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ABSTRACT
This paper proposes an improved automatic driving system for lane changing maneuver.
The system should generate schedules based on the desired acceleration profiles and the detected
(initial) relative distances respected to each adjacent vehicles to achieve lane changing maneuver
without collisions.
The effectiveness of the proposed automatic driving system is verified by adding intervehicle communication to show that the system can handle two lane changing maneuver under
worse situations than the existing system.
The existing system is designed for the scenario without inter-vehicle communication.
With no communications, the adjacent vehicles are instructed to travel with fixed velocities, their
initial velocities. In the improved system, the inter-vehicle communication is introduced. The
adjacent vehicles could acknowledge the intention of lane changing maneuver. If the conditions
are not satisfied, to ensure driving in safe, the adjacent vehicle will adjust their velocities to
cooperate the maneuver.

iv

TABLE OF CONTENTS
List of Figures .......................................................................................................................... vi
List of Tables ........................................................................................................................... viii
Acknowledgements .................................................................................................................. ix
Chapter 1 Introduction ............................................................................................................. 1
The problem ..................................................................................................................... 1
Motivation ........................................................................................................................ 2
Thesis objective................................................................................................................ 2
Thesis outline ................................................................................................................... 2
Chapter 2 Literature review ..................................................................................................... 3
Lane changing maneuver ................................................................................................. 3
Longitudinal acceleration ......................................................................................... 4
Lateral acceleration .................................................................................................. 7
Existing lane changing model .......................................................................................... 8
Safe distance model ......................................................................................................... 9
Cooperative Adaptive Cruise Control .............................................................................. 11
Cruise Control and Adaptive Cruise Control ........................................................... 11
Cooperative Adaptive Cruise Control ...................................................................... 12
Chapter 3 General constraints .................................................................................................. 14
Coordinate system setting ................................................................................................ 15
Lane changing maneuver ......................................................................................... 15
Coordinates and initial relative distance .................................................................. 16
Time Schedule.................................................................................................................. 18
Constraints ....................................................................................................................... 19
Chapter 4 Scenarios analysis ................................................................................................... 22
Non-communication......................................................................................................... 22
Introduction .............................................................................................................. 22
Adjacent vehicles’ formulation ................................................................................ 23
Constraints of initial relative distance ...................................................................... 24
Inter-vehicle communication ........................................................................................... 25
Introduction .............................................................................................................. 25
Constraints................................................................................................................ 25
Summary .......................................................................................................................... 30
Chapter 5 Results ..................................................................................................................... 31

v
Simulation parameters setting .......................................................................................... 31
Initial relative distances
, ,
............................................................................. 31
Road Capacity .................................................................................................................. 35
Chapter 6 Conclusions ............................................................................................................. 38
References ................................................................................................................................ 39
Appendix A Calculations in Scenario 1 .......................................................................... 41
’s formulation ........................................................................................................ 41
’s constraint ....................................................................................................... 42
’s constraint ....................................................................................................... 44
’s constraint .......................................................................................................... 46
Appendix B Adjacent acceleration delay ........................................................................ 47
The difference between acceleration delay and travelling time ............................... 49
Appendix C
and ’s constraints in scenario 2 ....................................................... 50

vi

LIST OF FIGURES
Figure 2-1 Trapezoidal velocity profile ................................................................................... 4
Figure 2-2 3rd order polynomial s-curve model ...................................................................... 5
Figure 2-3 Ego vehicle’s longitudinal acceleration profile ...................................................... 5
Figure 2-4 Lateral acceleration profile..................................................................................... 7
Figure 2-5 safe distance model ................................................................................................ 10
Figure 3-1Two lane highway lane changing situation ............................................................. 15
Figure 3-2

’s longitudinal acceleration profile ..................................................................... 15

Figure 3-3 Coordinate system .................................................................................................. 16
Figure 3-4 Initial relative distances.......................................................................................... 17
Figure 3-5

’s coordinate .................................................................................................... 17

Figure 3-6 Longitudinal and later acceleration ........................................................................ 18
Figure 3-7

’s constraint ......................................................................................................... 19

Figure 3-8

’s constraint..................................................................................................... 19

Figure 3-9

’s constraint ........................................................................................................ 20

Figure 4-1 Highway schematic ................................................................................................ 23
Figure 4-2

and

............................................................................................................. 25

Figure 4-3

acceleration profile ......................................................................................... 26

Figure 4-4

updated acceleration profile ........................................................................... 27

Figure 5-1

safe region for

............................................................................................ 32

Figure 5-2

safe region for

............................................................................................ 33

Figure 5-3

safe region for

............................................................................................ 33

Figure 5-4 initial relative distance region that satisfies

and

constraints .................. 34

Figure 5-5 Initial relative distances.......................................................................................... 36
Figure 5-6 Relative distance in lane

