVs in the specific transportation scenarios.

Most of the literature discusses the trajectory planning methodology for the on-ramp vehicle,
less focus has been given on determining the merging sequence. To understand the associated
challenges, various methodologies studied in the past need to be explored. Thus, this chapter
reviews the literature related to the cooperative control and the on-ramp merging scenario.

The literature studies are classified into three categories. Section 2.1 discuss the literature
which considers the formation of the longitudinal trajectory for the on-ramp vehicle. The
literature on the merging sequence is discussed in Section 2.2. Section 2.3 discuss the liter-
ature which utilizes different control strategies to carry out the merging procedure. Finally,
the evaluation criteria for the performance of the control strategy in various literature are
highlighted in Section 2.4.

2.1 Merging Trajectory

In the merging scenario, the on-ramp vehicle is required to merge in between the main-lane
vehicles. To carry out the merging process safely and efficiently, a longitudinal trajectory
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CHAPTER 2. LITERATURE REVIEW

planning methodology is presented in [24]. Here efficiency is defined in terms of the control
effort by the vehicle during the merging procedure. The trajectory aims to minimize the
vehicle’s effort with different cost functions, including acceleration, jerk, and derivative of the
jerk. The problem is formulated as a finite-horizon optimal control problem, which is solved
analytically using Pontryagin’s Maximum Principle (PMP). The analytical solution can then
be stored in the controller of a vehicle with the advantage of saving computation time, thus
making this analytical approach computationally inexpensive. The proposed trajectory may
be subjected to a variety of potential uncertainties, such as unknown disturbances during
the merging procedure. To compensate for these uncertainties, a model predictive control
(MPC) scheme is utilized to update the trajectory in real-time until the merging is completed.
The applicability and effectiveness of the proposed methodology is validated through various
simulations. However, the proposed methodology does not take constraints on the states and
inputs into account.

To merge cooperatively and efficiently, [18] proposes a merging path generation method using
an MPC, which optimizes the motions of the main-lane and the merging vehicles. Again the
efficiency is based on the control effort by the vehicle during the merging procedure. The
proposed path generation algorithm can generate the merging path, ensuring the merging
vehicle can travel on the whole acceleration area and does not exceed it. A state variable
related to the merging path is introduced to the optimization problem. This variable in the
optimization routine ensures both the merging path and the merging point are optimized.
To investigate the performance, simulations with various initial conditions for the three cases
are performed. In the first case, the merging vehicle is the leader, in the second, the merging
vehicle is the follower, and lastly, the case where both the vehicles are leader or follower.
These three cases are simulated with the initial condition similar to the real-life cooperative
merging. In all three cases, optimization based on MPC ensures the successful merging of the
vehicle. Even though the proposed merging path generation methodology shows successful
merging with two vehicles, the proposed methodology can become complex if the number of
vehicles is increased.

This concept of cooperative merging is also explored in [12]. In this paper, the merging
scenario is described including a merging zone and a cooperation or control zone. The merging
zone corresponds to the region of a potential lateral collision of the on-ramp and the main-lane
vehicles. The cooperation zone is the region in which both lane vehicles can communicate.
A closed-form analytical solution to the optimal control problem is obtained using the PMP
method. In this optimal control problem, the acceleration is minimized from the time a
vehicle enters the cooperation zone until the time it reaches the merging zone. Additionally,
the objective of the control problem is to derive a solution that yields the optimal control
input in terms of fuel consumption. The fuel consumption by the vehicle is estimated by using
a polynomial meta-model as a function of speed and control input. The suggested framework
is simulated at various initial conditions for multiple vehicles on each road. The performance
of this control problem is compared with the baseline scenario, where mainstream lane vehicle
has a priority. The results show that the proposed method could reduce traffic congestion
and travel time, along with a 50 % reduction in fuel consumption compared to the baseline
scenario. However, the proposed methodology uses an assumption that the constraints on the
states and the control inputs are not active or it is neglected. This assumption might reduce
the applicability of the proposed methodology in the real highway scenario.
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Considering the constraints on the states and the control input a longitudinal planning meth-
odology is developed in [25] and [26]. In these papers, the trajectory for both the main-lane
gap facilitating vehicle and the merging vehicle has been proposed. The trajectory is designed
by formulating a finite-horizon optimal control problem along with bounds on both the states
and the control input. This optimal control problem is solved analytically using the PMP
method, which can also handle the disturbances by updating the trajectory in real-time by
utilizing the MPC scheme. The main difficulty of the analytical procedure is, the first-order
necessary condition on the extremality cannot yield useful information on the property of
the optimal control history. As a result, additional conditions where extremal state traject-
ory points are analyzed. Various simulations are conducted to test the performance of the
proposed solution. Based on the results it is found that the planning scheme can handle
the disturbances and is able to generate consistent acceleration trajectories. Despite the ad-
vantages this constrained analytical solution provides, the author highlights the complexity a
constraint can bring to the solution, which can also lead to an increase in the computational
burden. Additionally, these complexities may increase further with an increase in the number
of road lanes.

To reduce the passengers’ discomfort generated due to velocity variation while turning at
the merging zone, a trajectory for intersections, including left and right turns on a highway
is designed and optimized in [27]. The authors followed the upon-arrival (time of arrival)
queuing structure, where all the information including position, velocity, and acceleration
about the CAV entering the control zone is available, and thereby the crossing sequence can be
evaluated. Though the paper addresses the control problem for the intersection on highways,
a similar decentralized control strategy can also be applied in the case of the on-ramp merging
scenario. The control strategy presented is then compared to a baseline scenario. In general,
the baseline scenario consists of traffic signals, compared to which the proposed strategy yields
a smoother acceleration profile. Even-though the proposed method is effective, the paper does
not take communication delay between the sensors and constraints on the states or inputs
into account. These assumptions might restrict the practical implementation of the proposed
methodology.

2.2 Merging Sequence

The literature presented until now explored the cooperative merging scenario by describing the
longitudinal trajectory. In some of the literature previously discussed, the merging sequence
is decided based on the first-in-first-out (FIFO) strategy. However, the FIFO strategy is a
distance-based strategy, which can result in overall high control effort by the vehicles. Thus,
the FIFO strategy does not guarantee to solve the problem of inefficient traffic flow. To deal
with such inefficient traffic flow problems, few research efforts have been performed in the
past to identify an optimal MS.

In [23], the author introduces a centralized game theory-based optimization framework to
reduce traffic congestion and fuel consumption on highways. This framework consists of both
the optimized merging vehicle trajectory as well as the optimal MS. The trajectory optimiz-
ation is performed by including longitudinal acceleration and jerk in the joint cost function.
The multi-player cooperative game is solved by decomposing the multi-player game into mul-
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tiple two-player games. During the two-player game, the CAV on the on-ramp lane plays a
game with a main-lane CAVs to determine the preceding vehicle. The CAV winning the game
becomes the leader. The proposed strategy is validated through simulations and compared
with the standard FIFO strategy. The simulation results show reduced fuel consumption and
travel time along with an improvement in passengers’ comfort. Even though this benchmark
game theory-based strategy shows better performance than FIFO, the infrastructure and com-
munication requirements that this strategy poses make it challenging from an implementation
perspective.

The merging of the on-ramp vehicle into the mainstream is further explored in [20]. A rule-
based merging algorithm is proposed to determine the MS based on the assigned arrival time
for each vehicle. This assigned arrival time by the central controller allows the vehicles on
one selected lane to pass first. Furthermore, an extension to this solution with a group of
vehicles with shorter inter-vehicle distance is also proposed. In this case, vehicles with short
inter-vehicle distance are allowed to pass together. This literature also presents a closed-form
analytical solution for energy-efficient motion, where velocity and acceleration profiles are
determined for all the vehicles. The effectiveness and robustness of these strategies are valid-
ated through simulations. The proposed rule-based methods provide a notable improvement
in reducing the throughput delay, computational cost, and fuel consumption compared to
the FIFO queue. Despite the solution being energy-efficient, with an increasing number of
vehicles the proposed methodology driving scenario can result in high throughput delay, thus
making this solution inefficient for the practical implementation.

2.3 Control Strategy

In the scope of merging the on-ramp vehicle into the main-lane, besides the merging sequence,
it is also necessary to decide the low-level longitudinal control strategy of the vehicles. One
of the first works in the merging control problem is introduced in [28]. In this work, each
vehicle receives information from other vehicles inside a cooperation area to determine the
appropriate sequence to merge into the main road. This merging problem is formulated as a
Linear Quadratic Regulator (LQR) to control the string of vehicles aiming to minimize the
velocity errors, which can affect the desired headway between the adjacent vehicles in the
string.

Merging of on-ramp vehicles in between the CAVs on the main-lane under congested traffic
on highways is furthermore addressed in [8]. Here, the authors develop a centralized control
algorithm to decide when the merging vehicle has to enter the main road. Thereafter, a fuzzy-
logic based longitudinal controller is designed to follow the reference. This fuzzy logic based
controller uses the velocity and distance to the preceding and the trailing vehicles. Based on
the output of this controller the action on the throttle and brake pedal is determined. The
proposed solution is validated through simulations as well as through an experiment with
three vehicles. Experimental results indicate that the control system is capable of merging
the vehicle efficiently without the stop and go driving. Although the proposed solution works
well, one of the drawbacks is its usage of a centralized control scheme, which requires vehicle-
to-infrastructure (V2I) communication to obtain other vehicle information. Furthermore, the
proposed solution has been verified for the three vehicles, the communication network itself
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can get congested with an increase in the number of vehicles.

Another methodology using a centralized control approach to reduce traffic congestion and
travel time of CAVs is proposed in [19]. This work introduces the concept of virtual platooning,
where ramp road vehicles are mapped onto the main road to form a virtual platoon. This
virtual platooning concept aims to minimize the abrupt changes in acceleration and velocity
during merging. A central controller exchanges the information with the vehicles involved
in the merging maneuver. A longitudinal control algorithm for two road layouts; one with
an acceleration zone and the other without the acceleration zone is proposed. A unified
mathematical model for these road layouts is established. Based on this virtual platooning
concept, an analytical solution for the two specific scenarios: constant and variable velocities
of the main lane, are derived.

Most of the literature presented until now involves the on-ramp vehicle to join in between
the independently controlled CAVs on the main-lane. However, in this thesis, the on-ramp
vehicle aims to merge into cooperative adaptive cruise control (CACC) equipped CAVs moving
in a platoon. In CACC, in addition to the information through radar, lidar, or the camera,
wireless communication providing the additional real-time information of the preceding vehicle
is utilized. This CACC strategy for the CAVs in the platoon is extensively discussed in [29].

For CACC equipped CAVs moving in a platoon, besides the individual stability of the vehicles
the concept of string stability is important to realize the stability of an entire string of
CACC-equipped vehicles. This string stability can be described as the attenuation of the
disturbances in the upstream direction. The string stability has been widely studied in the
past, e.g. [30, 31, 32, 33]. However, this string stability notion is not unambiguous in the
literature, as both stability-based and performance-oriented interpretations exist. One of the
most formal performance-oriented definitions of string stability is introduced in [11]. In this
approach, string stability has been defined based on Lp stability norm, which is applicable to
both linear and non-linear unidirectional interconnected system. Considering the following
cascaded state-space system

ẋ1 = fr (x1, ur)
ẋi = fi (xi, xi−1) ,
yi = h (xi) , i ∈ Sm.

(2.1)

Here, Sm = {i ∈ N| 2 ≤ i ≤ m} is the set of vehicles in a platoon of length m ∈ N. The
parameter ur is the external input of the leading vehicle, xi is the state vector, for i ∈ Sm∪{1},
and yi is the output signal. Additionally, fr : Rn × Rq 7→ Rn, fi : Rn × Rn 7→ Rn ∀ i ∈ Sm
and h : Rn 7→ R`. Here, n, q, ` denotes to the number of states, inputs and dimension of
the output respectively. Correspondingly, as in [11], the notion of string stability is derived
subsequently.

Definition 2.1 (Lp string stability). Consider the interconnected system (2.1). Let xT =(
xT1 . . . x

T
m

)
be the lumped state vector and ∃ x̄ such that fi (x̄i, x̄i−1) = 0, ∀ i ∈ Sm, and

fr (x̄1, 0) = 0. The system (2.1) is Lp string stable if there exist class K 1 functions α and β
such that, for any initial state x(0), and any control input for the leading vehicle ur,

1Class K function is a comparison function, often required to check the stability of non-autonomous system.
A continuous function α : [0, a) → [0,∞), a ∈ R+ is said to be of class K if it is strictly increasing and α(0) = 0
[11].
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‖yi(t)− h(x̄1)‖Lp ≤ α(‖ur(t)‖Lp) + β(‖x(0)− x̄‖), ∀ i ∈ Sm and ∀ m ∈ N.

In addition, if x(0) = x̄, a more stricter criteria holds,

‖yi(t)− h(x̄1)‖Lp ≤ ‖yi−1(t)− h(x̄1)‖Lp , ∀ i ∈ Sm\{2} and ∀ m ∈ N\{2}

the system (2.1) is strictly Lp string stable with respect to its input ur(t). Here, ‖ · ‖ denotes
any vector norm, ‖·‖Lp denotes the signal p-norm, and Lqp is the q-dimensional space of vector
signals that are bounded in the Lp sense. �

In other words, the strict Lp stability requires output to be attenuated in the upstream dir-
ection. On the other hand, the Lp stability only requires outputs to be bounded in response
to the bounded input and initial condition perturbation. Furthermore, based on the above
definition, string stability is then analyzed by evaluating the complementary sensitivity. The
complementary sensitivity refers to the transfer function from the vehicle’s velocity or accel-
eration to the subsequent vehicle’s velocity or acceleration. This complimentary sensitivity
in [11] incorporates the vehicle transfer function, feedback controller transfer function, the
spacing policy, and communication delay to analyze the stability of all the vehicles in the
string. The proposed method is also applicable for a heterogeneous platoon, and it has been
validated experimentally. This methodology allows the vehicles to be closely packed while
driving and thereby increases road throughput.

2.4 Performance Metrics

Literature corresponding to the on-ramp merging scenario is presented in this chapter. The
control algorithm presented in the literature can be evaluated based on performance indicators
as shown in Table 2.1.

Table 2.1: Performance metrics from various literature.

