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General Introdu
tion

S
ope of the thesis

This thesis is dedi
ated to resear
h the appli
ation of intelligent 
ontrol theory in

the future road transportation systems. With the development of human so
iety,

the demand for transportation is mu
h stronger than any other period in history.

More �exible and more 
omfortable, private 
ars are preferred by many people.

Besides, the development of automobile industry redu
es the 
ost to own a 
ar,

thus 
ar ownership has been growing rapidly worldwide, espe
ially in major 
ities.

However, the in
rease of 
ar number makes our so
iety to su�er from tra�
 
on-

gestions, exhaust pollution and a

idents. These negative e�e
ts for
e people to

�nd ways out. In this 
ontext, the 
on
ept of �Intelligent Transportation Systems

(ITS)� is proposed. S
ientists and engineers have been working for de
ades to ap-

ply multidis
iplinary te
hnologies to transportation, in order to make it 
loser to

our vision, su
h as safer, more e�
ient, more e�ort saving, and environmentally

friendly.

One thinking is (semi-)autonomous systems. The main idea is to use au-

tonomous appli
ations to assist/repla
e human operation and de
ision. Advan
ed

driver assistan
e systems (ADAS) are designed to assist drivers by alerting them

when danger (e.g. lane keeping, forward 
ollision warning), a
quiring more infor-

mation for de
ision-making (e.g. route plan, 
ongestion avoidan
e) and liberating

them from repetitive and tri
k maneuvers (e.g. adaptive 
ruise 
ontrol, automati


parking). In semi-automati
 systems, driving pro
ess still needs the involvement

of human driver: the driver should set some parameters in the system, and he/she


an de
ide to follow the advisory assistan
e or not. Re
ently, with the improve-

ment of sensing te
hnology and arti�
ial intelligen
e, enterprises and institutes

have been 
ommitted to the resear
h and development of autonomous driving.

1
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In 
ertain s
enarios (e.g. highways and main roads), with the help of a

urate

sensors and highly pre
ise map, hands-o� and feet-o� driving experien
e would

be a
hieved. Elimination of human error will make the road transportation mu
h

safer, and better spa
e utilization will improve the usage of road 
apa
ity. How-

ever, autonomous 
ars still need driver's anti
ipation in 
ertain s
enarios with


ompli
ated tra�
 situation or limited information. The inner layout of au-

tonomous 
ars would not be mu
h di�erent from 
urrent 
ars, be
ause steering

wheel and pedals are still ne
essary. The next step of autonomous driving is

driver-less driving, in whi
h the 
ar is totally driven by itself. The seat dedi
ated

for driver would disappear and people on board would fo
us on their own sta�.

The 
ar-sharing e
onomy behind driver-less 
ars would be enormous: in the fu-

ture, people would prefer 
alling for a driver-less 
ar when needed to owning a

private 
ar. Thus 
ongestions and pollutions 
ould be relieved.

Another thinking is 
ooperative systems. Obviously, the 
urrent road trans-

portation noti�
ations are designed for human drivers, su
h as tra�
 lights, turn-

ing lights and road side signs. The 
urrent autonomous vehi
les are equipped with


ameras dedi
ated to dete
t these signs. However, noti�
ations designed for hu-

mans is not e�
ient enough for autonomous vehi
les, be
ause the usage of 
amera

is limited by range and visibility, and algorithms should be implemented to re
og-

nize these signs. If the intera
tion between vehi
les and environment is enabled,

the noti�
ations 
an be delivered via V2X 
ommuni
ations, thus vehi
les 
an be

noti
ed in larger distan
e even beyond the sight, and the original information is

more a

urate than the information dete
ted by sensors. When the penetration

rate of driver-less 
ars is high enough, it would not be ne
essary to have physi
al

tra�
 lights and signs. The virtual personal tra�
 sign 
an be 
ommuni
ated to

individual vehi
les by the tra�
 manager. In 
ooperative systems, an individual

does not have to a
quire the information all by its own sensors, but with the help

of other individuals via 
ommuni
ation. Therefore, autonomous intelligen
e 
an

be extended into 
ooperative intelligen
e.