..................................................................................... 36

vii
Figure 5-7 Numbers of vehicles within 1km ........................................................................... 37
Figure A-1 the plot of

in Scenario 1 ........................................................................... 43

Figure A-2 the plot of

in Scenario 1 ........................................................................... 45

Figure A-3 the plot of

in Scenario 1 ............................................................................... 46

Figure B-1

’s acceleration profile ..................................................................................... 47

Figure C-1 the plot of

in Scenario 2 .......................................................................... 50

Figure C-2 the plot of

in Scenario 2 ............................................................................... 50

viii

LIST OF TABLES
Table 3-1 Table of schedule ..................................................................................................... 18
Table 3-2 Table of general constraints..................................................................................... 21
Table 4-1 Table of

sub-constraints .................................................................................. 28

Table 5-1 Data used for estimation .......................................................................................... 31
Table 5-2 Statics of the results ................................................................................................. 32
Table 5-3 Statics of relative distances...................................................................................... 37
Table 5-4 Stats of number of vehicles per km ......................................................................... 37
Table B-1 Extremum pairs ....................................................................................................... 48

ix

ACKNOWLEDGEMENTS
I would like to thank Dr Hossein Jula, my thesis advisor, for his the support, invaluable
advice, patient and guidance. I feel undesirable fortunate to have the opportunity to take his
courses and work with him in the past two years. Not only the knowledge he taught, especially I
thank his criticism during the very early level of my research.
I would also like to thank my other committee members, Dr. Jeremy Blum and Dr. Seth
Wolpert for their advice and feedback.
I would like to thank to my friend, Lucas McCoy, for his patient and helps in reviewing
my thesis paper writing under the suffering of childish grammar and spelling mistakes, also for
his advice on organizing the structure of the paper.

To
Yu, yourself and you,
From
Me, myself and I.

1

Chapter 1
Introduction

The problem
Nowadays, traffic congestion has become one of the major problems all around the
world. Congestion affects mobility especially during the peak hours. These problems cause
economic losses directly by extended travel times. Meanwhile, they also introduce air pollution
and contribute to fossil energy problems indirectly. To increase the capacity of the existing road
system seems to be the most direct solution. However, considering the cost, environment and
space, adding new lanes or roads is not limitless. Since the capacity is hard to enlarge, utilizing
the capacity is another realistic solution. A new system to increase the utilization of the capacity
is needed.
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Motivation
Intelligent Transportation System (ITS) is offering traffic management and operation
strategies to solve congestion problems and enables various users to be better informed and
driving safer, more coordinated.
For coordination, in the most cases, drivers are able to communicate each other to set the
appropriate accelerate/decelerate rate when their leasers make unexpectedly moves. Rear-end
collision accounted for 2.2 million automobile crashes in 1990, which was 19% of the total
number of crashes in US in the same year. Also, most of these cases were reported as following
too closely. (NSC 1992)

Thesis objective
The main objective of this thesis is to advance the existing model by Wan et al.
(2011).The model should generate schedules based on the desired acceleration profiles and the
detected (initial) relative distances respected to each adjacent vehicles to achieve lane changing
maneuver without collisions.

Thesis outline
In chapter 2, a literature review of the existing acceleration models, longitudinal and
lateral accelerations, is presented. In chapter 3, the general constraints for safe lane changing
maneuver are presented. Analysis of two scenarios, without and with inter-vehicle
communications, is presented in chapter 4. In chapter 5, the simulation results are presented here.
Conclusions are presented in chapter 6.
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Chapter 2
Literature review
In this chapter, a brief literature for the following items is presented:





Lane changing maneuver
Existing lane changing model
Safety distance model
Cooperative Adaptive Cruise Control

Lane changing maneuver
In Chovan et al. (1994), lane changes are defined as a deliberate and substantial shift in
lateral position of a vehicle from the original lane to an adjacent lane. When the driver intends to
perform a lane changing maneuver, the execution of the maneuver was described by Wierwille
(1984) as follows. The driver steers the head of vehicle toward the desired adjacent lane. As the
vehicle approaches the lateral position in the target lane, the driver applies a steering correction in
the direction. And then, the ego vehicle stays in the target lane. If the ego vehicle enters into a
faster-moving traffic stream, the vehicle may be accelerating longitudinally. During the whole
maneuver, the ego vehicle applies accelerations longitudinally and laterally.
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Longitudinal acceleration
Longitudinal acceleration, also called chasing acceleration, is for the ego vehicle
accelerating from its initial velocity to the target lane’s velocity while the driver is trying to enter
a higher speed lane. In the simplest way, the vehicle is accelerating with a constant acceleration.
As Figure 2-1 shows, the model is called the trapezoidal velocity model. Lin et al. (2002) and
Kim et al. (2008) pointed out the disadvantage: overshoots. When the vehicle reaches the
maximum velocity, the acceleration jumps from its constant value to zero instantly. Not only
acceleration, all the other moments when the velocity changes its orientation, similar
discontinuities also occur. These discontinuities of the acceleration cause infinite values of jerk,
the first derivative of acceleration. Therefore trapezoidal velocity profiles tend to cause
overshoots. It also excites residual vibrations which require time for the engine to reach the
desired acceleration.