Performance Metric Literature
Fuel Consumption [3], [7], [12], [20], [22], [23], [27]

Traffic Flow [2], [8], [17]
Passengers’ comfort [18], [19], [23], [28], [27]

String stability [11], [29], [34]
Travel Time [7], [12], [22], [23]

Safety [19], [35]
Throughput time [20]

Communication load [10]

Generally, these criteria are considered while defining the objective of any control strategy.
Some of the mentioned performance metrics are partially dependent on each other, and thus
a trade-off might be required while defining the objective of the control system. Since one
of the objectives of this thesis is to merge the on-ramp vehicle safely and efficiently into the
main-lane, a performance criteria for its control strategy is required. Considering the on-ramp
vehicle’s requirements, the performance criteria which minimize the energy consumption and
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passengers’ discomfort for the trajectory are suitable choices. Furthermore, to compare the
merging sequence strategies absolute acceleration is considered as a performance metric in
this thesis. Reduction in the energy-consumption has monotonic behaviour with respect to
acceleration, thus minimizing acceleration would result in reducing the energy consumption
[23]. On the other hand, passengers’ discomfort can be associated with a sudden movement
of a vehicle, which is due to quick changes in the acceleration. Jerk is the derivative of
acceleration, which accounts for these changes in the acceleration. Therefore, minimizing the
jerk would reduce the passengers’ discomfort.

2.5 Summary

In the merging scenario, the on-ramp vehicle aims to join main-lane vehicles. To merge this
on-ramp vehicle smoothly and efficiently, several studies have been performed in the past. In
this chapter, some of the most relevant literature with respect to cooperative control and the
on-ramp merging scenario is reviewed. Most of the literature discusses the trajectory planning
methodology for the on-ramp vehicle. Less research has been conducted on defining the MS
of the on-ramp vehicle. These studies have been presented by classifying them into three
categories: merging trajectory, merging sequence, and longitudinal control strategy. Finally,
the criteria utilized to evaluate the performance of any control strategy in the literature is
presented as the performance metric. One of the goals in this thesis is to merge the on-ramp
vehicle efficiently into the main-lane. To satisfy the requirement, longitudinal acceleration and
the jerk which accounts for the energy consumption and passengers’ comfort are considered
for the on-ramp vehicle’s trajectory. Furthermore, to compare the performance of merging
sequence strategies absolute acceleration is considered as the performance indicator in this
thesis.
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Chapter 3

Cooperative On-Ramp Merging

Merging of on-ramps vehicle into main-lane vehicles is a major cause of traffic congestion on
highways [8, 17, 24]. Typically, a vehicle on an on-ramp attempting to merge may initially
slow down to await a suitable opportunity to merge into the main-lane, leading to inefficient
traffic flow [23]. This inefficient traffic flow causes higher energy consumption, increased travel
time, and even discomfort to passengers [2, 3]. Therefore, continuous effort to develop merging
assistance systems that can enable cooperative merging of the on-ramp vehicle is performed.
An overview of these developments can be found in [21]. In this merging assistance system,
connected and automated vehicles (CAVs) on both lanes communicate and share their local
information with other vehicles continuously. This information sharing enables the vehicles to
coordinate and perform the merging task cooperatively to avoid inefficient driving maneuvers.

Several research efforts, as described in Chapter 2 have already been performed to identify
a suitable method for efficient merging. However, the research performed to date involves
merging the on-ramp vehicle into the main-lane consisting of independent CAVs. As per the
author’s best knowledge, no attention has been given to merging the on-ramp vehicle into
the CACC-equipped platoon vehicles. Therefore, firstly a highway scenario where the on-
ramp vehicle wants to join the cooperative platoon on the main-lane is described in Section
3.1. Furthermore, a series of events involved during the cooperative merging of an on-ramp
vehicle is explained with a flow chart diagram. Section 3.2 describes the basis of cooperative
adaptive cruise control (CACC) strategy, applied to fulfill the vehicle following objective.
Additionally, a linearized third-order model describing the longitudinal dynamics of a vehicle
is also presented in this section. Thereafter, in Section 3.3, the required control strategy for
facilitating a suitable gap for the merging vehicle is discussed. Finally, Section 3.4 explains a
benchmark control strategy for switching the target from following the preceding vehicle to
the merged vehicle.

3.1 On-Ramp Merging Scenario

In the context of cooperative merging, the aim of the on-ramp vehicle is to merge between the
main-lane vehicles moving in a platoon. Furthermore, the on-ramp vehicle also must ensure
that the merging procedure is performed before the ramp-lane ends. This merging procedure
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needs to be performed cooperatively, allowing vehicles on both lanes to travel efficiently by
minimizing the overall control effort of the vehicles. Once the merging is completed, all the
vehicles can drive in a cooperative platoon on the main-lane.

This thesis considers a merging scenario with one main-lane and an on-ramp leading to an
acceleration lane adjacent to the main-lane. On the main-lane, the vehicles are assumed to be
moving in a cooperative platoon equipped with CACC strategy whereas, the on-ramp vehicle
drives with an independent control strategy. The layout of this on-ramp merging scenario is
illustrated in Figure 3.1.

Main stream lane

On-Ramp lane

Intial condtion  

Cooperation zone

Cooperative Platoon

Lane change Point
    Merging Point

Figure 3.1: Layout of the on-ramp merging scenario.

In Figure 3.1, a merging point xm close to the end of the acceleration lane, which is adjacent
to the main-lane is specified. After this point, the vehicles are expected to drive together in
a CACC platoon. This merging point is one of the spatial constraints, which is considered as
a fixed point for the given merging scenario. A cooperative zone of length Lcz denoting the
communication between the on-ramp vehicle and all the main-lane vehicles is established is
depicted in the figure. Upon the establishment of communication, one of the main challenges
is to decide a position in the platoon at which the on-ramp vehicle merges. This position
of the on-ramp vehicle in the platoon determines the order of the vehicles in the newly
formed platoon and is referred as the merging sequence (MS). This MS is determined by the
supervisory controller based on the received information from all the vehicles. Depending on
the MS, the gap opening vehicle and its followers on the main-lane create an additional gap
for facilitating the merging vehicle.

While the gap is being created, the on-ramp vehicle aligns itself with respect to vehicles
between which it has to merge. Until this point, the on-ramp vehicle moves with an inde-
pendent control strategy. When the gap is opened and the on-ramp vehicle is aligned, the
on-ramp vehicle’s control strategy is switched to cooperative control mode, after which the
on-ramp vehicle starts following the vehicle in front. This vehicle following can be performed
similar to the Grand Cooperative Driving Challenge (GCDC) [36], where the on-ramp vehicle
creates a preceding vehicle’s projection on its lane to follow it. All the vehicles move cooper-
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atively at this point, and a merging flag denoting safe to merge is sent to the merging vehicle.
Communication between vehicles on both lanes is assumed to be instantaneous. Thus, upon
receiving this flag, the merging vehicle starts joining into the platoon by changing the lane.
The location at which the on-ramp vehicle changes the lane is defined as xlc, which is at
a distance dlc from the merging point. An overview of these series of actions in a merging
scenario is illustrated by the flow chart in Figure 3.2.

Merging sequence  
(Supervisory Controller)

Highway 
Roads

Gap Opening 

Communication starts

Vehicle
Target switch

Alignment 
Complete

Cooperative Control
Mode

Vehicle Alignment

Lane change
Maneuver

Cooperative Platoon
with merged vehicle

Merging flag
sent

Merging flag
received

        Main-lane
(Cooperative Platoon)

(Individually Controlled)

 Gap complete

On-Ramp

Figure 3.2: Flow chart for the series of actions in an on-ramp merging scenario.

The location at which the merging vehicle starts the lane change maneuver is dependent on
the location of the merging point. Thus, the point xlc is also a design choice. Furthermore,
the distance dlc from xm is significantly important in determining the control effort of the
on-ramp vehicle while merging. This requirement makes the dlc a most restrictive design
choice. Thus, the xlc is considered close to xm, such that enough time is available for the
on-ramp vehicle to perform the lateral movement.

In this cooperative scenario, the CACC-equipped platoon vehicles typically receive the states’
information from its preceding vehicle in a platoon. However, during the lane change, the
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gap opening vehicle needs the states’ information from the vehicle joining the platoon as
well. During the merging of the on-ramp vehicle in the main-lane platoon, the gap opening
vehicle needs to switch the target from following the current preceding vehicle to the merging
vehicle. This procedure of switching the targets needs to be carried out gradually. Otherwise,
the abrupt switching may result in disturbances along the string of vehicles in the platoon.
This target switching procedure is completed once the on-ramp vehicle joins the platoon. Note
that only target switching during the lane change has been described, the lateral movements
of the vehicle itself are considered out of the scope for this thesis. Hence, only longitudinal
motion will be discussed in this thesis. These changes in the control strategies and the vehicle
maneuvers have to be performed before the on-ramp vehicle reaches xm. This means that, at
xm, all the vehicles are in steady-state and move at the same velocity as the lead vehicle in
the platoon. After this point, all the vehicles move cooperatively in a CACC platoon.

In the merging scenario described above, the main-lane vehicles are equipped with the CACC
strategy with the objective of following its predecessor. This CACC strategy encompasses
numerous aspects regarding its vehicle following objective, therefore, the next section describes
the CACC strategy and its objective to follow the preceding vehicle.

3.2 Vehicle Following Control

A vehicle equipped with adaptive cruise control (ACC) obtains the preceding vehicle’s in-
formation in a platoon using on-board sensors such as radar, lidar, or camera [29]. The
CACC is developed as an extension to the ACC. In addition to the information from the
on-board sensors, the CACC also provides the possibility to exchange information beyond
the line-of-sight of the individual vehicle [37]. Due to the potential of wireless communica-
tion, the CACC can improve traffic throughput without compromising safety [38]. Therefore,
this wireless communication methodology has been receiving ample attention in cooperative
driving on a global scale [39].

The design of CACC is often specified by two important control objectives. First, when the
predecessor vehicle follows a constant velocity, the tracking error defined as the difference
between actual and desired inter-vehicle distance, should be globally asymptotically stable.
The second control objective is string stability, which is generally described as the attenuation
of the disturbances, such as velocity disturbances along the string of vehicles in the upstream
direction. A brief explanation of the concept of string stability has been described in Chapter
2.

�
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Figure 3.3: CACC-equipped vehicles in a platoon.
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Consider a platoon of m vehicles traveling on the main-lane under the condition of homogen-
eity. Under this condition of homogeneity, all the vehicles in the platoon are assumed to be
of same length, having same dynamics, and are equipped with same control strategy. The
objective of each vehicle i in a platoon is to follow its predecessor vehicle i-1. Additionally, it
is required that each vehicle maintains a desired distance dr,i to the preceding vehicle, as in
Figure 3.3. This desired distance is based on constant time gap spacing policy adapted from
[11] which is formulated as,

dr,i(t) = r + hvi(t), i ∈ Sm, (3.1)

where h corresponds to the headway time, r is the standstill distance and vi is the velocity
of vehicle i. Herein, Sm = {i ∈ N| 2 ≤ i ≤ m} is the set of all vehicles except the lead vehicle
in a platoon of length m ∈ N. With di being the actual distance between front bumper of
vehicle i and rear bumper of the vehicle i-1, the error between the vehicles can be written as

ei(t) = di(t)− dr,i(t),
= (qi−1(t)− qi(t)− L)− (r + hvi(t)), i ∈ Sm.

(3.2)

The variables qi and qi−1 are the absolute position of the vehicle i and i-1 and L denotes the
length of each vehicle.

A linearized third-order model describing the underlying longitudinal dynamics and control
structure of the individual vehicle as in [11] are used, q̇i

v̇i
ȧi

 =

 vi
ai

− 1
τ ai + 1

τ ui

 , i ∈ Sm. (3.3)

The variable vi and ai are the velocity and acceleration of vehicle i. The variable ui corres-
ponds to external control input, interpreted as desired acceleration, and τ is a time constant
representing the driveline dynamics. For readability purposes, the argument t referring to the
dependency on time has been omitted from the set of equations from this point on where suit-
able. To ensure that the merging procedure is carried out smoothly, the main-lane vehicles
must create a suitable sufficient gap to facilitate the merging vehicle. Therefore, the next
section explains the strategy required to create an additional gap for the merging vehicle.

3.3 Gap-Creation Strategy

CACC-equipped vehicles drive closely on the highway while maintaining the desired distance
dr,i as in (3.1). However, considering the merging scenario, a main-lane vehicle needs to create
an additional gap to facilitate the on-ramp vehicle. The vehicle which needs to create the
gap is decided based on the MS computed by the supervisory controller. This additional gap
needs to be completely opened before the on-ramp vehicle starts to join the platoon. A few
methodologies which focus on designing a longitudinal trajectory to create a suitable gap for
the on-ramp vehicle have been proposed in [24],[40]. These research studies aim to reduce
fuel consumption and passenger’s discomfort during driving. Even though the trajectory
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designed in the literature ensures the additional gap opening, the spatial restrictions in the
on-ramp merging scenario make the timely opening of the gap challenging. To ensure this
timely execution, a gap-opening strategy focusing on longitudinal control rather than the
desired trajectory has been proposed in [Scholte.et.al(unpublished)]. The advantage of the
proposed strategy lies in the fact that the control strategy maintains the basis of standard
CACC control while opening a gap. The desired distance as in (3.1) can then be modified to
contain an additional gap γ, which is written as,

dr,i(t) = r + hvi(t) + γ(t), i ∈ Sm, (3.4)

where, Sm = {i ∈ N| 2 ≤ i ≤ m} and γ denotes the additional gap, which is zero during
normal driving.