The resear
h presented in this thesis fo
uses on the development of appli
a-

tions to improve the safety and e�
ien
y for intelligent transportation systems in


ontext of autonomous vehi
les and V2X 
ommuni
ations. Thus, this resear
h is

in the s
ope of 
ooperative systems. Control strategy are designed to de�ne the

way in whi
h the vehi
les intera
t with ea
h other and with infrastru
tures.
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Main 
ontributions

The main 
ontributions of the thesis are summarized as follows:

� A PSO (parti
le swarm optimization)-based platoon 
ontrol algorithm is

proposed for following vehi
les in the platoon. Constraints like 
ontrol

input, engine power and maximum speed are 
onsidered when design the


ost fun
tion. It is an attempt of applying bioni
 optimization algorithm

in vehi
ular platoon 
ontrol. The parameters are regulated to response to

potential real-time usage in the future. This algorithm 
ould be used in

highways and main 
ity road s
enarios.

� Cooperative Adaptive Cruise Control in Vi
inity of Interse
tions (CACC-

VI) is designed to improve the interse
tion's throughput by taking advan-

tage of the �opportunity spa
e� on road. The vehi
ular platoons are re-

organized to a

elerating platoon and de
elerating platoon based on vehi-


les' dynami
 abilities. Di�erent message types and stru
tures are de�ned

and vehi
les' behaviors when re
eiving these messages are also des
ribed.

CACC-VI would be pra
ti
al for urban roads and interse
tions.

� For interse
tions without 
rosswalk, there are no other individuals but ve-

hi
les. In this 
ase, ex
ept tra�
 lights, there 
an have some other man-

agement methods with the help of V2X 
ommuni
ations. The algorithm

named De
entralized Autonomous Interse
tion Control (DAIC) is designed

for light tra�
 situations, to 
ontrol vehi
les to get through the interse
-

tion with no 
ollision and less delay. Before arriving at the interse
tion, a

vehi
le demands the spa
e-time o

upan
y situation from the interse
tion

manager, and based on the motion of the pre
eding vehi
le, it will adjust its

own velo
ity to a 
ollision-free value and it should maintain this velo
ity un-

til fully getting through the interse
tion. Basi
ally, DAIC is a enumerative

negotiation-based method.

A simulation testbed to test the interse
tion 
ontrol algorithm is designed

in UML. The stru
ture of the testbed is expressed by a 
lass diagram.

And the running pro
ess is summarized in sequen
e diagram and state
hart

diagram. Then the testbed is realized by the 
ombination of Matlab and a

tra�
 simulator SUMO.

3
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� Based on some ideas in DAIC, we have tried to design an autonomous

interse
tion management algorithm 
alled Traje
tory Planning based Au-

tonomous Interse
tion Management (TP-AIM) for all tra�
 densities. The

main di�eren
e between TP-AIM and DAIC is that in TP-AIM, a vehi
le's

traje
tory before entering the interse
tion is fully planned, and it 
an make

a stop and restart again. Based on the o

upan
y information from the

manager, the vehi
le sear
hes for safe entering windows. And a

ording to

these windows and the future motion of the pre
eding vehi
le, a dynami


programming based method is used to plan the vehi
le's traje
tory. The re-

lated 
ommuni
ation pro
edure is also des
ribed. Compared to traditional

and adaptive tra�
 lights, the e�
ien
y of TP-AIM is greatly improved.

The prin
iple of TP-AIM 
ould be used in di�erent types of interse
tions

even in heavy tra�
 
onditions.