Figure 2-1 Trapezoidal velocity profile
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To reduce vibration, Meckl et al. (1998) introduced an s-curve model for developing
optimized point-to-point motion. The research estimated the acceleration changing time. Tsay et
al. (2005) developed an optimized model based on a third order polynomial s-curve motion
profile, as Figure 2-2 shows.

Figure 2-2 3rd order polynomial s-curve model

Figure 2-3 Ego vehicle’s longitudinal acceleration profile
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Figure 2-3 is the longitudinal acceleration profile, where:
=

the start of longitudinal acceleration

=

the end of longitudinal acceleration

=

the duration of longitudinal acceleration

=

Jerk, the first derivate of acceleration

=

the time duration of reaching the maximum
acceleration

=

the amplitude of longitudinal acceleration

To fulfill the requirements of the lane change maneuver, the velocity difference must be
compensated for within in the longitudinal acceleration maneuver:
∆

(2-1)

7
Lateral acceleration
Chovan et al. (1994) present kinematic models of lane change maneuvers. A normal lane
change maneuver can be modeled as a sine function of time for lateral acceleration (cf. Enke
1979). A label acceleration profile is shown in Figure 2-4:

Figure 2-4 Lateral acceleration profile
Mathematically, the acceleration can be expressed as:
sin

,

2
(2‐2)

0

Where,
Time of observation
The start of lateral acceleration
The end of lateral acceleration
Time duration of lateral acceleration
The time vehicle a hit lane mark
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The amplitude of lateral acceleration

,

The whole distance traveled in the lateral direction is the width of a lane:
,

sin

2

2
,

(2-3)

(2-4)

Existing lane changing model
An amount of researches have been conducted to design the lane changing model by
utilizing the gap-acceptance model. (Wierwille 1984, Hetrick et al 1997 ,Ahmed et al 1999 , Sun
et al. 2010, Wan et al.2011 ) The maneuver intent is decided by comparing the desired gap, which
is intended to merge in, and the minimum acceptable gap, which is contributed by the status,
velocities and acceleration profiles, of the leading and following vehicle at the two ends of the
desired gap (Arne Kesting et al. 2007).
Lane changing maneuver can be classified into free, forced, and competitive/cooperative.
(Hidas, 2005; Ben-Akiva et al., 2006; Choudhury, 2007; Sun, 2009) by adjacent vehicles
interactions.
Free lane change indicates the situation that adjacent vehicles are not instructed to
changing their driving status and the ego vehicle can perform the lane changing maneuver by
choosing appropriate trajectory and acceleration profile. Wan et al, 2011 proposed a lane change
model based on the free lane change situation. After collecting the relative distances from each
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adjacent vehicle in the target lane, the system general a schedule for the ego vehicle to perform
accelerations in longitudinal and lateral direction.
Forced lane change indicates the situation that ego vehicle performs lane changing
maneuver without using turn signals. The leading vehicle in the target lane will maintain its
current driving status. The following vehicle may adjust its velocity depends on if the gap
satisfies the lane changing constraints.
Competitive/cooperative lane change indicates the situation that ego vehicle send
requests to adjacent vehicles. Adjacent vehicles may adjust their velocities based on their driving
situations. If the criteria is satisfied, they may adjust their velocities and cooperate the lane
changing maneuver. If the criteria is unable to be satisfied, the requests will be rejected.
Sun et al. 2010 proposed a lane changing system based on the decision making
contributed by the three type of lane changing maneuver above. Compared to the existing
CORISM algorithm, by adopting the new algorithm, the simulator has the superior results in the
peak traffic condition.
In this paper, the lane changing maneuver is classified only two scenarios, with or
without inter-vehicle communication. Without communications, the lane changing maneuver is
same with the free lane change above: adjacent vehicles maintain their initial velocities. With
inter-vehicle communication, the ego vehicle sends requests to adjacent vehicles. And all adjacent
vehicles will not reject the requests and will always cooperate the maneuver.