The corresponding error and its dynamics then becomes

e1,i = di − dr,i ,
ė1,i = e2,i = vi−1 − vi − γ̇ − hai ,

ė2,i = e3,i = ai−1 − ai
(

1− h

τ

)
− γ̈ − h

τ
ui ,

ė3,i = −1
τ
e3,i + 1

τ
ui−1 −

1
τ
ξi ,

(3.5)

where,
ξi = hu̇i + ui + γ̈ + τ

...
γ . (3.6)

The new controller ξi, which stabilizes the error dynamics while compensating for the input
ui−1, can be chosen as

ξi = [kp kd kdd]

 e1,i
e2,i
e3,i

+ ui−1, (3.7)

where kp, kd and kdd are controller gain parameters. Feedforward term ui−1 is input of
the preceding vehicle, obtained through wireless communication to obey the vehicle-following
control objective. Since measuring the preceding vehicle’s acceleration is difficult, and to
prevent the feedback of the vehicle’s jerk, the term kdd has been set to zero. The control law
with additional dynamics of the γ(t) then becomes,

u̇i = 1
h

(kpe1,i + kde2,i + ui−1 − ui − γ̈ − τ
...
γ ) . (3.8)

Along with the controller dynamics the fourth order closed-loop model reads,
ė1,i
ė2,i
ė3,i
u̇i

 =


0 1 0 0
0 0 1 0
−kp

τ
−kd
τ − 1

τ 0
kp

h
kd
h 0 − 1

h



e1,i
e2,i
e3,i
ui

+


0 0
0 0
1
τ 0
1
h

−1
h


[

ui−1
γ̈ + τ

...
γ

]
. (3.9)

This system is in equilibrium at the origin for ui = 0 and γ̈ + τ
...
γ = 0. Global asymptotic

stability of error dynamics is necessary for employing the controller for an extended period
of time. Therefore, similar to [11], applying the Routh Hurwitz stability criterion, it follows
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that the error dynamics are stabilized for h > 0 and any kp, kd > 0 that satisfies kd− τkp > 0.
With γ and its derivatives equal to zero in the case of normal driving, the standard CACC
control structure can be obtained.

The γ in (3.4) must be a C2 continuous trajectory described using a fifth order polynomial
as,

γ(tg) = c1 + c2tg + c3t
2
g + c4t

3
g + c5t

4
g + c6t

5
g. (3.10)

Time tg is the time starting from the initiation of γ, and c1 to c6 are the coefficients describing
the behaviour of the trajectory. The γ(tg) is designed in such a way that the desired gap size
γf is reached within the desired time span tg,f . This trajectory also ensures that γ̇ and γ̈ are
equal to zero at the end of tg,f . The parameter γo and its derivatives are the initial values of
the gamma, defined such that the trajectory can be redesigned at anytime. These conditions
can be fulfilled by choosing the constants as presented in [Scholte.et.al(unpublished)],

c1 = γo, c2 = γ̇o, c3 = 0.5 γ̈o,

c4 = 20(γf − γo)− 3tg,f (4γ̇o + tg,f γ̈o)
2t3g,f

,

c5 = −30(γf − γo) + tg,f (16γ̇o + 3tg,f γ̈o)
2t4g,f

,

c6 = 12(γf − γo)− tg,f (6γ̇o + tg,f γ̈o)
2t5g,f

.

(3.11)

This γ-trajectory accommodates the on-ramp vehicle N by opening a desired additional gap
γf within the desired time span tg,f , which are calculated as,

γf = hNvpre + LN + rN ,

tg,f = qpre,f − qpre
vpre

.
(3.12)

The parameters qpre,f denotes the position of the vehicle preceding to gap opening vehicle
at the end of the time tg,f . Since it is assumed that all the vehicles are homogeneous, the
parameters LN , rN , hN denoting the length, stand-still distance, and headway time of the
vehicle N are equal to L, r, h of the platoon vehicles. The equations above is calculated based
on assumption platoon vehicles are moving at constant velocity and vN (tg,f ) = vpre(tg,f ).
Thus, with this trajectory, the timely execution of the gap opening can be ensured.

With the fifth order trajectory defined in (3.10), γ̈ and ...
γ in control law (3.8) can be obtained

at all times. Such C2 continuous polynomial trajectories ensures that the error remain close
to zero at all times [Scholte.et.al(unpublished)].

The overall CACC structure, as presented in [11], then extends to include the γ and its
derivatives in the control structure. This CACC control structure for a vehicle i represented
with the block scheme diagram in Figure 3.4 is discussed next.

From the vehicle model in (3.3), the vehicle transfer function G(s) with s being the Laplace
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transform, can be defined as
G(s) = qi(s)

ui(s)
,

= 1
s2(τs+ 1) ,

(3.13)

which is derived from q̈i = ai and ȧi = − 1
τ ai + 1

τ ui. Furthermore, the spacing policy transfer
function can be written as,

H(s) = ξi(s)− (τs3γ(s) + s2γ(s))
ui(s)

,

= hs+ 1,
(3.14)

which is derived using (3.6). Additionally, a feedback law K(s) with input ei(s), can be
defined as

K(s) = kp + kds. (3.15)

To model the network latency during communication due to transmission and propagation, a
time delay scheme is incorporated using,

D(s) = e−θs, (3.16)

where θ represents the network latency.

Vehicle

 

Figure 3.4: Extended ( ) block scheme of a CACC-equipped vehicle i based on [11].

All the vehicles in a platoon except the lead vehicle are equipped with the same control
strategy as described in the block diagram. Since the lead vehicle does not have a preceding
vehicle to follow, the objective of the lead vehicle corresponds to tracking the reference velocity.
This reference tracking control strategy for the lead vehicle can be defined as,

u̇lead = k(v − vref ), (3.17)
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for all k > 0, where k is controller gain parameter, v denotes lead vehicle’s velocity and vref
corresponds to the reference velocity.

Depending upon the MS, the gap as dictated by the gap opening strategy will be opened
by the gap opening CACC-equipped main-lane vehicle. Before the merging starts, the gap
opening vehicle follows its current preceding vehicle on the main-lane. However, during the
merging of the on-ramp vehicle, the gap opening vehicle needs to switch its target from the
current preceding vehicle to the merging vehicle. Though the timely opening of the additional
gap by the main lane vehicle can be ensured, the on-ramp vehicle does not guarantee to
reach the desired states such as velocity and acceleration by the same time when the gap is
opened. Thus, if the on-ramp vehicle has not yet reached the desired states at the desired
time, the change in the target for the gap-opening vehicle might result in an abrupt change in
acceleration. To control this abruptness during the change of the targets, a switching strategy
presented in [36] can be utilized.

3.4 Benchmark Target-Switch Strategy

A heuristic target-switch control proposed in [36] is a benchmark control strategy that has
been practically implemented in the GCDC. In this strategy, the gap opening vehicle linearly
switches its target. This linear switch helps to avoid the large jumps in the acceleration.
The proposed method has been implemented on a two-lane merging scenario. In this GCDC
scenario, vehicles on one of the lanes try to merge sequentially into the platoon of vehicles
on the other lane. Vehicles on one of the lanes create an additional gap for the vehicle to
be merged. Once the gap being created is approximately the same as the desired gap, the
merging vehicle starts maneuvering to join the other lane platoon. Simultaneously, the vehicle
creating the gap gradually shifts from following the preceding vehicle to following the merged
vehicle.

Though the on-ramp merging scenario is different from the two-lane merging scenarios, the
control switch strategy still holds for the on-ramp scenario from the implementation point of
view. Therefore, this strategy is treated as a benchmark for carrying out the target switching
during the on-ramp vehicle merging. Using this strategy, the target switching control law for
the merging vehicle can be defined as,

u̇i = 1
h

(
kp min(e1,i , e1,Nσ(t)) + kde2,i + ui−1 − ui − γ̈ − τ

...
γ

)
, (3.18)

where e1,i , e2,i denotes the error in position and velocity for a vehicle i respectively, and the
subscript N corresponds to the merging vehicle. Moreover, the time dependent function σ is
defined as,

σ(t) =


0, t < τlc,
t−τlc
τm−τlc

, τlc ≤ t < τm,

1, t ≥ τm.
(3.19)

τlc and τm are the start and end time of the merging maneuver from lane change point xlc
until the merging point xm. These times can be converted suitably to encompass the vehicle’s
position and velocity.
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The benchmark switch strategy discussed ensures that the target switching procedure can be
carried out smoothly [36]. However, the performance of this strategy relies on the time and
position at which the on-ramp vehicle merges. The higher the deviation from the desired
states higher will be the control effort by the strategy to linearly switch the target. To ensure
the efficient and timely execution of merging procedures under various spatial constraints, a
longitudinal trajectory for the on-ramp vehicle is developed. This trajectory will be described
in the following chapter.

3.5 Summary

Cooperative merging has been a topic of research for the past few decades. The research previ-
ously performed mainly focuses on the merging of an on-ramp vehicle between independently
controlled main-lane CAVs. However, in this chapter, the cooperative merging of on-ramp
vehicle joining into the main-lane platoon vehicles has been described. The main-lane vehicles
are assumed to be moving in a platoon with the CACC strategy, whereas the on-ramp vehicle
is individually controlled. To facilitate this merging into the platoon, the vehicles in the pla-
toon must create a sufficient additional gap. The timely opening of this gap for the merging
vehicle is performed by utilizing the gap creation strategy. The advantage of the described
gap-opening strategy lies in the fact that the strategy ensures timely execution under various
spatial constraints while keeping the basis of the regular CACC control strategy.

The gap opening vehicle needs to switch its target vehicle after the merging. The on-ramp
vehicle does not guarantee to reach the desired states such as velocity and acceleration equal
to platoon states at the desired time. Therefore, a change in the target for the gap-opening
vehicle might result in an abrupt change in the states. To control this abruptness in the control
actions during the change of the targets, a benchmark strategy, practically implemented in
GCDC, has been presented. In this strategy, a linear target switching methodology has been
discussed, ensuring the switching to be carried out smoothly, thereby avoiding sudden jumps
in the states of the gap opening and its trailing vehicles.
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Chapter 4

Longitudinal Trajectory Planning

Merging of an on-ramp vehicle into the platoon on main-lane is bounded by various spatial
constraints. These spatial restrictions make the merging of an on-ramp vehicle a sophisticated
procedure. In addition to spatial limitations, the on-ramp vehicle is also required to reach the
desired terminal states, such as velocity, acceleration equal to platoon states at the desired
time. If these desired states are not reached at the desired time of merge, the on-ramp
vehicle might create a disturbance in the string of platoon vehicles. Hence, performing the
merging maneuver before a specified location and within the desired time-frame is a necessary
condition to guarantee safe and efficient merging. To ensure this safe and efficient merging,
the on-ramp vehicle needs to plan its trajectory considering the spatial constraints as well as
the time of merge. Therefore in this chapter, the trajectory planning methodology for the
on-ramp vehicle is described.

Section 4.1 outlines the spatial restrictions under which the longitudinal trajectory needs
to be designed. Furthermore, the trajectory by formulating an optimal control problem is
designed. This trajectory can be designed through various optimal control strategies. Some
of the suitable optimal control strategies for the merging scenario are discussed on a high level
in Section 4.2. Out of these control strategies, the most suitable control strategy is chosen,
and the longitudinal movement of the on-ramp vehicle is designed in Section 4.3. Finally,
the performance of the trajectory is validated through simulation results, which are shown in
Section 4.4.

4.1 Control Problem Formulation

The longitudinal trajectory describes the on-ramp vehicle’s movement from its current state
until the lane change point (Figure 3.1). In the merging scenario, the on-ramp has to reach the
desired terminal states such as velocity and acceleration, at the desired time before merging
into the main-lane platoon. These terminal states of the merging vehicle can be defined
based on the states of the platoon vehicles. The time at which these terminal states have to
be achieved must be known in advance. Thus, it is estimated based on the velocity and arrival
time of the platoon vehicle behind which the on-ramp vehicle merges. Assuming the platoon’s
velocity to be constant and with known initial and final states, the longitudinal trajectory
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of the merging vehicle can be planned. The longitudinal trajectory can ensure the merging
vehicle reaches the desired states at the estimated time of merge. Even though the trajectory
guarantees reaching the desired states at the desired time, it cannot guarantee to reach these
states efficiently, which can result in high overall control effort by the vehicles. Therefore
the trajectory is designed using an optimal control technique which ensures minimum control
effort by the on-ramp vehicle.

The objective of the on-ramp vehicle is to reach the merging point in an efficient manner such
that the overall control effort of all the vehicles is minimum. This effort by the vehicles is
defined in terms of cost. To achieve the minimum cost, several performance criteria (Table
2.1), such as fuel consumption, passenger comfort, and time delay have been chosen in the
literature. In this thesis, the objective is to merge the on-ramp vehicle in a safe and efficient
manner. Considering the requirement, the performance criteria which minimizes the energy
consumption and passengers’ discomfort for the on-ramp vehicle are chosen. Reduction in the
energy-consumption has monotonic behaviour with respect to acceleration, thus minimizing
acceleration would result in a reduction of the energy consumption [23]. On the other hand,
passengers’ discomfort can be associated with sudden movements of a vehicle, which are due
to quick changes in the acceleration. Jerk is the derivative of acceleration which accounts for
these changes in the acceleration. Therefore, minimizing the jerk would reduce the passengers’
discomfort. A similar joint cost function along with the time of arrival at the merging point
for individually controlled CAVs has been used in [23]. To this end, the multi-objective cost
function of the control problem can be defined as,

J = 1
2

∫ τf

τo

(
w1a

2 + w2j
2
)
dt. (4.1)

The variables a and j denote acceleration and jerk, whereas w1, w2 are the corresponding
weights on the acceleration and jerk respectively. The limits τo, τf represent the initial and
final time of the optimization routine, starting from the time at which communication is
established until the alignment is completed. Furthermore, the obtained minimum of this
cost function from the optimization problem thus provides an optimal merging trajectory.
Since the trajectory generated is bounded by various constraints, the overall objective is to
obtain the minimum of the cost function satisfying the constraints under the given initial and
final condition as,

min
a,j
J (a, j)

s.t. vmin ≤ v(t) ≤ vmax,
amin ≤ a(t) ≤ amax, and
jmin ≤ j(t),≤ jmax ∀ t ∈ [τo, τf ].

(4.2)

With initial condition,

q(τo) = qo,

v(τo) = vo,

a(τo) = ao,

j(τo) = jo,

(4.3)

24



CHAPTER 4. LONGITUDINAL TRAJECTORY PLANNING

and the final condition as,
q(τf ) = qf ,

v(τf ) = vf ,

a(τf ) = af ,

j(τf ) = jf .

(4.4)

The states q, v, a, j represents the position, velocity, acceleration, and jerk of the vehicle.

The constrained optimization problem described above minimizes the acceleration and the
jerk of the on-ramp vehicle. Though the objective function above is defined for the on-ramp
vehicle, the constraints are also applicable to the platoon vehicles on the main lane. For
reaching the desired states in the desired time, it is necessary to choose a proper control
strategy for the on-ramp vehicle. Several optimal control strategies might be suitable in the
context of the merging scenario. Some of these control strategies are discussed in the following
section.