Outline of the thesis

This thesis is divided into 5 
hapters:

In Chapter 1, the development of intelligent transportation systems (ITS)

is reviewed. At �rst, the motivation why we need to add intelligen
e to the


urrent transportation systems is explained; then histori
al resear
hes all over the

world are presented; as a booming resear
h and development domain, the 
urrent

situation of autonomous vehi
les is introdu
ed. After that, the 
ommuni
ation

in ITS is presented, and appli
ations 
onstru
ted based on V2X 
ommuni
ations

are also des
ribed. The development of the two 
ooperative appli
ations that

we studied in this thesis: 
ooperative adaptive 
ruise 
ontrol and autonomous

interse
tion management, is reviewed in details.

In Chapter 2, a vehi
le platoon 
ontrol algorithm is designed. The vehi
le

model and platoon model we use in the 
hapter is des
ribed. Then obje
tive of

platoon 
ontrol is expressed by minimizing three tra
king errors: spa
ing error,

velo
ity error and a

eleration error. A parti
le swarm optimization algorithm

is applied to �nd a near-optimal 
ontrol input for ea
h following vehi
le. The

heterogeneity of vehi
les and passenger 
omfort are also 
onsidered in the design

of obje
tive fun
tion.
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In Chapter 3, the CACC-VI algorithm is expressed in details. The algorithm

is designed to improve the throughput of an interse
tion during the 
urrent green

light while 
onsidering the heterogeneous 
hara
teristi
s and 
apabilities of vehi-


les and their fuel 
onsumption. The main idea is to reorganize the platoons to

take advantage of the redundant road 
apa
ity. A vehi
le 
an 
hoose to a

el-

erate to join in the pre
eding platoon or de
elerate to depart from the 
urrent

one. Velo
ity planning algorithm and spa
e arrangement approa
h are developed

to a

omplish the reorganization. Control strategies are designed for vehi
les in

di�erent 
ases.

In Chapter 4, the DAIC algorithm is developed. The interse
tion layout we

studied is des
ribed. The 
on
eption of 
on�i
t zone o

upan
y time (CZOT) is

de�ned to represent the spa
e-time 
on�i
t between vehi
les. In order to redu
e


omputation 
ost, priorities are assigned to vehi
les a

ording to their types,

routes and distan
es to the interse
tion, so that they 
an make de
isions indi-

vidually in turn. An obje
tive fun
tion is designed 
onsidering 
ross 
ollision

between vehi
les on di�erent lanes and rear-end 
ollision between vehi
les on the

same lane. The obje
tive of a vehi
le is to regulate its velo
ity until it arrives at

a 
ollision-free value, so that in light tra�
 
onditions, vehi
les 
an get through

the interse
tion without 
ome to a stop. The testbed to generate randomized

tra�
 �ow and to implement our algorithm is also introdu
ed in this 
hapter.

The stati
 design and dynami
 design of the testbed are expressed in several

fun
tional diagrams in UML. Di�erent 
riteria are de�ned for the evaluation.

In Chapter 5, the TP-AIM algorithm is introdu
ed. The �rst part is window

sear
hing: based on the CZOT information stored at the interse
tion manager,

vehi
les should sear
h for possible safe entering windows. The se
ond part is

traje
tory planning: a segmented dynami
 programming algorithm is designed

to plan the vehi
le's traje
tory with redu
ed 
omputation time based on the

entering window and the motion of pre
eding vehi
le. Ba
kup me
hanism in


ase the traje
tory planning fails is also designed in this 
hapter to improve the

robustness. The algorithm is tested by randomized heterogeneous tra�
 �ows

with di�erent densities, and 
omparisons are 
ondu
ted with other interse
tion

management proto
ols.
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1. INTRODUCTION TO ITS

1.1 Ba
kground

1.1.1 Motivation

Global e
onomy is highly dependent on the safety and e�
ien
y of transportation

systems to move passengers and goods between multiple origins and destinations.