Safe distance model
When the leading vehicle changes its status, the following vehicle driver notices the
changes and adjusts their velocity and direction to avoid collisions. The process requires a short
time for the driver to react and make their move. If the driver is aware that emergency braking is
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needed based on the current situation, their car should stop completely; their velocity should
become zero. To avoid the collisions, a safety distance model has been established in Luo et al.
(2011), which describes the constraint of the minimum relative distance for a sudden brake:

2

(2-5)

Where,
Safe distance
Reaction delay + mechanism delay
Following vehicle’s velocity
Maximum reduction in acceleration
Space margin after following vehicle stopped

Figure 2-5 safe distance model
The safety distance model indicates the situation in Figure 2-5. By some reasons, the
leading vehicle has completely stopped ahead. Once the driver of the following vehicle notices
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this, the driver performs emergency braking. After a short delay contributed by human reaction
and the mechanism characteristic of the vehicle itself, the following vehicle starts braking and
slows down. To avoid rear-end collision, a space margin between these two vehicle is necessary
after the following vehicle is also completely stopped. According to the emergency braking
maneuver, the safe distance is a summation of the distance traveled in the delay period, the
braking distance and an addition space margin.
For simplicity, normally the safe distance is represented as:
(2-6)
In the simple form,

indicates headway, a time term measurement between two vehicles.

The value is between 0.8s and 1.2s. Assuming

is neglected,

should be set with a higher

value, 2 seconds. Besides, in the NYS DMV - Driver's Manual - Chapter 8: Defensive Driving,
the 2 second headway is required for safety, which is called the “two second rule”: The rear-end
collision is the most common crash in a work zone. To avoid being involved in one, it helps to
keep a braking distance of two seconds.
definition with

is called the critical safe distance. It has the same

but has a higher value. The general value for

is 5 meters.

Cooperative Adaptive Cruise Control

Cruise Control and Adaptive Cruise Control
From the centrifugal governor for steam engines in 1788 to the modern cruise control,
research on engine control has never stopped.
The modern cruise control was developed by Ralph Teetor in 1945. His lawyer’s unstable
driving inspired him to invent a speed control device. Later he published his research, Speed
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control device for resisting operation of the acceleration. To activate cruise control system, the
driver needed to bring the vehicle up to the desired velocity manually. Then the system will take
over the speed signal of the vehicles to maintain the desired velocity. Since the system is not
dynamic, cruise control has no function of reacting to the leading vehicle’s behaviors. Once the
leading vehicle changes it stats, the driver of the following vehicle has to adjust the speed
manually. So cruise control is unable to maintain a safe distance.
In 1990, William J. Chundrlik and Pamela I. Labuhn’s invention raised the cruise control
to a higher level. Adaptive Cruise Control (ACC) is an expansion of cruise control. Unlike cruise
control maintaining velocity, ACC is aiming at maintaining a fixed relative distance, which is
greater than the safe distance for sure, to the leading vehicle. Compared to cruise control systems,
ACC systems are equipped with a radar to detect preceding traffic, measuring the relative velocity
to the leading vehicle. The radar output data is used in a feedback setting. A feedback controller
controls the spacing deviation between the desired and detected relative distance and triggers
motor status changes when the two relative distances are different. Based on the feedback
controller, ACC enables automatic following of a leading vehicle.

Cooperative Adaptive Cruise Control
Compared to cruise control, ACC is primarily intended not only as a comfort driving
system but also as a safe driving system. Consequently, relatively large inter-vehicle distances are
adopted (A. Vahidi and A. Eskandarian, 2003), with standardized minimum of a one second
(time-specified) headway (ISO 2002). In Gerrit J. L. Naus (2011) and Jeroen Ploeg (2010)’s
research, ACC cannot hold a too small headway (less than 2 seconds) and maintain system
stability at the same time. Extending ACC functionality with inter-vehicle communications
enables maintaining both system stability and smaller relative distances. It is called Cooperative
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Adaptive Cruise Control (CACC). In CACC systems, the leading vehicle’s acceleration is an
additional input transmitted via the wireless communication. Gerrit J. L. Naus’ research showed
under the same conditions, after reaching a lower boundary of headway, ACC’s system response
may cause an overshoot while CACC response is a first order low pass filter curve. Also in
Gerrit’s additional research, the system’s stability for CACC can be guaranteed even when the
headway is slightly greater than zero. While in ACC, headway has a limitation of the system’s
bandwidth.
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Chapter 3
General constraints
In this chapter, the constraints for safe lane changing maneuver when general conditions
will be discussed here. The constraints are based on the safety distance model discussed in section
2.
Reviewing all the parameters involved in the lane changing maneuver, the initial relative
distance is the only parameter which is not a dynamic term of the maneuver. For others, such as
accelerations and velocities, these parameters can be tuned during the system design process.
Initial relative distance is crucial to the maneuver, which means if this parameter cannot fulfill the
requirement of safety distance model, there is no other solution regardless of tuning the other
dynamic terms. The initial relative distance is the threshold, which is chosen for analyzing.
Even discussed separately, the acceleration profiles are actually sharing the same time
line. Based on the separated time profiles, the schedule of the whole maneuver is divided by
several significant time points. All the different situation in each time period will be discussed.
Under the specific initial conditions, the ego vehicle
collisions with all the adjacent vehicles.

is able to finish the maneuver without any
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Coordinate system setting

Lane changing maneuver

Figure 3-1Two lane highway lane changing situation
A common lane changing situation of a two lane system is shown in Figure 3-1. Vehicle
travels in the top lane, lane , where all the vehicles are traveling with the speed of
The ego vehicle intends to enter into a higher speed lane, lane
traveling with the speed of

where all the vehicles are

, and stay in the gap between vehicle

As described in section 2.1, the ego vehicle

, initially.

and

.