4.2 Optimal Control Strategies

Several control techniques developed in the past may be utilized to find the optimal solution
to the problem defined above; however, the applicability of control methods depends on the
requirement of the problem scenario. In the merging scenario, the goal of the on-ramp vehicle
is to merge into the cooperative platoon while satisfying spatial constraints. To facilitate this
merging process, the on-ramp vehicle must reach the desired terminal states vf , af , which are
bounded by upper and lower limits before joining the platoon. In addition to reaching the
particular states, one important requirement is to reach the terminal states at the estimated
time. Thus, some of the well-known control methods such as Linear Quadratic Regulator
(LQR), Linear Quadratic Gaussian (LQG), Model Predictive Control (MPC), and Pontry-
agin’s Maximum Principle (PMP) might be utilized in solving the optimal control problem.
To identify the most suitable control strategy, each of the mentioned control strategies is
briefly described on a high level.

LQR/LQG

A linear system having quadratic cost function can be solved using this control method. LQG
is a combination of LQR and linear quadratic state estimator [41]. For the system of the form,

ẋ(t) = Ax(t) +Bu(t) +Gv(t),
y(t) = Cx(t) + w(t),

(4.5)

where, disturbance v(t) and measurement noise w(t) are uncorrelated zero-mean Gaussian
white-noise. The generalized form of cost function for the finite horizon can be written as,

J (x, u) = x(τh)>Fx(τh) +
∫ τh

0

(
x(t)>Qx(t) + u(t)>Ru(t)

)
dt, (4.6)

where F , Q and R are the weighting matrices for the states and inputs as in [42] and τh
denotes final horizon time.
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The optimal LQR state feedback control law,

u(t) = −Kx̂(t) (4.7)

can be obtained by realizing the x̂(t) through the Kalman filter for the linear systems, where
K corresponds to feedback gain matrix.

Hence, the LQG can explicitly handle the system disturbances and measurement noise. This
quality of handling the disturbances makes it a robust controller. However, drawbacks with
LQR/LQG lay in its inability to handle any state or input constraints. Additionally, an im-
portant requirement in the given on-ramp merging scenario is to reach the desired terminal
states within the desired time. The inability of LQR/LQG to satisfy these requirements
makes it unsuitable for the given problem.

Model Predictive Control (MPC)

Another control method which can be suitable for the given optimization problem in (4.1)
and (4.2) is MPC. MPC is an advanced method of process control, which can be utilized
to solve the optimal control problem. MPC consists of the system model and an optimizer,
which is used to minimize the cost function. For the linear system model in the form of (4.5),
the MPC solves the finite horizon optimal control problem based on current and predicted
states [43]. This control problem aims to minimize the cost function expressed as,

J (x, u) = x(t+ τh)>Px(t+ τh) +
∫ t+τh

t

(
x(t)>Qx(t) + u(t)>Ru(t)

)
dt,

s.t ẋ(t) = Ax(t) +Bu(t).
(4.8)

The tuning parameters are the weighting matrices, P for the terminal states, Q for the system
states, R for the control input. The evaluation of the cost is carried out from time t to time
t+τh, where τh denotes the prediction horizon time.

This MPC optimization problem is evaluated and updated in real-time. One of the key
features of the MPC that provide an advantage over LQR/LQG is its ability to handle the
states and input/output constraints. In addition to state and input constraints, the MPC can
also handle the terminal constraints, which ensures that the solution from the optimization
converges towards the terminal states at the end of the horizon. This ability of handling
constraints allows the on-ramp vehicle to stay with the state bounds while approaching the
terminal states. These features distinguish MPC from the other optimal controlling tech-
niques. Even though the MPC has the ability to handle various constraints, the MPC cannot
guarantee the convergence of the solution to the desired terminal states at the desired time.
This necessary requirement for finite-time convergence limits MPC’s applicability in the given
merging scenario. Therefore, an alternative solution is needed to solve such a time-bound
finite-horizon optimal control problem.

Pontryagin’s Maximum Principle (PMP)

PMP is used in optimal control to find the best possible control input for taking a dynamical
system from one state to another. In PMP, a cost function is formulated as a Hamiltonian
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function. This Hamiltonian function can then be solved analytically, satisfying the conditions
of optimality [44]. PMP method has been used in the literature to solve various optimal
control problems, e.g., [24]. The PMP deals with time-bound optimization of the optimal
control problem thus, the on-ramp vehicle’s necessary requirement to reach desired states in
the desired time frame can be fulfilled. This ability makes PMP an appropriate choice for
solving the defined control problem in the merging scenario. Furthermore, an MPC scheme
is utilized to solve the optimal control problem online by updating the solution in real-time.
However, one of the disadvantages that PMP brings is its inability to handle the state or input
constraints. In case the upper or lower bounds on the states are reached, the implementation
of the PMP method then becomes challenging. To handle this problem, a duality strategy is
proposed.

Duality

As the PMP method is not applicable in the case the vehicle states reach the upper or lower
bounds, a duality approach can be used to solve such problems. In this approach, the PMP
method will be utilized to solve the optimal control problem that can provide a feasible optimal
solution. If the solution of the optimal control problem becomes infeasible, the problem can
then be solved using a general optimization tool such as Quadratic Programming (QP) or the
fmincon function in Matlab. This QP the fmincon optimization tool will solve the control
problem under the presence of constraints, thus ensuring the solution obtained is feasible.
Therefore, the duality can solve the optimal control problem for the given on-ramp merging
scenario.

A summary comparing the control strategies discussed is shown in Table 4.1. Based on the
requirements, the duality approach appears to be an appropriate choice and can be used to
plan the longitudinal trajectory for the on-ramp vehicle.

Table 4.1: Summary of the optimal control strategies with their properties.

Properties Control Methods
LQR/LQG MPC PMP Duality

Disturbance
handling x x x x

Constraints - x - x
Time-bound
optimization - - x x

Computational
effort +++ +++ + ++

4.3 Trajectory Planning

The on-ramp vehicle’s trajectory aims to describe the vehicle’s movement from its initial
state to the lane change point. The PMP method is utilized to plan the on-ramp vehicle’s
trajectory, where the finite time horizon optimal control problem is solved analytically. The
solution to this optimal control problem provides the best possible control sequence to reach
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the desired state at a minimum cost. The obtained analytical solution can be stored on-board,
which can then be updated in real-time to provide an optimized trajectory every time. This
longitudinal trajectory for the on-ramp vehicle is evaluated every instance until the on-ramp
vehicle merges into the platoon. Once the merging is completed, the merging vehicle’s control
strategy is switched to a standard CACC control strategy. Thereafter, the merging vehicle
starts following the preceding vehicle in the platoon.

The purpose of the planned trajectory is to reach the desired states at the desired time with
minimum control effort of the system. The trajectory is planned by considering a multi-
objective cost function including a weighted sum of acceleration and jerk as in (4.1). This
cost function can minimize energy consumption and passengers’ discomfort during driving.
For this optimization routine, a third-order dynamics describing the longitudinal movement
of the vehicle is considered,

q̇ = v,

v̇ = a,

ȧ = j.

(4.9)

The variables q, v, a, j in the vehicle model denotes the position, velocity, acceleration, and
the control-input jerk respectively. Note, for readability purposes, the argument t referring
to the time dependency has been omitted from the set of equations.

The time τf at which the on-ramp vehicle needs to merge into the platoon can be estimated.
This estimation is based on the constant velocity assumption of the vehicle behind which the
on-ramp vehicle merges in the platoon. This time of merge can be estimated by,

τf = xlc − qp(τo) + d

vp
, (4.10)

where, xlc denotes the position at which the on-ramp vehicle starts to merge into the main-
lane platoon (Figure 3.1). The parameters qp(τo) and vp denote the initial position and initial
velocity of the platoon vehicle behind which the on-ramp vehicle merges. The parameter d
corresponds to a constant safe distance behind the platoon vehicle which can be written as,

d = r + hvp + L (4.11)

where the parameters r, h, L represent the standstill distance, headway time, and length of
the vehicle respectively. Depending on the τf , the cost function in (4.1) is evaluated and the
solution is updated until the on-ramp vehicle merges into the platoon. This cost function can
be solved analytically using PMP method by formulating into a Hamiltonian function as,

H = 1
2w1a

2 + 1
2w2j

2 + λ1v + λ2a+ λ3j, (4.12)

where λ1, λ2 and λ3 are the co-state variables. Using the Hamiltonian function the states
and co-states variables can be solved using the necessary condition of optimality [44]. If an
optimal control input j∗(.) exists for this problem, according to PMP, there necessarily exists
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a co-state function λ(.), satisfying

q̇ = ∂H

∂λ1
= v, (4.13)

v̇ = ∂H

∂λ2
= a, (4.14)

ȧ = ∂H

∂λ3
= j, (4.15)

λ̇1 = −∂H
∂q

= 0, (4.16)

λ̇2 = −∂H
∂v

= −λ1, (4.17)

λ̇3 = −∂H
∂a

= −w1a− λ2, (4.18)
∂H

∂j
= w2j + λ3 = 0. (4.19)

Using (4.16) and (4.17),

λ1 = c1, (4.20)
λ2 = −c1t+ c2. (4.21)

Substituting (4.21) in (4.18) gives,

λ̇3 = −w1a+ c1t− c2. (4.22)

By converting the equations in (4.9) into one variable and substituting in (4.22) gives,

w2
....
q = w1q̈ − c1t+ c2. (4.23)

Thus solving the differential equations (4.23), and from (4.13) to (4.15), the optimal solutions
(∗), similar to [23] can be obtained as,

q∗(t) = 1
6w1

c1t
3 − 1

2w1
c2t

2 + w2
w12 c3t+ c4 + c5e

√
w1
w2
t
+ c6e

−
√

w1
w2
t
, (4.24)

v∗(t) = 1
2w1

c1t
2 − 1

w1
c2t+ w2

w12 c3 +
√
w1
w2
c5e
√

w1
w2
t
−
√
w1
w2
c6e
−
√

w1
w2
t
, (4.25)

a∗(t) = 1
w1
c1t−

1
w1
c2 + w1

w2
c5e
√

w1
w2
t
+ w1
w2
c6e
−
√

w1
w2
t
, (4.26)

j∗(t) = 1
w1
c1 + (w1

w2
)

3
2 c5e

√
w1
w2
t
− (w1

w2
)

3
2 c6e

−
√

w1
w2
t
. (4.27)

The solution-coefficients c1 to c6 are constants, which are computed based on the initial
and final conditions of the problem. These solution-coefficients determine the shape of the
trajectory.

After solving for the optimal control input j∗(t) at each time instance, the minimum J for the
set of constants is obtained. The trajectory ensures the minimum cost to reach the desired
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states. However, in the presence of any unknown disturbances, the trajectory generated may
become sub-optimal. To handle these disturbances, an MPC scheme can be utilized online,
where the shape of the trajectory can be generated by re-evaluating the solution coefficients
at every instance.

This MPC scheme compensates for the possible disturbances while reaching the desired states
with a minimum possible cost. For solving this optimal control problem online, the initial
values of the vehicle’s states and the initial time can be designated as the current states and
current time t, where τo ≤ t ≤ τf . Using (4.24) to (4.26) as well as initial and final conditions,
a system of six equations can be formulated in the form D·c = Q as,

t3

6w1
− t2

2w1
t w2
w12 1 e

√
w1
w2
t

e
−
√

w1
w2
t

t2

2w1
− t
w1

w2
w12 0

√
w1
w2

e
√

w1
w2
t
−
√

w1
w2

e
−
√

w1
w2
t

t
w1

− 1
w1

0 0 w1
w2

e
√

w1
w2
t

w1
w2

e
−
√

w1
w2
t

τ3
f

6w1
− τ2

f

2w1

τf w2
w12 1 e

√
w1
w2
τf e

−
√

w1
w2
τf

τ2
f

2w1
− τf

w1
w2
w12 0

√
w1
w2

e
√

w1
w2
τf −

√
w1
w2

e
−
√

w1
w2
τf

τf

w1
− 1
w1

0 0 w1
w2

e
√

w1
w2
τf w1

w2
e
−
√

w1
w2
τf





c1
c2
c3
c4
c5
c6


=



q(t)
v(t)
a(t)
q(τf )
v(τf )
a(τf )


. (4.28)

Similar matrices for evaluating the coefficients online have been formed in [12]. The coefficients
can be calculated by writing (4.28) as, c = D−1 · Q. Based on this MPC scheme, the
coefficients can then be derived and updated in real-time to obtain the optimal trajectory at
all times.

Since the longitudinal trajectory is important to ensure the timely merging of the on-ramp
vehicle, it is necessary to validate the derived optimal solution’s performance. Therefore, the
next section demonstrates the simulation results for the derived analytical solution.

4.4 Trajectory Implementation

In this section, the performance of the derived optimal solution is demonstrated through
simulation. Considering the main-lane platoon vehicles are moving with a constant velocity
of 23.5 m/s. At some point, the on-ramp vehicle travelling at the same velocity as the
platoon establishes the communication with main-lane vehicles. Once this communication is
established, the supervisory level controller determines the merging sequence (MS). Assuming
that the MS is already decided by the supervisory controller, the on-ramp vehicle has to merge
behind the lead vehicle P1. This merging scenario is depicted in Figure 4.1.

The on-ramp merging is a 2D problem. Since only longitudinal movement is considered in
this thesis, this 2D problem thus can be translated into a 1D problem. Due to this geometric
translation from 2D to a 1D problem, all the vehicles including the vehicle N are present on
the same lane. Thus, in the simulation, the initial position of the vehicle N is in the middle
of the vehicles P1 and P2 with a smaller inter-vehicle distance than desired. Now, based on
the MS, the on-ramp vehicle N plans its trajectory to merge into the platoon at a minimum

30



CHAPTER 4. LONGITUDINAL TRAJECTORY PLANNING

possible cost. Simultaneously, the vehicle P2 on the main-lane starts to open a suitable gap.
For opening the suitable gap the P2 decelerates, and the vehicles behind P2 also start to
decelerate. This deceleration can be observed in Figure 4.2.