Arriving at one pla
e safely in a 
ertain period is the basi
 requirement of trans-

portation. However, today's road transportation is far from perfe
t. For a variety

of reasons, the 
urrent transportation systems 
annot satisfy the numerous mobil-

ity requirements. Some of the most important problems of 
urrent road transport

are (Rodrigue (2013)):

� A

idents and safety. In
reasing tra�
 have produ
ed growing number

of a

idents and fatalities. Nearly 1.3 million people die in road 
rashes

ea
h year, on average 3,287 deaths a day, and 20-50 million are injured

or disabled. The majority of a

idents are 
aused by in
orre
t driving

behaviors, su
h as violate regulations, speeding, fatigue driving and drunken

driving.

� Congestion. Congestion is a very 
ommon transport problem in urban ag-

glomerations. It is usually due to the lag between infrastru
ture 
onstru
-

tion and the in
reasing vehi
le ownership. Another reasons 
an be referred

to improper tra�
 light signal, inappropriate road 
onstru
tion and a

i-

dents.

� Environment impa
ts. Air pollution and noise pollution are the by-produ
ts

of road transportation systems, espe
ially in metropolis where vehi
les are


onsiderably gathered. Smog brought by vehi
les, industries and heating fa-


ilities is hurting people's health. The exhaust from in
omplete 
ombustion

when the vehi
le is in 
ongestion is even more pollutant.

� Loss of publi
 spa
e. In order to deal with 
ongestion and parking di�
ulties

due to the in
reasing amount of vehi
les, streets are widen and parking areas

are built, whi
h seizes the spa
e for publi
 a
tivities like markets, parades

and 
ommunity intera
tions.

Fa
ing all these drawba
ks of 
urrent road transportation systems, ameliora-

tions in both system level and individual level need to be investigated.

8



1.1 Ba
kground

Users

Roads Vehicles

Information and 

Communication 

Technologies 

Improved efficiency, Comfort, Safety, 

Environmental Conservation, New Industries 

and Business

Figure 1.1: Con
eptual Image of Intelligent Transportation System

1.1.2 Intelligent Transportation Systems

1.1.2.1 De�nition of ITS

Intelligent Transportation Systems (ITS) 
an be broadly de�ned as the appli
a-

tion of advan
ed te
hnologies, su
h as 
ommuni
ations, sensors, and 
omputing,

to the transportation systems, in order to supply real-time information to im-

prove safety, e�
ien
y and 
omforts, at the same time redu
e the impa
t to

environment (Perng et al. (2011)). The development of ITS depends on results

from resear
h a
tivities in many di�erent areas su
h as ele
troni
s, 
ontrol, 
om-

muni
ations, sensing, roboti
s, signal pro
essing and information systems. This

multidis
iplinary nature in
reases the problem's 
omplexity due to the require-

ment of knowledge transfer and 
ooperation among di�erent resear
h domains

(Figueiredo et al. (2001)). The purpose of ITS is to take advantage of the ap-

propriate te
hnologies to 
reate �more intelligent� roads, vehi
les and users. A


on
eptual Image of ITS 
an be illustrated in Figure 1.1.

For instan
e, an ar
hite
ture of road ITS for 
ommer
ial vehi
les is designed

in (Intel (2015)). This system is used to redu
e fuel 
onsumption through fuel-

9
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1. INTRODUCTION TO ITS

saving advi
e, maintain driver and vehi
le safety with remote vehi
le diagnosti
s

and enable drivers to a

ess information more 
onveniently. As shown in Figure

(1.2), there are three layers in this system:

� Sensing Layer : this layer employs a vehi
le terminal whi
h enables the in-

tera
tion between the driver and the vehi
le. Meanwhile, it a
ts as a gate-

way for in-vehi
le te
hnologies and sensors, in
luding mi
rowave dete
tion,

speed sensor, RFID, 
amera, monitoring equipment, et
.

� Communi
ation Layer : this layer ensures real-time, se
ure and reliable

transmission from a vehi
le to the servi
e layer via di�erent networks, su
h

as 3G/4G, Wi-�, Bluetooth, wired networks and opti
al �ber.