’s driver instructs the system accelerates his

velocity both longitudinally and laterally. To simple the research, also because this research is
focusing on the procession within the duration of lane changing, the time origin indicates the time
point when

starts accelerating the in longitudinal direction.

Now we have:

Figure 3-2

’s longitudinal acceleration profile
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Where,
=
=

Then the distance

1
6

0

travels in the longitudinal direction is:

1
2

1
6

1
6

1
2

1
6

,

0

,

(3‐1)

,

Coordinates and initial relative distance

Figure 3-3 Coordinate system
Considering a common two lane system as shown in Figure 3-3, where
,
0
and

,

and

indicate the position of each vehicle at their rear end. Defining

0 as the origin of the entire coordinate system. The initial relative distances,
in Figure 3-4 are the space deviation to ego vehicle at

0

,
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Figure 3-4 Initial relative distances

Figure 3-5

’s coordinate

As Figure 3-5 shows, the coordinate of vehicle

can be defined as:
(3-2)

where

indicates the distance have travelled at time t. Therefore, we also have:
(3-3)

Similarly,

and

’s coordinates are:
(3-4)
(3-5)
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Time Schedule

Figure 3-6 Longitudinal and later acceleration
Figure 3-6 shows the assembled profile of longitudinal and lateral acceleration.
Where,
=
=

⁄2
Lateral delay
In the general condition, it is assumed:
>
<
<

0

The lateral acceleration is finished within the duration of longitudinal acceleration.
With these time points, the schedule can be described as:
Table 3-1 Table of schedule
Significant time point
The start of lateral acceleration
hit lane mark
The end of lateral acceleration
The end of maneuver and longitudinal
acceleration
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Constraints
Based on the schedule above, it is easy to tell that
is the last time

constraints:
and

. So for ∈ 0,

interacts with

is a boundary for two lanes and

; it is also the first time

, the constraint is about the safety distance between

interacts with
and

:
(3-6)

Figure 3-7

’s constraint

Substitute

and

’s coordinate, we obtain:
(3-7)

After

Figure 3-8

,

has entered lane .

’s constraint
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Similar to

,

is also head of

. Then

’s constraint:
(3-8)

’s constraint

Figure 3-9

’s situation is different than the other two vehicles:
distance is based on

’s velocity not

is ahead of

. The safety

’s:
(3-9)

Then,
(3-10)
And

’s constraint is:
(3-11)

For simplicity, defining:
(3‐12)
(3‐13)
(3‐14)
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In summary, the general constraints are:
Table 3-2 Table of general constraints
0,

,

,

,

,

,
,

,
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Chapter 4
Scenarios analysis
In this chapter, further analysis on constraints in different scenarios are presented. This
research aims to show the advantages of the cooperative lane changing system compared to noncommunication system. Clearly, two scenarios are considered here: non-communication and
inter-vehicle communication.

Non-communication

Introduction
The existing non-communication model by Wan (2011) presents a solution of the lateral
acceleration starting point,
distance. Although,
while
impact on

and

, rather than another more direct parameter , the initial relative
could be both a function of the other. It still takes time to calculate

can be detected by sensors, directly. Also, as a time term, it is hard to find a vision
. Besides, a safe region graph of the key parameter is more important to the solving

equation. For future development, the graph can also show the improvement by extra safe region
area.
In Wan’s research, the safety distance model chosen neglect the effect of the vehicle’s
velocity but uses a constant critical safety distance instead which is not safe indeed but also not
space efficient. The safety distance is monotonic to velocity. The higher the following vehicle’s
velocity, the larger the safety distance. To fulfill different situations of velocities, the safety
distance has to be a larger.
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Adjacent vehicles’ formulation
The proposed model builds on the earlier work by Wan. So, we use the same initial
conditions.

Figure 4-1 Highway schematic
Since in this scenario, there is no communications built between these vehicles, all
adjacent vehicles,

,

and

cannot and also will not acknowledge

’s intent to change

lanes. In this condition, only the initial velocities are known. The adjacent vehicles are traveling
with their initial velocities from the beginning of the maneuver to the end:
=
=
=
Even there is no communications, by sensors,
adjacent lane.

still can detect the velocity in the
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Constraints of initial relative distance
Using the general constraint equations and the formulation previous, the constraint for
each vehicle’s initial relative distance is given by:
a)
,

b)
,

,

c)
,

(The detailed calculations are presented in Appendix A Calculations in Scenario 1)
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Inter-vehicle communication

Introduction
Still based on the existing model by Wan (2011). In this scenario, we add an inter-vehicle
communication among the four vehicles. Now, the adjacent vehicles can acknowledge

’s intent.