On-Ramp lane
Main stream lane

Step 2:-  On-ramp vehicle alignment 

On-Ramp lane
Main stream lane

Step 3:-  Merging into the platoon 

Main stream lane

Step 1:-  Gap Opening  

On-Ramp lane

Main stream lane

Intial condition 

On-Ramp lane

Cooperative Platoon

Lane change Point

 Merging Point

Main stream lane

Step 4:-  CACC Driving 

On-Ramp lane

Figure 4.1: Merging of an on-ramp vehicle N behind the platoon vehicle P1.
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Due to the translation into 1D, a small change in acceleration of the vehicle N can also be
observed in Figure 4.2a & 4.2b when the vehicle N tries to maintain the desired distance.
The on-ramp vehicle’s trajectory is designed using optimal control technique to minimize the
weighted joint cost function in (4.1). The weighted terms in this cost function determine
the possible extreme values of the acceleration and the jerk. With larger w1, the tendency to
minimize the acceleration becomes higher. On the other hand, a larger value of w2 can reduce
the high values of the jerk near the end of the trajectory. A range of different examples is
presented in [23, 24] to determine the suitable weights. To maintain a balance between the
required acceleration and extreme jerk value, w1 and w2 are chosen as 0.65 and 1 respectively
in this thesis. Furthermore, once the gap is opened and vehicle N reaches the desired states at
the estimated time of merge τf , vehicle N can then perform the lateral maneuver to join the
platoon. After this, all vehicles move with the cooperative control strategy in a platoon by
maintaining the equal relative distance as can be seen in Figure 4.2c. The simulation shown
has been performed based on the parameters given in Table 4.2.

(a) (b)

(c) (d)

Figure 4.2: Simulation results :(a) acceleration, (b) velocity, (c) relative position and (d)
position of all the vehicles in the merging scenario.
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Table 4.2: Parameters for the simulation.

Parameters Values Parameters Values
CACC gain kp 0.2 [1/s2] Vehicle length L 5 [m]
CACC gain kd 0.7 [1/s3] Stand-still distance r 10 [m]

Lead vehicle controller gain k 2.0 [1/s] Headway time h 0.5 [s]
Driveline constant τ 0.1 [s] Communication delay θ 0.02 [s]

Figure 4.3 shows the position and velocity error (3.5) of the vehicles in the CACC platoon on
the main-lane. From the graphs, it can be seen that the errors are fairly small. Furthermore,
both position and velocity error of the vehicle P2 remain close to zero throughout. This error
close to zero indicates that the vehicle P2 completely opened the desired gap for facilitating
the vehicle N at the desired time when the on-ramp vehicle merges into the platoon. A small
change in the error can be observed for the follower vehicles, P3 and P4. These small errors
are the effect of the communication delay in the system. Moreover, from Figure 4.2 a & b
at time τf it can be observed that trailing vehicles have not reached desired platoon states.
This behaviour is due to the gap opening strategy, which only ensures the desired size gap
is opened at the desired time but does not constraint on the desired velocity with respect to
time. Thus, it takes some extra time for the trailing vehicles to reach the velocity equal to
the preceding vehicle’s velocity.

(a) (b)

Figure 4.3: Simulation results: (a) e1,i denoting the position error and (b) e2,i denoting
velocity error of the platoon vehicles i.
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4.5 Summary

Merging of the on-ramp vehicle into the platoon on the mainstream lane is bounded by various
spatial constraints. Considering the spatial limitation the on-ramp vehicle needs to reach the
desired states at the desired time. If these desired states are not reached at the desired time
of the merge, the vehicle attempting to join the platoon might cause a disturbance in the
string of platoon vehicles. Thus, a longitudinal trajectory for the on-ramp vehicle is designed
by formulating an optimal control problem, which ensures the timely execution of the control
maneuvers.

The aim of the optimal control problem is to minimize the vehicle’s effort by considering
acceleration and jerk in a cost function. Several control strategies such as LQR, MPC, and a
method using PMP might be applicable for solving this optimal control problem. However,
the requirement of reaching the desired states at a particular time limits its applicability to
only the PMP method. Since the PMP method lacks to handle the constraints on the states or
inputs, a duality approach is proposed. The trajectory generated solves the cost function by
formulating into the Hamiltonian function. Thereafter, utilizing the conditions of optimality,
the solution coefficients denoting the trajectory’s shape are obtained. To handle the possible
disturbances, these solution coefficients are re-evaluated and updated in real-time using the
MPC scheme. This MPC scheme compensates for the possible disturbances and ensures that
the vehicle reaches the desired states with minimum effort. Finally, the performance of the
longitudinal trajectory has been verified through simulation results. The results show that
the on-ramp vehicle reaches the desired states at the desired time and thereafter joins into
the platoon. This result has been validated through the position and velocity error graphs
for the gap opening vehicle. The result shows that the errors remain close to zero, indicating
the timely execution of the merging maneuver.

34



Chapter 5

Merging Sequence Management

In the merging scenario, the on-ramp vehicle looks for a suitable gap to merge into the platoon.
This merging of the on-ramp vehicle is bounded by various spatial constraints described in
Chapter 3. Considering the spatial limitations, the on-ramp vehicle is required to reach the
desired states at the desired time. Any deviations from these desired states at the desired
time can create a disturbance in the string of platoon vehicles. This disturbance can cause
sudden changes in the acceleration of platoon vehicles, which can result in various problems
such as high energy consumption, passenger discomfort, and increased travel time [23]. To
avoid these problems, an optimal control technique using Pontryagin’s Maximum Principle
(PMP) is utilized to plan a longitudinal trajectory for the merging vehicle. This trajectory
ensures that the on-ramp vehicle merges into the platoon at the desired time efficiently with
minimum possible effort.

Although the trajectory plays a significant role in reducing the problem of inefficient merging,
the sequence in which the on-ramp vehicle merges into the platoon is equally important. Based
on the merging sequence (MS) the vehicle opening an additional gap is decided. Also, for
different MS the number of vehicles undergoing a change in acceleration will be different.
Furthermore, a change in MS will also correspond to a change in the on-ramp vehicle’s
trajectory. As a result, it can produce different energy consumption and comfort requirements.
Hence, in addition to the on-ramp vehicle’s optimized trajectory, a methodology to determine
the optimal MS is required. This MS defines the sequence in which the vehicles cross the
merging point. Therefore, to obtain an optimal merging framework, both the optimal MS
and the optimized vehicle trajectory are necessary. The trajectory is already presented in
Chapter 4; the MS is discussed in this chapter.

The first-in-first-out (FIFO) strategy, which finds the MS based on the distance to the merging
point [12] is presented in Section 5.1. A game theory-based strategy as in [23], where the
on-ramp vehicle plays a game with the main-lane vehicle to determine the optimal MS is
presented in Section 5.2. Thereafter, Section 5.3 presents a strategy based on time-till-arrival
(TTA) at the merging point. Moreover, to carry out the merging procedure, each strategy
requires some information to be shared between vehicles on both lanes. These communication
requirements are described in Section 5.4.
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Main stream lane

On-Ramp lane

Intial condtion  

Cooperation zone

Cooperative Platoon

Lane change Point
    Merging Point

Figure 5.1: Layout of the on-ramp merging scenario.

5.1 FIFO Strategy

FIFO merging strategy refers to the first-in-first-out strategy. The FIFO strategy is a distance-
based strategy, where the order in which vehicles cross the merging point is selected based
on the distance to the merging point when the communication between both lane vehicles is
established. A layout depicting the cooperation zone (CZ) in which vehicles can communicate
and the final merging point is shown in Figure 5.1.

Algorithm 5.1: FIFO Strategy
%% Initialization
Input: Number of main-lane vehicles inside CZ (`); the on-ramp vehicle (N).
Output: Merging sequence (MS).

for all i = 1 to ` do
if i < ` then

if (dN,m ≤ d1,m) then
Select P2 → Open Gap
MS: P1 → N → P2
stop

else if (dN,m > di,m & dN,m ≤ di+1,m) then
Select Pi+1 → Open Gap
MS:P1:i → N → Pi+1:`
stop

else
continue

end
else

Join behind the platoon
MS: P1:` → N

end
end
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In this strategy, the vehicle closer to the merging point is given priority. The approach
utilized for implementing the FIFO strategy is presented in Algorithm 5.1. In the Algorithm,
the parameter d with a subscript m represents the distance to the merging point for the
corresponding vehicles j. Additionally, the parameters P and N denote the vehicles in the
platoon and the on-ramp vehicle as in Figure 5.1. This distance to the merging point for any
vehicle j is calculated as,

dj,m = xm − qj(τo), ∀ j ∈
{
{1, . . . , `} ∪N

}
, (5.1)

where the parameters xm and qj(τo) denote the merging point location and position of the
vehicles at the time when the communication is established. As soon as the communication
is established the supervisory controller located in the on-ramp vehicle determines the MS.
The command “Open Gap” representing gap opening is associated with the main-lane vehicles
ahead of which the on-ramp vehicle joins. Since it is assumed that the on-ramp vehicle cannot
become the leader, the most forward possible merging location is ahead of the vehicle P2 in
the platoon. To demonstrate the FIFO strategy simulation result is presented.

(a) (b)

(c) (d)

Figure 5.2: (a) Acceleration, (b) velocity, (c) relative position and (d) position of all the
vehicles in the merging scenario.
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The simulation results in Figure 5.2 show position, velocity, acceleration and relative position
for all the vehicles. Consider initial velocity of on-ramp vehicle N and the platoon vehicles to
be 21 m/s and 23.5 m/s respectively. For this simulation, the communication between both
lane vehicles is established when N is aligned in between platoon vehicles P1 and P2. This
initial position of the on-ramp vehicle can be written as,

qN (τo) = q1(τo) + q2(τo)
2 , (5.2)

where qN (τo) denotes initial position of on-ramp vehicle N at time τo. The parameters q1(τo),
q2(τo) represent the initial position of platoon vehicles P1 and P2 respectively. The remaining
parameters for the simulations are the same as in Table 4.2. Furthermore, from Figure 5.2a
& b at time τf it can be observed that vehicles trailing to the merging vehicle have not
reached desired platoon states. This behaviour is due to the gap opening strategy, which
only ensures the desired size gap is opened at the desired time but does not constraint on the
desired velocity with respect to time. Thus, even though the desired gap has been opened,
the velocity of the trailing vehicles are still not equal to the preceding vehicle’s velocity at
time τf .

This FIFO strategy is considered computationally inexpensive [20], thus making it ideal for
implementing in real-time scenarios. Though FIFO is considered as computationally inex-
pensive, the MS based on the distance can result in a higher control effort of the vehicles.
Thus, another strategy based on a game theory is introduced next.

5.2 Game theory-based Strategy

In the game theory-based strategy, the MS is decided based on a cooperative game between
the main-lane and on-ramp vehicles. In this strategy, a global optimal coordination framework
is developed where, in addition to the on-ramp vehicle’s optimized trajectory, a methodology
to generate an optimal MS is introduced. This framework aims to determine the MS, such
that the overall control effort by all the vehicles is minimal. To obtain the optimal MS,
a cooperative game is played between both lanes vehicles inside the CZ. The vehicles on
both lanes are considered as players. This multi-player game is divided into multiple two-
player games. In this strategy, the on-ramp vehicle plays a game with the vehicles on the
main-lane. This game theory approach has been presented in [23]; however, the strategy
proposed in the literature uses a centralized control approach to determine the MS consisting
of independently controller CAVs. This centralized approach uses a central controller that
receives information from all the vehicles from both lanes. The presence of this additional
central controller can increase infrastructure requirements. To reduce these infrastructure
requirements, a decentralized controlling approach for the game theory strategy is proposed,
where each vehicle determines its control actions based on the received information from other
vehicles.

This cooperative game theory-based strategy consists of players, joining strategies, and pay-
offs. The players are the vehicles in the CZ; pay-off denotes the total cost of the vehicles
based on their control efforts, and the joining strategies represent the choices of MS. The goal
of the game is to obtain the joining strategy such that the global pay-off is minimum.
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The joining strategy can be expressed as Sp, p= 1,2,...,Z, where Z is the number of potential
MSs for the on-ramp vehicle. These potential MSs depend on the number of vehicles on
both lanes inside the CZ. For example, the potential MS based on the scenario in Figure 5.1
with an on-ramp and four main-lane vehicles will depend on the number of possible ways the
on-ramp vehicle can join into the main-lane platoon. On the basis of the assumption that
the on-ramp vehicle cannot become the leader, there is an available location for the on-ramp
vehicle behind every platoon vehicle. Thus, there are as many potential MS as the number
of platoon vehicles, which is 4. Based on these potential MS, the pay-off for each potential
MS is computed.

Considering the scenario shown in Figure 5.1, at first, the pay-off for a potential MS to merge
the on-ramp vehicle behind the vehicle P1 is computed. Thereafter, for another potential MS
of join behind P2, the pay-off is computed. To determine the better MS, these pay-offs are
compared. If the pay-off with the strategy to join behind P2 is higher than the pay-off for
joining behind P1, it implies that the optimal sequence would be to join behind P1. Otherwise,
this process of computing and comparing the pay-off continues for other potential MS. Based
on these pay-offs, the joining strategy which results in the least global pay-off will be the
optimal MS.

The computed pay-offs depend on both the platoon vehicles’ behaviour and the on-ramp
vehicle’s trajectory to join the platoon. These pay-offs correspond to the control effort required
by the vehicles, which can be defined based on the absolute acceleration of the vehicles until
the merging is completed. Since the MS needs to be computed in advance, the acceleration
for all the vehicles has to be predicted. This predicted cost is obtained by summing up the
absolute acceleration of all the vehicles at every time step t as,

Ĵ(Sp) =
j∑
i=1

n∑
t=1
|ai,t|, i, t ∈ N, (5.3)

where j is the total number of vehicles communicating with each other, which is 5 in this
thesis. The parameter n is the total number of time steps over the entire time period until
the merging is completed. A minimum of the predicted cost computed for all the potential
MS will determine the optimal MS. As a result, the global pay-off minimization problem that
guarantees the optimal MS can be written as,

(
s∗p, ĵ

∗
)

= arg min J(Sp, Ĵ), (5.4)

where Ĵ represents the predicted cost and J denotes the set of the predicted costs for each
potential MS. The solution to (5.4) provides the optimal MS for which the overall pay-off
is minimum. It can be expected that the optimal MS is the one that results in minimum
efforts by all the vehicles in the CZ. This can be true, particularly in the case of a centralized
controller, where a single controller has information of all the vehicles inside the CZ [23].
However, in a decentralized control approach, every vehicle determines its own control actions.
Therefore, predicting the acceleration of all the vehicles in the CZ can significantly increase
the communication load. As a solution to this communication load problem, another scheme
is proposed, where the cost can be predicted based on the effort of the merging vehicle and
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its adjacent platoon vehicles. Thus, considering that the on-ramp vehicle joins behind vehicle
i of the main-lane platoon, (5.3) can be modified to,

Ĵ(Sp) =
(
i+1∑
k=i

n∑
t=1
|ak,t|

)
+
(

n∑
t=1
|aN,t|

)
, k, t ∈ N. (5.5)

The summation in (5.5) incorporates the merging vehicle N along with its adjacent vehicles,
k = i, k = i+ 1 only. This decentralized game theory-based strategy has been implemented,
and the corresponding approach is presented in Algorithm 5.2.