� Servi
e Layer : in this layer, diverse appli
ations using various te
hnolo-

gies are implemented, su
h as 
loud 
omputing, data analyti
s, informa-

tion pro
essing and arti�
ial intelligen
e. Vehi
le servi
es are supported by

a 
loud-based, ba
k-end platform that has a network 
onne
tion to vehi-


les and runs advan
ed data analyti
 appli
ations. Di�erent 
ategories of

servi
es 
an be supplied, in
luding 
ollision noti�
ation, roadside res
ue,

remote diagnosti
, positioning monitoring.

1.1.2.2 Histori
al Resear
h

The development of ITS in di�erent 
ountries 
an be divided into two stages

(Yan et al. (2012)). The �rst stage is mainly fo
used on transportation infor-

mation a
quisition and pro
essing intelle
tualization. During the 70s the CACS

(Comprehensive Automobile Tra�
 Control System) (Koshi (1989)) was devel-

oped in Japan, in whi
h several te
hnologi
al programs were 
ondu
ted to deal

with the large number of tra�
 deaths and injuries as well as the stru
tural in-

e�e
tive tra�
 pro
ess. In Europe, the �rst formalized transportation telemati
s

program named PROMETHEUS (Programme for European Tra�
 with Highest

E�
ien
y and Unpre
edented Safety) (Williams (1988)) was initiated by govern-

ments, 
ompanies and universities in 1986. While in 1988, DRIVE (Dedi
ated

Road Infrastru
ture and Vehi
le Environment) program was set up by the Euro-

pean authorities (Bu
kley et al. (1990)). In the United States, in the late 80s,

the team Mobility 2000 begins the formation of the IVHS (Intelligent Vehi
le

10
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Figure 1.2: Instan
e for road ITS system layout

Highway Systems) (Betsold (1989)), whi
h is a forum for 
onsolidating ITS inter-

ests and promoting international 
ooperation. In 1994, USDOT (United States

Department of Transportation) 
hanged the name to ITS Ameri
a (Intelligent

Transportation So
iety of Ameri
a). A key proje
t, AHS (Automated High-

way System) was 
ondu
ted by NAHSC (National Automated Highway System

Consortium) formed by the US Department of Transportation, General Motors,

University of California and other institutions. Under this proje
t various fully

automated test vehi
les were demonstrated on California highways (Janet (1992)).

In the se
ond stage, the te
hnologies for vehi
le a
tive safety, 
ollision avoid-

an
e and intelligent vehi
le were rapidly developed. The DEMO' 97 (Ozguner

et al. (1997)) was the most inspiring proje
t in Ameri
a. Meanwhile in Europe,

ERTICO (European Road Transport Telemati
s Implementation Coordination

Organization) was installed to provide support for re�ning and implementing the

Europe's Transport Telemati
s Proje
t (Figueiredo et al. (2001)). And the or-

ganization takes advantage of information and 
ommuni
ation to develop a
tive

safety and autonomous driving. The Te
hnis
he Universität at Brauns
hweig is


urrently working on the proje
t Stadtpilot with the obje
tive to drive fully au-

tonomously on multi-lane ring road around Brauns
hweig's 
ity (Nothdurft et al.

11

chapter1/chapter1figs/its_layers.eps


1. INTRODUCTION TO ITS

Figure 1.3: Stanley at Grand Challenge 2005

(2011); Res
hka et al. (2012); Wille et al. (2010)).

In our opinion, the development of ITS is 
oming to a new stage, where

autonomous vehi
les, V2X 
ommuni
ation and arti�
ial intelligen
e will be inte-

grated to bring the data a
quisition, data pro
essing and de
ision making into a

new level, in whi
h the system is optimized by the 
ooperation of all the parti
i-

pants of transportation. More details 
an be referred to the following se
tions in

this 
hapter.