To cooperate with the maneuver, if the initial relative distance does not satisfy the noncommunication scenario constraints, since

has been under the maximum acceleration, there is

can do, adjacent vehicles will adjust their velocities to make more space. Then the

no more

initial relative distances can be lower than 6.1 without collisions.

Constraints
The first general constraint is for the initial relative distance between

Figure 4-2

and

Figure 4-2 shows the position of
has the duty to make more space for
predict

and

’s intent,

and
. Since p

in the four vehicles system. In this scenario,
is able to acknowledge but not

does not start its accelerating process before the time origin,

acceleration ends before

. Then all the actions can only occur within 0,

0.

period. Based on

this, the four vehicles system can be defined as a “lane changing” module in the whole highway

’s
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model. And it will be convenience in the future research, for example predict traveling time
considering lane changes. For any number of vehicles on a highway, each maneuver can be
considered as a four vehicle system. To narrow the numbers of new variables/parameters, also to
avoid implicit solutions in the mathematical derivation, the two longitudinal accelerations are
presumed to converge to zero at the same time, the end of

Figure 4-3

’s acceleration is fixed on

acceleration profile

To expand the capacity of the road and save more space,
acceleration,

.

, and maximum jerk, . Figure 15 is

travels with the maximum

’s acceleration profile. Similar to

’s,

it is also a trapezoidal acceleration profile but the starting point is not the time origin but another
parameter

. To satisfy the constraint and limit the distance travelled,

is fixed at

0.
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Updated profile:

updated acceleration profile

Figure 4-4

And the three periods are:
⁄2

①

∈

,

②

∈

⁄2

,

③

∈

⁄2

,

⁄2
⁄2

With the updated profile,

’s formulations, the three sub-constraints of

constraint equations and
① ∈

,

,

’s models are easy to obtain. Combining the general

∈

⁄2

,

，for ∈

,

② ∈

⁄2

,

,

∈

⁄2

⁄2

,
,

,

，for ∈

,

③ ∈

are given by:

∈

⁄2

,
，for ∈

,

(4-1)

⁄2
⁄2

,

(4-2)

,

(4-3)

⁄2
⁄2
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Global maximum

Although in the analysis, is divided into three periods. In reality, the constraints on
initial relative distances must be satisfied for all the situation of ∈ 0,
table below by choosing different

Table 4-1 Table of

as shown in

and periods:

sub-constraints
Profile

Sub‐Constraints

①

①②

①②③
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are monotonic, which means if ② has been

In the previous analysis, all three

satisfied, also ①; if ③has been satisfied, also ① and ②.
Assembling ①, ② and ③, the

’s constraint is:
⁄2

,

Similarly, the constraints for
,

and

are:
⁄2 ,

,
,

Overall, the lane changing maneuver in Scenario 2 with inter‐vehicle
communication, constraints are:
,

,

,
,
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Summary
In this chapter, the safe region of the initial relative distances for each adjacent vehicle is
presented that allows
range of

to achieve the lane changing maneuver without collisions for the full

.

The proposed model builds on the earlier work by Wan (2011) and extends it. The
relationship between the initial relative distances and

with the maximum acceleration are

found. The safe regions have been built.
⁄2 .

In scenario 1, non-communication, as expected the critical point is at
is accelerating while
distance between

maintains its velocity. Since,

and

is ahead of

initially, the relative

is decreasing. The minimum relative distance between them is at

If the critical condition is satisfied, the maneuver is safe entirely. Vice versa for
similar situation with
moment. It happens at
or

.

has the

except in different lane. So the critical point is also at the last
, which contribute

’s constraint as a constant, not a function of

,

. In scenario 2, even adjacent vehicles’ acceleration profiles are different than scenario 1’s,

the critical moments for each constraints are still the same,

and

.

.
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Chapter 5
Results

Simulation parameters setting
To compare the new model to the existing model, the estimation data in Table 2 used in
this research is the same as in Wan’s research.

Table 5-1 Data used for estimation
Simulation parameter

Data used
20

⁄

30

⁄

1.5

⁄

2.13

⁄

5
5
2

Initial relative distances

,

,

Figure 5-1, 5-2 and 5-3 are the safe region of the initial relative distance for each vehicles
in two scenarios, with or without communications: The blue curve is the minimum initial relative
distance in Scenario 1; the red curve is the minimum initial relative distance in Scenario 2. Table
5-2 shows more statistics of the estimation results. As expected, compared to Scenario 1, in
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Scenario 2 the safe regions are larger, which means with communications, the thresholds in initial
relative distance are lower and it is more possible to complete the lane changing maneuver.
Table 5-2 Statics of the results

Scenario 1
60.21m
80.61m

Min.
Max.