Algorithm 5.2: Game theory-based strategy
%% Initialization
Input: Number of main-lane vehicles inside CZ (`), on-ramp vehicle (N).
Output: Merging sequence (MS).

Select P2 → Open Gap and compute cost of merging (C1)
Select P3 → Open Gap and compute cost of merging (C2)
for all i = 1 to ` do

if i < ` then
if Ci > Ci+1 then

if i ≥ 1 & i < `− 2 then
Select Pi+3 → Open Gap
Compute cost of merging (Ci+2)

else if i = `− 2 then
Compute cost of merging (Ci+2)

else
continue

end
else

MS: P1:i → N → Pi+1:`
stop

end
else

MS: P1:` → N
end

end

In this algorithm, the parameters C1 and C2 represent the costs computed for merging the
on-ramp behind the vehicle P1 and P2 respectively. In this strategy, the cost for merging
behind P1 is predicted at first. Subsequently, to decide the MS, the cost of merging behind
P2 is predicted. The comparison of these costs determines whether subsequent costs are to be
computed or not. Some simulations have been performed to demonstrate this decentralized
game theory-based strategy. For the initial velocity of 21 m/s, the communication between
both the lane is established when the on-ramp vehicle’s initial position is the same as in the
equation (5.2). The remaining parameters for the simulations are the same as in Table 4.2.
These simulations are performed for both the cost prediction schemes, and the resulting MS
from both the schemes can be identified.
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(a) (b)

Figure 5.3: Acceleration, velocity, relative position of each vehicle based on cost prediction
scheme of (a) all the platoon vehicles as in (5.3), (b) adjacent platoon vehicles as in (5.5).
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(a) (b)

Figure 5.4: Cumulative cost of each vehicle based on cost prediction scheme of (a) all the
vehicles as in (5.3), (b) adjacent vehicles as in (5.5).

Figure 5.3 shows the states of all the vehicles for both cost prediction schemes at the same
initial condition. From relative position plot in Figure 5.3a it can be identified that the on-
ramp vehicle N joins behind the platoon with sequence P1 → P2 → P3 → P4 → N when the
cost is predicted using (5.3). For the same initial condition, the MS when cost is predicted
using (5.5) shown in Figure 5.3b is P1 → P2 → N → P3 → P4. The total cost at any time
instance t is calculated as,

Ctot,t =

 j∑
i=1
|ai,t|

+ Ctot,t−1, i, t ∈ N, (5.6)

where j represents the total number of vehicles communicating in the merging scenario. The
cumulative cost of each vehicle for both schemes is shown in Figure 5.4. Figure shows that
the total cost (5.6) is equal to the cost generated by the vehicle N in Figure 5.4a. This is due
to the MS obtained which requires the on-ramp vehicle to join behind the platoon, leading to
zero acceleration for other vehicles. On the other hand, in Figure 5.4b, the MS requires the
vehicles N , P3, and P4 to undergo a change in acceleration thus, the total generated cost is
high in this case. Even though the cost prediction using (5.5) can reduce computational load,
from Figure 5.4 it can be seen that, the MS obtained results in an overall higher cost than the
cost prediction using (5.5). This behaviour highlights the trade-off between the global optimal
MS with high computational load and near-optimal MS with less computational load. The
near-optimal MS corresponds to the existence of local minima in the solution. This means
that, cost computed using (5.5) for merging behind P3 would have resulted in higher cost
than the cost for merging behind P2. Thus, the strategy selects merging behind P2 as the
better MS. This near-optimal MS may not necessarily be different from the MS generating
the global minima using (5.3) for all the initial conditions. In the case when both minimums
are the same, the near-optimal MS and the optimal MS will be the same.

The on-ramp vehicle needs to reach the desired states such as velocity and acceleration equal
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to platoon states at the desired time τf before merging into the platoon. In addition to the
velocity and acceleration, the on-ramp vehicle also has to reach the desired location to align
with respect to platoon vehicles. Based on the MS, in Figure 5.3a, the on-ramp vehicle needs
to join behind the platoon. To achieve the requirements of merging behind the platoon and
reaching the desired states at the desired time, the on-ramp vehicle plans its trajectory to
decelerate at the beginning. Thereafter, since the vehicle N has to reach the desired platoon
velocity by τf , it accelerates and joins the platoon. This behaviour is not observed in Figure
5.3b. The movement of the on-ramp vehicle depends on the trajectory it plans to reach the
desired states. Thus, this trajectory with the aim to minimize the acceleration and the jerk
changes with change in the MS.

The decentralized game theory-based strategy discussed above reduces the infrastructural
demands compared to the centralized approach. Furthermore, the proposed solution to predict
the adjacent vehicles’ acceleration can reduce the computational burden and communication
requirements. To identify the advantage that the game theory-based strategy has over the
standard FIFO strategy, the cost prediction scheme for all the vehicles (5.3) will be used for
comparing the strategies. Since both schemes in the game theory-based strategy require the
cost of potential MS to be predicted in advance, another strategy based on the arrival time
at the merging point is proposed to determine the MS.

5.3 Time-till-arrival Strategy

Time-till-arrival (TTA) strategy is a time-based strategy. In this strategy, vehicles entering
the cooperation area evaluate the TTA to the merging point. The vehicle with the lowest TTA
to the merging point has the priority. A similar arrival time approach to determine the MS
is proposed in [45]. However, the proposed methodology in the literature uses a centralized
approach and evaluates the arrival times based on constant acceleration. In this thesis, for
determining the MS, two arrival times for the on-ramp vehicle are calculated.

First, the TTA for the merging vehicle is obtained based on the initial velocity of the on-ramp
vehicle; second, the TTA is obtained based on the platoon’s constant velocity and the initial
position of the on-ramp vehicle. Based on the velocities with which both lane vehicles move,
the minimum and maximum TTA for the on-ramp vehicle N based on these velocities can be
obtained as,

tN,min = xm − qN (τo)
vmax

,

tN,max = xm − qN (τo)
vmin

.

(5.7)

The parameter xm denotes the merging point location, qN (τo) is the initial position of the
on-ramp vehicle N . The velocity vmin and vmax corresponds to the minimum and maximum
velocity from a set of both lane vehicles’ velocity. The two TTA are discretized into various
TTA from tN,min to tN,max for the vehicle N . Considering each of those TTA, the on-ramp
vehicle plans its trajectories to reach the merging point. The cost defined based on the
acceleration is evaluated for various on-ramp vehicle’s trajectories using (4.26). Once the
overall cost associated with every TTA is obtained, the trajectory producing minimum cost
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is chosen, and the corresponding TTA then becomes the optimal arrival time for the vehicle
N . This procedure of discretization is demonstrated in Algorithm 5.3.

Upon obtaining this optimal arrival time for the on-ramp vehicle, it is then compared with
platoon vehicles’ TTA which is calculated as,

ti = xm − qi(τo)
vp

, ∀ i ∈ N. (5.8)

The parameter qi(τo) denotes the initial position of the platoon vehicles, and vp corresponds
to the platoon velocity under the assumption that all the vehicles move with the same velocity
throughout the merging procedure. The vehicle with the lowest TTA has the priority and
thus the MS is obtained. This approach of the TTA strategy is presented in Algorithm 5.3.

Algorithm 5.3: Time-till-arrival strategy
%% Initialization
Input: Number of main-lane vehicles inside CZ (`), on-ramp vehicle (N).
Output: Merging sequence (MS).

τ = tN,min : τstep : tN,max
for all τ do

Compute merging vehicle cost (CτN )
end
Find minimum cost (C∗N )
Get the optimal arrival time C∗N → t∗N

for all i = 1 to ` do
if i < ` then

if t∗N ≤ t1 then
Select P2 → Open Gap
MS: P1 → N → P2
stop

else if t∗N > ti & t∗N ≤ ti+1 then
Select Pi+1 → Open Gap
MS:P1:i → N → Pi+1:`
stop

else
continue

end
else

Join behind the platoon
MS: P1:` → N

end
end

To demonstrate the performance of this strategy, a simulation with the same initial states and
parameters as in Section 5.2 is performed. Figure 5.5 shows the acceleration, velocity, relative
position, and position of all the vehicles using the TTA strategy. Utilizing the Algorithm 5.3,
the optimal arrival time for the vehicle N is computed and compared with other vehicle’s
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TTA. On the basis of this computation, a MS P1 → P2 → P3 → N → P4 is obtained.
Furthermore, once the MS is obtained, the on-ramp vehicle plans its trajectory to reach the
desired states at time τf .

(a) (b)

(c) (d)

Figure 5.5: (a) Acceleration, (b) velocity, (c) relative position and (d) position of all the
vehicles in the merging scenario.

The FIFO, game theory-based, and the TTA strategies for merging the on-ramp vehicle have
been presented. All these strategies determine the MS based on the expectation that vehicles
can communicate with each other at all times. To understand the communication aspects,
it is important to know what information these strategies require to obtain the MS. Some
information can be required by all the strategies, while other information can be specific
to strategies. These communication requirements for all the strategies at a high-level are
discussed next.
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5.4 High-level Communication Requirements

In the on-ramp merging scenario, once the communication is established the vehicles from
both lanes start to share their local information. This information sharing is necessary to
determine the MS. Since the criteria of computing the MS is different for the three strategies,
the information that these strategies require for carrying out the merging can also be different.
These communication requirements can be general that is required for all the strategies, or
it can be specific for the strategy. These general communication requirements and strategy-
specific requirements are discussed at a high-level in this section.

To determine the MS, one of the important requirements for all the strategies is that the
vehicles on both the lanes should be able to communicate and share their local information
as soon as the communication link is established. This communication link must be formed
with all the vehicles in the platoon. To be able to communicate with all the vehicles in
the platoon, the supervisory controller located in the on-ramp vehicle must be aware of the
platoon’s length. This can be guaranteed by receiving the head and tail flags from the first
and the last vehicle of the platoon.

Once the communication is established, the supervisory controller should be able to compute
the MS based on the information received. Depending on the computed MS, one of the main-
lane vehicles should be informed to open the gap. Along with the gap opening command,
gap size, and the time to open this gap must be communicated to the vehicle. Since it is
assumed that all the vehicles have the same length, the gap size is known. Otherwise, the
supervisory controller should consider the on-ramp vehicle’s length and determine the gap
size. Once the gap of the desired size is opened, the safe to merge flag is communicated to
the on-ramp vehicle. Therefore, a bi-directional communication link has to be established.
Besides the information sharing between the vehicles, the vehicles should also be aware of the
spatial restrictions such as the location at which the on-ramp lane ends. This information
about the spatial restrictions can be obtained through the Global Navigation Satellite System
(GNSS).

All the requirements discussed are the general communication requirements, which are applic-
able irrespective of the strategies chosen for computing the MS. In addition to these general
requirements, the three MS strategies can require additional information to determine the
MS. These additional requirements for all the strategies are individually discussed.

The FIFO strategy is a distance-based strategy, where the important information that needs
to be communicated is the distance of the vehicles from the merging point located at the
end of the ramp lane. The information about this distance can be obtained by sharing the
position information from all platoon vehicles through the Cooperative Awareness Message
(CAM). This CAM message is a standard message for the CAVs which is assumed to always
be broadcasted. Since the location of the merging point where the ramp lane ends can be
known through GNSS, the distance of each vehicle to the merging point can be computed
locally. This information sharing enables the supervisory controller to identify the closest
vehicle to the merging point for determining the MS.

This position information is communicated once from every vehicle to the supervisory con-
troller. A diagram representing the communication on a high-level between the main-lane
and the on-ramp vehicles is shown in Figure 5.6. In the figure, the M1 and M2 corresponds
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to the messages along with the order in which they are shared. This means, first the message
M1 with the local information of the platoon vehicles is shared to the supervisory controller
and thereafter, the message M2 is shared with the gap opening vehicle.

Supervisory
controller 

CACC 

Message        :  CAM message from the platoon vehicles

   Message         :  MS determined by supervisory controller

On-ramp vehicle Platoon vehicles

CACC 

CACC 

Figure 5.6: High-level communication diagram for the FIFO and the TTA strategy.

The TTA strategy is based on the arrival time at the merging point. In this strategy, an
optimal arrival time for the on-ramp vehicle needs to be computed first. For computing
this optimal arrival time, in addition to the on-ramp vehicle’s own velocity, the velocity of
the platoon is required. This information can be obtained through the CAM message from
the platoon vehicles. Furthermore, to compute the MS, the supervisory controller needs
the expected arrival time information of all the platoon vehicles. This information can be
computed locally as the position and velocity of the platoon vehicles are already known from
the CAM message. The communication diagram for the TTA strategy is similar to Figure
5.6.

On the other hand, the game theory-based strategy requires the computation of the predicted
cost of merging. In this strategy in addition to the regular information through the CAM
message, the predicted cost of the associated main-lane vehicles for opening the gap is re-
quired. These costs are shared with the supervisory controller, based on which it determines
the optimal MS. The diagram representing the high-level communication between both lane
vehicles is shown in Figure 5.7.

Since the platoon vehicles do not always broadcast their cost of the gap opening, therefore,
an additional message M0 is required, where the supervisory controller initially informs the
associated vehicles to predict the cost of the gap opening. Thereafter, these costs are sent
to the supervisory controller as a message M1 to compute the optimal MS. Based on this
computation of the MS, the final message M2 to the required gap opening vehicle on the
main-lane will be informed.
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Supervisory
controller 

CACC 

On-ramp vehicle Platoon vehicles

CACC 

CACC Message        :  Cost of gap opening                           

   Message         : MS determined by supervisory controller

   Message         : Initialization command to predict the cost

Figure 5.7: High-level communication diagram for the game theory strategy.