Figure 5-1

Scenario 2
57m
67.34m

Scenario 1
33.98m
36.11m

Scenario 2
17.74m
32.9m

Scenario 1

Scenario 2

107.56m

91.3m

safe region for

Figure 5-1 shows the safe regions of

, the leading vehicle which travels in the lane ,

initial relative distance. The small area is for non-communications while the big area is for intervehicle communications. The two curves represent the maximum value of

contributed by

detected initial relative distance. The lower safe lane changing boundaries are 57 meters and
60.21 meters with and without communication respectively. For the initial relative distance below
than 57m, the lane changing maneuver cannot be done under the condition of safe driving no
matter with or without communications; for the situation with initial relative distance of [57m,
60.21m], lane changing maneuver can be only achieved with communications; with the initial
relative distance above 60.21m, for

, there is always a solution of

for safe lane changing in
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both two scenarios. Since,

curve in Scenario 2 has a larger tendency, the

range is greater

than the range in Scenario 1 with the same initial relative distance.

Figure 5-2

safe region for

Similar to the previous plot, Figure 5-2 shows the safe regions of
is ahead of

longitudinally in the lane , initial relative distance. With inter-vehicle

communications,

Figure 5-3

, the vehicle which

has more choices of

safe region for

to achieve the maneuver without collisions.
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Figure 5-3 shows the safe region of

. Unlike the previous cars, based on the calculation

above, the constraint is a threshold rather than a function of

. If the initial relative distance of

is above the thresholds, 107.56m for non-communications and 100.36m for inter-vehicle
communications, all values of
without collisions between
Although,

and

in 0,
and

contributes a safe lane changing maneuver

.

’s constraints can discussed separately, they share the same

Recalling the schedule of the maneuver, the period of choosing
Scenario 1

0,

Scenario 2
So the range of

is different:

,

,

,

can be determined by:
∈

,

,

,

Figure 5-4 initial relative distance region that satisfies

and

constraints

.
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Figure 5-4 is generated by combining Figure 5-1 and Figure 5-2. The pairs of
,

,

inside of the large polygon allow the lane changing maneuver with inter-vehicle

communications safety. The

,

,

inside of the small polygon covered by the first
,

polygon is for non-communication. The

,

pair inside of the large area excluding the

small area represent the situation that the lane changing maneuver can be achieved only with
inter-vehicle communications without any collisions between the ego vehicle

and all adjacent

vehicles.

Road Capacity
Road capacity represents the maximum number of vehicles travelling within unit length
of road:
(5-1)

.

The capacity is an ideal term which is unable to reach. The automatic driving system is
designed for approaching the road capacity.
Under the condition of safe driving, the relative distance between two adjacent vehicles
in lane

is:
5
So for a unit length of road (1
1
70 ⁄
In a 1

5

2

30

70

), the road capacity is:
1000
1

14.28

⁄

long road, it allows about 14 vehicles travelling in the speed of 30

⁄ .
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Figure 5-5 Initial relative distances
Figure 5-5 indicates the initial relative distance which have been discussed before. It also
shows the relative distance in lane :
(5-2)

Figure 5-6 Relative distance in lane
As Figure 5-6 shows, if safe lane changing maneuver is neglected, the relative distance
could be very small compared to the two scenarios involving lane changing. The curves of
scenario 1 and scenario 2 are monotonic decreased as expected.
has a negative tendency.

is a constant number while
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Table 5-3 Statics of relative distances

Relative
distance

Scenario 1

Scenario 2

min

141.53

107.39

max

143.67

122.56

No lane changing
70

Figure 5-7 Numbers of vehicles within 1km
Figure 5-7 is the plot of numbers of vehicles within 1km. If safe driving is the only
factor, 1km length of road can handle about 14 vehicles traveling with 30

⁄ . However in

reality, lane changing cannot be bypassed. After involving lane changing, the number of vehicle
is reduced about 60%, according to Table 5-4.

Table 5-4 Stats of number of vehicles per km
Scenario 1

Scenario 2

Number of
min
6.96
8.16
vehicles per
max
7.06
9.31
km
For the extreme case, with inter-vehicle communication, for 1
handle extra 2.31 vehicles, although 9.31 is 67% of road capacity.

No lane changing
(road capacity)
14.28
length of road, it may
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Chapter 6 Conclusions
This paper described a support driving system for cooperative highway lane changing
maneuver. The system provide a solution of lateral acceleration delay based on the detected initial
relative distances and velocities under the condition of safe driving. The ego vehicle instructs to
accelerate in lateral direction in the lateral delay after the start of longitudinal acceleration and
performs a lane changing maneuver entering a higher velocity stream without collisions with
adjacent vehicles. Within the same period of time, the adjacent vehicles acknowledge the ego
vehicle’s intent via inter-vehicle communication and cooperate the maneuver. If the initial
relative distances have no spare margin avoiding collisions, adjacent vehicles will adjust their
velocities under a given trapezoidal acceleration profile.
The simulation results show the safe regions of initial relative distance to each adjacent
vehicle. Comparing to the existing lane changing model without communications by Wan(2011),
with communications/cooperation, the safe regions cover larger area. The new system can
perform the lane changing maneuver under the conditions not only the existing model is able to,
also the conditions labeled as “unsafe”.
Besides the chance to achieve the maneuver, the inter-vehicle communications system
decrease the relative distance between two adjacent vehicle in the same lane, which allow 2.2
more vehicles travelling with the velocity of 30 ⁄ in each unit length of highway (1
the condition of safe driving and safe lane changing maneuver.

) under
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Appendix A
Calculations in Scenario 1

’s formulation
According to the acceleration profile,

1
6

1
2

Since

1
2

1
6

1
2

’s travelling distance and velocity are:

1
6

1
6

1
2

,

0

,

(A-1)

,
1
2

,

0

,
(A-2)

1
2

is very small, the duration of 0,

,

and

,

are too small to

analysis. For the next calculation analysis in each vehicle’s constraint, these two duration will not
be discussed, unless it is necessary according the results.
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’s constraint
Recalling the general constraint for

:
(A-3)

And
∈ 0,
After substituting all the parameters, we have:
1
6

1
2

1
2
1
2

1
2

Then take the deviation of

1
6

1
2

(A-4)

:
1
2

(A-5)

The root is
1
2
So

0

is monotonic increasing:

2
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After substituting all the parameters, the plot of

is generated as showed in Figure

A-1:

Figure A-1 the plot of
As expected,
lane

in Scenario 1
is increasing during the period when the ego vehicle

(the blue area). The maximum moment of

is when

traveling in

hits the lane mark,

.
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’s constraint

For

1

, ∈

,

1
6
1
2

the analysis is similar:
1
2
1
6

1
2

∆

1
2

1
2
1
2

1
6

1
2

1
2

(A-6)

The deviation is:
1
2

(A-7)

And the root is
1
2
But the root is also
1
2
So as Figure A-2 shows,
in

is monotonic decreasing in

,

, and increasing

,
,

2

,
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Figure A-2 the plot of

in Scenario 1

To make sure the safe driving condition is satisfied all time through, the initial relative
distance should be greater than
moment.

, even the constraint may be smaller at the specific
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’s constraint

For ∈

,

,

’s general constraint is:
(A-8)

Also after substituting parameters:
1
6

1
2
1
6

1
2

1
2

(A-9)

The deviation is:
1
2

(A-10)

Then the root is
1
2
is monotonic increasing in

Figure A-3 the plot of

in Scenario 1

,

:

0
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Appendix B
Adjacent acceleration delay
For simplicity, adjacent vehicles’ acceleration end at

, while the starts are flexible,

0)

(still after

’s acceleration profile

Figure B-4

Figure B-1 shows the general acceleration profile of vehicle
and ends at

. And
1
6

locates at the first trapezoidal. Then we have:

1
2

1
2

(B-1)

into the constraint inequality:

Substitute

(B-2)

,

1
6
1
6

. It starts accelerating at

1
2
1
2

1
2
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1
2
1
2

Now,

1
2

1
2

is a function of and

(B-3)

. The extremum should satisfy:
0
(B-4)
0

The roots are:
1
2
are assumed to be positive, which means the binary function is

However, and

monotonic, the extremum pair is one of the boundary pairs:

Table B-1 Extremum pairs
,
0,0
0,
,0
,

,
0

1
2
1
2

1
2

0
1
2
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The difference between acceleration delay and travelling time
Although in the previous analysis,

was treated as a variable when doing the partial

is still a parameter.

derivative, compared to ,

is chosen by the system. Each value of

has the chance to put in the system,

must include all the possible values contributed by

which means the range of

should be the minimum moment of

value of

maximum moment of
moment of

was chosen as

, which is 0 in

, then the range of

rather than the maximum. The choice of

. So, the

’s constraint. If the
would exclude any other

would be limited to only one value,

which in reality it should not.
is a variable. For each trial of

, is always fully picked from its range. The

maximum moment of will satisfy the inequality for all the other .
In summary, the extremum is the pair of
,

and , when

is the global minimum; when is the moment that

for the specific value of

is the moment that
is the global maximum

.

Based on the table, for vehicle

, the extremum pair is
0

Similarly, for vehicle

and

, the delays are also fixed at

0.
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Appendix C
and

Figure C-5 the plot of
Similar to

’s constraints in scenario 2

in Scenario 2
’s constraint in scenario 1, R

But with the given parameters, R

is happened to be smaller than R

. Otherwise, the comparison between R
formula shows.

Figure C-6 the plot of

in scenario 2 is not monotonic either.

in Scenario 2

and R

, when

is necessary as the constraint
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Figure C-1 shows the plot of
,

is monotonic increasing. So for the range of

.

,
,

which is a constant.