Based on the additional communication requirements it can be said that most of the informa-
tion that the FIFO and the TTA strategies require can be shared through the CAM message.
On the other hand, for the game theory-based strategy, the platoon vehicles also need to
provide the predicted cost of gap opening to the supervisory controller. In this thesis, all
communications between both lane vehicles are assumed to be instantaneous. However, if
these communications are not instantaneous, it can have implications on the performance of
the strategies, particularly the game theory-based strategy, as it requires more information
to be shared. These implications have not been investigated in this study and can be a scope
for investigation in future studies.

The communication requirements of all three strategies were discussed in this section on a
high level. These requirements depend on the strategy and the criteria with which the MS
is determined. Based on the computation of this MS, the effort by the vehicles is evaluated.
This concludes the description of all the merging strategies.

5.5 Summary

An on-ramp vehicle aims to merge efficiently into the main-lane platoon with minimum pos-
sible control effort. To ensure this efficient merging, an optimized trajectory using optimal
control techniques is planned for the on-ramp vehicle. Although the optimized trajectory plays
a significant role in reducing the problem of in-efficient merging, the MS is equally important.
Change in MS corresponds to change in on-ramp vehicle’s trajectories, as a consequence, it
can also result in different energy consumption and ride comfort. Hence, besides the optimal
on-ramp vehicle’s trajectory, a methodology to determine the optimal MS is required.
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Three strategies, namely, the FIFO, game theory-based, and TTA strategy to determine
the MS have been discussed. The FIFO strategy is a distance-based strategy, where the
vehicle closest to the merging point has the priority. The game theory strategy determines
the MS based on the computed cost for potential MSs. This cost is computed by predicting
the acceleration of the platoon vehicles in advance. The MS with the lowest predicted cost
becomes the optimal MS for the on-ramp vehicle. This cost prediction for all the platoon
vehicles makes the decentralized game theory computationally demanding. Therefore, another
scheme is proposed where the cost is computed for the vehicles adjacent to the merging vehicle.
Furthermore, a TTA strategy based on arrival time at the merging point is also proposed.
In this strategy, the vehicle with the lowest arrival time is given priority. Since each of the
three strategies determine the MS based on different criteria, the communication that these
strategies require is also different. These high-level communication requirements indicate that
the game theory-based strategy needs additional information about the cost of gap opening
from platoon vehicles compared to the other two strategies. The communication requirements
by the strategies may have some implications on their performances if the communication is
not instantaneous. These implications have not been studied in this thesis.
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Chapter 6

Performance Evaluation

For the cooperative merging scenario, a control framework consisting of an optimized merging
vehicle’s trajectory and a methodology for determining the merging sequence (MS) is presen-
ted in Chapter 4 and Chapter 5. To determine the MS, three different strategies, namely,
first-in-first-out (FIFO), game theory-based, and time-till-arrival (TTA) have been presented.
Depending on the MS, the control effort required by vehicles is determined. This effort is
defined in terms of the absolute acceleration by the vehicles. As the strategies are developed
based on different criteria such as distance to merging point, predicted acceleration and ar-
rival time, the MS and the associated cost from these strategies can also be different. To
identify the most suitable strategy, the performance of these strategies is compared in various
scenarios. The frame of reference for this comparison will be the overall cost generated by the
vehicles (5.3). It is to be noted that the objective is to compare the performance of the three
strategies with each other and not the individual strategy’s performance in different scen-
arios. Considering this objective, the performance of all the strategies in various scenarios is
investigated.

Section 6.1 discusses the performance of the strategies based on variation in the on-ramp
vehicle’s initial conditions. For the comparison, two scenarios are presented. In the first
scenario, the initial velocity of the on-ramp vehicle is fixed, while the initial position at
which the communication between both lane vehicles establishes is variable. In the second
scenario, the initial position of the on-ramp vehicle is fixed, while the initial velocity is varied.
Besides the initial conditions, the performance of the strategies can also be influenced by other
parameters such as headway time and standstill distance. The influence of these parameters
on the performance of the three strategies is investigated in Section 6.2.

6.1 Comparison Based on On-Ramp Vehicle Initial Conditions

In the on-ramp merging scenario shown in Figure 5.1, the on-ramp vehicle traveling at a
constant velocity establishes the communication with the main-lane vehicles. At this point,
the supervisory controller computes the MS. Since the three strategies consider different
criteria to determine the MS, the generated MS and the associated costs can be different for all
strategies. These costs for all the strategies can be compared to evaluate their performances.
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For the comparison, the initial conditions of the main-lane vehicles are fixed, while the on-
ramp vehicle’s initial conditions are varied. This variation in initial conditions corresponds to
the velocity and position when the communication between both lane vehicles is established.
The layout of the on-ramp merging scenario is shown in Figure 6.1.

Main stream lane

On-Ramp lane

Intial condtion  

Cooperation zone

Cooperative Platoon

Lane change Point
    Merging Point

Figure 6.1: layout of the on-ramp merging scenario.

Table 6.1: Simulation parameters for the comparison based on initial conditions.

Parameters Values Parameters Values
Platoon velocity vp 23.5 [m/s] Driveline constant τ 0.1 [s]
Vehicle length L 5 [m] CACC gain kp 0.2 [1/s2]

Communication delay θ 0.02 [s] CACC gain kd 0.7 [1/s3]
Headway time h 0.5 [s] Standstill distance r 10 [m]
Lead vehicle

initial position q1(τo) -800 [m] Lead vehicle
controller gain k 2.0 [1/s]

The performance analysis is carried out for two scenarios; in the first, initial velocity of the
on-ramp vehicle is constant while the initial position is varied. In the second scenario, the
initial position is constant while the initial velocity is varied. The parameters and defined
initial conditions for the simulation are provided in Table 6.1.

For the first scenario, it is considered that the on-ramp vehicle’s initial velocity is 22 m/s.
Considering this initial velocity, the initial position with respect to the platoon vehicles at
which communication between both lane vehicles is established is varied for five locations
between the lead vehicle (P1) and the second vehicle (P2) positions as,

qN (τo) = q1(τo) + δ(q2(τo)− q1(τo)), ∀ δ ∈ {0, 0.25, 0.5, 0.75, 1}. (6.1)

The parameters qN (τo) corresponds to the initial positions on the on-ramp vehicle N and
q1(τo) and q2(τo) are the initial positions of the platoon vehicles P1 and P2. At δ equal to zero
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the vehicle N is aligned with vehicle P1 and for δ = 1, the vehicle N is aligned with vehicle
P2.

The performance of the strategies can be evaluated based on the costs generated by the
vehicles. These costs are computed by the sum of absolute accelerations of the vehicles
including the merging vehicle as,

J =
j∑
i=1

n∑
t=1
|ai,t|, i, t ∈ N, (6.2)

where j denotes total number of vehicles in the cooperative zone and n is the total time steps
over entire time period until the merging is completed.

Figure 6.2a shows the cost generated for the three strategies at five different initial positions
using (6.1). The first marker corresponds to the on-ramp vehicle’s initial position aligned
with P1 at δ=0. The fifth marker corresponds to the initial position of the on-ramp vehicle
aligned with P2 at δ=1. From the figure, it can be seen that the FIFO strategy generates
the highest cost, while the game theory-based strategy has the lowest cost for various initial
positions. As δ in (6.1) increases, the cost for the FIFO strategy increases, whereas the cost
for the game theory-based and TTA strategies decreases. The reason for this behaviour is,
for the FIFO strategy the MS is the same to join behind P1 as P1 → N → P2 → P3 →
P4 at all the initial positions. Thus, an increase in δ results in higher accelerations of the
vehicles to merge at a particular location in the platoon. On the other hand, the other two
strategies have the possibility to merge at different locations which can generate a lower cost
than FIFO. This behavior shown by the FIFO strategy also supports the claim that, even
though the FIFO strategy is computationally inexpensive, it can result in high overall costs.

(a) (b)

Figure 6.2: Cost comparison of the strategies for the on-ramp vehicle’s : (a) initial velocity
of 22 m/s at all δ and (b) initial position at δ = 0.5 for various velocities.
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In Figure 6.2a the game theory-based strategy generates the lowest cost by joining at the
end of the platoon, which is its most favorable position considering a platoon of four vehicles.
Additionally, it can be seen that the cost evaluated through the TTA approaches game theory-
based strategy at δ = 1 (last marker). This behaviour indicates that the on-ramp vehicle joins
closer to the tail of the platoon as the initial position is aligned with P2. In conclusion, from
the constant velocity scenario, the game theory-based strategy has the lowest cost amongst
the three strategies. The TTA strategy, on the other hand, performs better than the standard
FIFO strategy.

Another scenario shown in Figure 6.2b considers the initial position of the vehicle N to
be constant in the middle of P1 and P2 at δ = 0.5 while varying the initial velocity. The
cost comparison in this scenario shows that the FIFO strategy generates the highest cost
compared to other strategies. Also, as the on-ramp vehicle’s velocity approaches the velocity
of the platoon, the FIFO strategy’s cost decreases, whereas the cost generated through the
TTA strategy, and the game theory-based strategy increases. The decrease in the FIFO
strategy’s cost for the constant initial position can be explained by the fact that the closer
the on-ramp vehicle’s initial velocity to the platoon’s velocity, the lesser would be the change
in acceleration of the merging vehicle for joining in the platoon with MS as P1 → N → P2
→ P3 → P4. As the initial velocity approaches the platoon velocity, the increase in the costs
of the TTA and the game theory-based strategy can be observed. This shows the tendency
of the merging vehicle to join near the head of the platoon at velocity closer to the platoon
velocity. Since joining near the head of the platoon would require more number of vehicles to
undergo a change in the acceleration, it results in a higher cost. Moreover, it can be seen that
the TTA and the game theory-based strategy have the same cost at the lowest velocity. This
same cost signifies that both the strategies generate the same MS at those initial conditions.
This behaviour indicates that, due to the platoon length of four vehicles, merging at the end
of the platoon is the most favorable location at lower velocity for the on-ramp vehicle.

In essence, the game theory-based strategy provides the lowest cost amongst the three strategies.
This shows that the game theory-based strategy is the most suitable strategy to determine
the MS. On the other hand, the TTA strategy outperforms the standard FIFO strategy and
it also approaches the game theory-based strategy at lower velocities.

6.2 Comparison Based on Parameter Variation

In an on-ramp merging scenario, the supervisory controller determines the MS. The MS
decision for all three strategies depends on various parameters such as initial conditions,
vehicle length, inter-vehicle distance, and the platoon’s length. The influence of the on-
ramp vehicle’s initial conditions on the performance of the strategies is already studied in the
previous section. In addition to these initial conditions, other parameters such as inter-vehicle
distance can also influence the performance of the strategies. To investigate the behaviour
of the three strategies, parameters directly affecting the inter-vehicle distance which are,
headway time and the standstill distance are varied and their effect on the performance of
the strategies is studied in the subsequent sections.
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6.2.1 Headway time

In this section, the effect of various values of headway time h on the performance of the
strategies are studied. Investigation on the performance of the strategies is carried out for
two scenarios. In the first scenario, the influence of h is investigated for a constant initial
velocity at various on-ramp vehicle’s initial positions. For the second scenario, the on-ramp
vehicle’s initial position is constant, while the initial velocity is varied.

Considering the first scenario, for the on-ramp vehicle’s constant initial velocity of 22 m/s the
influence of h at three initial position cases of δ = 0.25, 0.5, 0.75 in (6.1) is investigated. The
change in the headway time affects the inter-vehicle distance of the platoon vehicles (3.1),
which can thus alter their initial positions. Since the on-ramp vehicle’s initial position is
defined relative to the platoon vehicles P1 and P2, the initial position in (6.1) can be modified
as,

qN (τo) = q1(τo) + δ(q2(τo)− q1(τo)),
= q1(τo) + δ(r + L+ hvp), ∀δ ∈ {0, 0.25, 0.5, 0.75, 1},

(6.3)

where the additional parameters r, L, h, vp denotes the standstill distance, vehicle length,
headway time and platoon velocity respectively. From (6.3), it can be noticed that the change
in h will correspond to a change in the on-ramp vehicle’s initial position.

Various initial positions for the on-ramp at different h is shown in Figure 6.3. From the
figure, it can be seen that, as the h increases, the distance between the markers representing
the initial positions of the on-ramp vehicle increases. This method of varying the on-ramp
vehicle’s initial position ensures the alignment relative to the platoon vehicles remains the
same when the h is changed.

Figure 6.3: On-ramp vehicle’s initial positions for different h at vp = 23.5 m/s. The first
marker at all h denotes the initial position when aligned with the vehicle P1 at δ = 0 and last
markers at all h denotes the initial position when aligned with the vehicle P2 at δ = 1.
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The scenario with constant initial velocity for different on-ramp vehicle’s initial positions is
shown in Figure 6.4a. The top plot in the figure corresponds to the on-ramp vehicle’s initial
position at δ = 0.25. This initial position indicates that the on-ramp vehicle is aligned closer
to platoon vehicle P1. The middle and the bottom plots are at δ = 0.5, 0.75 denoting the
on-ramp vehicle’s alignment in the middle and closer to P2 respectively. Each of these plots
shows the influence of headway time on the strategies. Except for the parameter h, all other
parameters and fixed initial conditions for the simulation are the same as in Table 6.1.

Figure 6.4a shows that the FIFO strategy generates the highest cost for various headway
times in all three plots. This highest cost for the FIFO strategy is due to the initial position
which only allows the merging vehicle to join ahead of P2 to generate the MS P1 → N → P2
→ P3 → P4. The game theory-based strategy generates the lowest cost in all the cases by
joining at the end of the platoon, which is its most favorable position considering a platoon
of four vehicles. It can also be observed that, for smaller h, the TTA and game theory-based
strategy come closer to each other in the bottom plot. Since the on-ramp vehicle is aligned
closer to P2 and the inter-vehicular distance between platoon vehicles is also small at smaller
h, the on-ramp vehicle with TTA strategy joins near the tail of the platoon. This results in
less number of vehicles to undergo a change in acceleration, thus the lower cost. Furthermore,
it can be seen that the cost for all strategies increases as the headway time is increased. This
behaviour shows that the higher h will require vehicles to have larger inter-vehicle distances
and, in turn, result in higher acceleration change to open an additional desired large gap for
the merging vehicle.

(a) (b)

Figure 6.4: Comparison of the strategies at various h : (a) constant initial velocity of 22 m/s
at δ = 0.25 (top), 0.5 (middle), 0.75 (bottom) and (b) constant initial position of δ = 0.5 at
21 m/s (top), 22 m/s (middle), 23 m/s (bottom).
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As the on-ramp vehicle’s initial position is shifted back towards P2, i.e., with an increase in δ,
a gradual increase in the cost of the FIFO strategy can be observed. This behaviour occurs
because shifting the initial position back would require the on-ramp vehicle to accelerate
more for joining ahead of P2. Contrarily, a decrease in the cost of the TTA and the game
theory-based strategy with an increase in δ can be observed. Unlike FIFO, the TTA and
game theory-based strategy provides more available locations to the merging vehicle, where
the merging vehicle joins near the tail of the platoon. Thus shifting the initial position back
results in lesser deceleration by the on-ramp and its trailing vehicles. This results in a lower
cost for the strategies. In conclusion, the constant velocity scenario shows that the game
theory-based strategy generates the lowest cost. The TTA strategy performs better than the
standard FIFO strategy for all the headway times.

In comparison to the previous scenario, the second scenario in Figure 6.4b shows the influence
of headway time on the performance of the strategies for a constant initial position in the
middle of the platoon vehicles P1 and P2, at δ = 0.5. The three plots in the figure correspond
to the influence of headway time on the strategies at three initial velocities, i.e, 21, 22, and
23 m/s. Similar to the previous scenario, for the same reason as explained previously, the
cost of all the strategies increases with the h, denoting higher efforts during the merging.

The game theory-based strategy again shows the better result having the lowest cost in all
the cases. As the velocity approaches the platoon velocity, the figure shows that the cost
generated through the FIFO strategy for various h decreases. Since for the FIFO strategy
the MS is P1 → N → P2 → P3 → P4, the closer the on-ramp vehicle’s velocity with platoon’s
velocity, the lesser would be the change in acceleration by vehicles during merging. On the
other hand, with this increase in velocity, the cost of the game theory-based and the TTA
strategy increases. When the velocity is closer to the platoon velocity it provides the on-ramp
vehicle an option to merge near the head of the platoon. This joining near the head of the
platoon results in more vehicles to undergo the change in acceleration and thus the higher
cost. Furthermore, from the bottom plot in Figure 6.4b, overlapping of the TTA and the
FIFO strategy for all the h can be observed. This behaviour indicates that for the on-ramp
vehicle’s initial velocity very close to the platoon’s velocity, the on-ramp vehicle with TTA
strategy joins near the head of the platoon ahead of vehicle P2. It can also be observed
that, for higher h in the top plot, the TTA strategy moves away from the game theory-based
strategy. Since the inter-vehicular distance between platoon vehicles is large at higher h, the
on-ramp vehicle with TTA strategy joins near the head of the platoon. This causes more
vehicles to undergo a change in acceleration, resulting in a higher cost. Moreover, it is to
be noted that the middle plots for both the scenarios in Figure 6.4 have the same initial
conditions, and therefore, the graphs are also the same.

In essence from both scenarios presented in Figure 6.4a & b, it can be seen that the game
theory-based strategy generates the lowest cost and the TTA strategy outperforms the FIFO
strategy, particularly at lower velocities. Also, it can be seen from the analysis that at smaller
h, the TTA strategy is closer to the game theory-based. Additionally, when the on-ramp
vehicle’s velocity is closer to the platoon’s velocity, for all the h the TTA strategy approaches
the FIFO strategy.
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6.2.2 Standstill distance

In this section, the performance of the three strategies is evaluated based on the variation
of the standstill distance, r. The influence of standstill distance is also investigated for two
scenarios. In the first scenario, the on-ramp vehicle’s initial velocity is considered as constant
at 22 m/s, while the influence of r is analyzed for three initial positions. These initial
positions are defined with respect to the platoon vehicles P1 and P2 at δ = 0.25, 0.5, 0.75 in
(6.1). Except for the parameter r, all other parameters and defined initial conditions for the
simulation are the same as in Table 6.1.

Similar to the headway time, a change in r also changes the inter-vehicle distance between the
vehicles as seen in (3.1). Since the on-ramp vehicle’s initial position is defined with respect
to platoon based on (6.3), the change in r will also change its initial position. These possible
on-ramp vehicle’s initial positions at various standstill distances are shown in Figure 6.5.
This method of varying the on-ramp vehicle’s initial position ensures the alignment relative
to platoon vehicles remains the same, even when r is varied.

Figure 6.5: On-ramp vehicle’s initial positions for different r at vp = 23.5 m/s. The first
marker at all r denotes the initial position when aligned with the vehicle P1 at δ = 0 and last
markers at all r denotes the initial position when aligned with the vehicle P2 at δ = 1.

The influence of r on the performance of the strategies at a constant initial velocity of 22 m/s
for the three initial positions is shown in Figure 6.6a. Similar behaviour as for the headway
variation can be observed in this scenario. The game theory-based strategy generates the
lowest cost at all r. The cost of all the strategies increases with an increase in the r, indicating
the higher effort required by the vehicles for merging. Furthermore, similar to the headway
variation, a decrease in the cost of the TTA and the game theory-based strategy with an
increase in δ for the same reason can be observed.

In the second scenario shown in Figure 6.6b, the initial position remains constant in the middle
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of P1 and P2 at δ= 0.5, while the influence of r at three initial velocities are investigated.
Overall a similar trend as in the case of headway time variation for the strategies in all three
plots can be observed. The game theory-based strategy generates the lowest cost at all r. As
the velocity approaches the platoon velocity, the cost generated through the FIFO strategy
for various h decreases. Since the FIFO strategy’s MS is P1 → N → P2 → P3 → P4, closer the
on-ramp vehicle’s velocity to the platoon velocity, lesser would be the change in acceleration of
vehicles during merging. On the other hand, with an increase in velocity, the cost of the game
theory and the TTA strategy increases. Since a velocity closer to platoon velocity provides
an option for the on-ramp vehicle to merge in the front region (near the head) of the platoon,
it requires more vehicles to undergo a change in acceleration, resulting in a higher cost.

(a) (b)

Figure 6.6: Comparison of the strategies at various r : (a) constant initial velocity of 22 m/s
at δ = 0.25 (top), 0.5 (middle), 0.75 (bottom) and (b) constant initial position of δ = 0.5 at
21 m/s (top), 22 m/s (middle), 23 m/s (bottom).

Figure 6.6b also shows that for lower on-ramp vehicle’s velocity the TTA strategy approaches
the game theory-based strategy. As the on-ramp vehicle’s velocity becomes closer to the
platoon’s initial velocity, the TTA strategy approaches the FIFO strategy. Again, the middle
plot for both scenarios in Figure 6.6 is the same as the initial conditions are the same. This
concludes the performance analysis of the three strategies.
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6.3 Summary

In the cooperative merging scenario, the supervisory controller decides the MS. To decide
this MS, the FIFO, time-till-arrival (TTA), and the game theory-based strategy have been
discussed. Each of these strategies utilizes different criteria to determine the MS. Therefore,
the generated MS and the control effort required by the vehicles in the merging scenario
can also be different. This effort is defined based on the change in the acceleration by the
vehicles. To identify the most suitable strategy, the performance of these strategies are
compared for various scenarios. At first, the three strategies have been compared for several
initial conditions of the on-ramp vehicle. For this comparison, one scenario with a constant
on-ramp vehicle’s initial velocity and another with a constant on-ramp vehicle’s initial position
is considered. The results show the game theory-based strategy has the lowest cost compared
to the other strategies. Furthermore, the TTA strategy shows better performance than the
FIFO strategy. Based on the results, it was also observed that the TTA strategy approaches
the game theory-based strategy at lower on-ramp vehicle velocities. Also, for the velocity
closer to the platoon velocity it approaches the FIFO strategy.

These strategies have been further analyzed by varying the platoon control parameters. These
parameters are headway time and standstill distance. The influence of these parameters for
the two scenarios with defined on-ramp vehicle’s initial position and initial velocity has been
studied. Based on the simulation results for variation of parameters, it was observed that
the game theory-based strategy has the lowest cost, while the FIFO strategy generates the
highest cost for merging.

From various comparisons in this chapter, it can be observed that the decentralized game
theory-based strategy generates the lowest cost amongst the three strategies. Furthermore,
the TTA strategy outperforms the standard FIFO strategy and approaches the game theory-
based strategy at a lower on-ramp vehicle’s initial velocity.

59



Chapter 7

Conclusions and Recommendations

Designing a longitudinal trajectory and developing a merging strategy were the main ob-
jectives of this thesis. This chapter finalizes the work and presents the main conclusions in
Section 7.1. Furthermore, recommendations for future research is presented in Section 7.2.

7.1 Conclusion

Control and coordination of vehicles on both lanes on a highway can be categorized into a
centralized and decentralized approach. In the centralized approach, a single central controller
globally decides at least one task for all the vehicles involved in the system. The requirement
of this additional central controller increases the infrastructure demands for the centralized
approach. Therefore, in this thesis, a decentralized control approach is utilized. In this
decentralized approach, the vehicles are treated as autonomous agents, which determines its
control policy based on the information received from other vehicles.

The designed control framework for the cooperative on-ramp merging scenario consists of a
longitudinal trajectory for an on-ramp vehicle and a strategy to compute the merging sequence
(MS). The objective of this framework is to merge the on-ramp vehicle into the main-lane
platoon with the minimum effort possible. To facilitate the merging vehicle, the main-lane
vehicles need to be open an additional gap before the on-ramp vehicle joins the platoon. This
requirement is fulfilled by utilizing an additional gap opening controller, that ensures timely
execution under various spatial constraints while keeping the basis of regular CACC control
strategy.

The longitudinal trajectory is designed to ensure the on-ramp vehicle merges efficiently with
the minimum effort possible into an additional gap created by the main-lane vehicles. This
trajectory is designed by formulating an optimal control problem. This optimal control prob-
lem is solved analytically offline using the Pontryagin’s Maximum Principle (PMP) method
to minimize the acceleration and the jerk through its cost function. Using this optimal con-
trol technique, the trajectory guarantees to reach the desired states, such as the velocity and
acceleration at the desired time with minimum effort. To validate the performance of the tra-
jectory simulations were performed which show that the on-ramp vehicle successfully reaches
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the desired terminal states at the desired time.

As a part of the control framework, to determine the MS, three strategies, namely, first-
in-first-out (FIFO), game theory-based, and time-till-arrival (TTA) strategies are presented.
The FIFO strategy is a distance-based strategy that determines the MS based on the vehicle
closest to the merging point. The game theory determines the MS based on the predicted cost
for the merging. This cost has been defined based on the absolute acceleration of the vehicles
during the merging. Predicting these costs of all the platoon vehicles is computationally
demanding. Therefore, a scheme to predict the cost of the vehicles adjacent to the merging
vehicle is proposed. Additionally, a TTA strategy based on the arrival time at the merging
point is presented, where the vehicle with the lowest arrival time has the priority. To validate
the behaviour of the strategies simulations were performed. The simulation results show that
depending on the initial conditions all the strategies are able to determine the MS.

To identify the best strategy, the performance of these strategies are compared in various
scenarios through the simulations. The simulation studies show that the game theory strategy
performs the best. The TTA strategy performs better than the FIFO strategy in various
scenarios. Furthermore, at lower velocities, the TTA strategy also approaches the game
theory strategy. Based on the simulation results, it can be said that the decentralized game
theory proposed in this thesis is the most suitable strategy for determining the MS.

The development of a control framework in this thesis contributes to the efficient merging of
the on-ramp vehicle. Based on the obtained insight and results in this thesis, some recom-
mendations for future work can help analyze this topic further. These recommendations are
mentioned next.

7.2 Recommendations

Effect of disturbance : This thesis presents an optimal control framework comprising of
a longitudinal trajectory and MS for the on-ramp vehicle. Based on the simulation results
the performance of this control framework was validated under the assumption of no external
disturbances. This framework can investigate the performance of the merging strategies under
the influence of disturbance in the future study.

Communication delays : Throughout this thesis, it has been assumed that information
between the on-ramp and main-lane vehicles is shared instantly. This assumption might not
be applicable in practical implementation. Therefore, a time-delay factor can be incorporated
in the future study while evaluating the MS.

Gap opening strategy optimization : In this thesis, the optimized trajectory the on-ramp
vehicle follows for merging into the platoon is planned using an optimal control technique.
This optimized trajectory ensures that the vehicle drives efficiently, such that the overall cost
generated remains low. The MS and the associated cost is computed based on the absolute
acceleration of all the vehicles. Since optimization is only performed for the on-ramp vehicle’s
trajectory, the main-lane vehicles do not guarantee to produce minimum effort while opening
the gap for the merging vehicle. This can result in a high overall cost from the vehicles.
Therefore, an optimization routine for the gap opening can also be built, which can reduce
the overall cost contribution from the main-lane vehicles.
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Cooperative mode control strategy of the on-ramp vehicle : The control structure
of the on-ramp vehicle consists of two control strategies. The first control strategy enables
the on-ramp vehicle to follow a longitudinal trajectory to reach the desired states at the
correct time. Once the vehicle reaches the desired states, its control strategy is switched to
cooperative mode. The assumption while determining the MS in this thesis is that the on-
ramp vehicle cannot become the platoon leader. Based on this assumption, the cooperative
control strategy allows the on-ramp vehicle to be able to join at all the positions except
ahead of the lead vehicle. The lead vehicle has a different control strategy than other CACC-
equipped platoon vehicles. Thus, for the on-ramp vehicle to become the leader, its control
structure should also include the lead vehicle’s control strategy. This will provide the on-ramp
vehicle an extra space to merge into the platoon.

Cost criterion : In this thesis, the cost for determining MS is evaluated by considering
the absolute accelerations of the on-ramp and the main-lane vehicles. In a future study, an
alternative cost criterion can be implemented.

Increasing the platoon length : For this study, a platoon of four vehicles on the main-lane
has been considered. Based on this platoon length, the on-ramp vehicle decides the position
to merge into the platoon. Since four vehicles are considered in this thesis, few options are
available for the on-ramp vehicle to join the platoon, due to which joining at the end of the
platoon is a favorable option for the merging vehicle. If the platoon length is increased, more
options will be available for the merging vehicle based on which most suitable strategy can
be identified.

Heterogeneity : In this thesis, the platoon vehicles are considered to be homogeneous, which
means the vehicles have the same dynamics and the same length. Ofcourse the vehicles in the
real-time scenario can have different properties such as vehicle length. Thus, this research
can be extended for heterogeneous vehicles in future studies.
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