1.1.3 Self-driving 
ars

Intelligent vehi
les are important roles in ITS, whi
h are motivated by three

desires: improved road safety, relieved tra�
 
ongestion and 
omfort driver expe-

rien
e (Sukthankar et al. (1998)). The intelligent vehi
le senses the environment

around them using sensors (su
h as radar, lidar or ma
hine vision te
hniques)

and strive to a
hieve more e�
ient vehi
le operation either by assisting the driver

(via advisories or warnings) or by taking 
omplete 
ontrol of vehi
le (Baskar et al.

(2011)).

Sin
e 2003, Defense Advan
ed Resear
h Proje
ts Agen
y (DARPA) of USA

has found a prize 
ompetition �Grand Challenge� to en
ourage the development

of te
hnologies needed to 
reate the �rst fully autonomous ground vehi
les. The

Challenge required roboti
 vehi
les to travel a 142-mile long 
ourse through the

desert within 10 hours. Unfortunately, in the �rst 
ompetition, none of the 15

parti
ipants have ever 
ompleted more than 5% of the entire 
ourse. while in the

12
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se
ond 
ompetition in 2005, �ve of 23 vehi
les su

essfully �nished the 
ourse,

and �Stanley� of Stanford (see Figure 1.3) be
ame the winner with a result of 6

h 53 min (Russell (2006); Thrun et al. (2006)). This roboti
 
ar was a milestone

in the resear
h for modern self-driving 
ars. Then it 
omes to the �DARPA

Urban Challenge� in 2007. This time the autonomous vehi
les should travel 97km

through a mo
k urban environment in less than 6 hours, intera
ting with other

moving vehi
les and obsta
les and obeying all tra�
 regulations (Montemerlo

et al. (2008); Urmson et al. (2008)). These vehi
les were regarded as the initial

prototype of Google self-driving 
ars.

In 2010, European Resear
h Coun
il sponsored a proje
t: VisLab Inter
onti-

nental Autonomous Challenge (VIAC) to build four driver-less vans to a

omplish

a journey of 13,000 km from Italy to China. The vans have experien
ed all kinds of

road 
onditions from high-rise urban jungle to broad expanses of Siberia (Broggi

et al. (2012)).

Google's self-driving 
ar proje
t is well-known in world wide and is 
onsidered

to be 
urrently the most su

essful proje
t in the domain (Guizzo (2011)) (see in

Figure 1.4(a)). On the top of the 
ar, a laser is installed to generate a detailed

3D map of the environment. The 
ar then 
ombines the laser measurements

with high-resolution maps of the world, produ
ing di�erent types of data models

that allow it to drive itself while avoiding obsta
les and respe
ting tra�
 laws.

Other sensors are installed on board, whi
h in
lude: four radars, mounted on the

front and rear bumpers, that allow the 
ar to �see� far enough to be able to deal

with fast tra�
 on freeways; a 
amera, positioned near the rear-view mirror, that

dete
ts tra�
 lights; and a GPS, inertial measurement unit, and wheel en
oder,

that determine the vehi
le's lo
ation and keep tra
k of its movements. When road

test, an engineer sits behind the steering wheel to take over if ne
essary. More

details in terms of sensors 
an be seen in Figure 1.5. A more radi
al solution is

also proposed by Google: a self-driving 
ar without steering wheel or pedals, just

an emergen
y button (see in Figure 1.4(b)).

It should be indi
ated that Google's approa
h relies on very detailed maps of

the roads and terrain to determine a

urately where the 
ar is, be
ause usually

the GPS has errors of several meters. And before the road test, the 
ar is driven

by human one or more times to gather environment data, then a di�erential

13
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(a) (b)

(
) (d)

Figure 1.4: Self-driving 
ars

Figure 1.5: Sensors on Google's self-driving 
ar (Sour
e www.aventurine.
om)
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1.2 Vehi
ular Ad ho
 Networks

method is used when the 
ar drives itself to 
ompare the real-time signal with

the re
orded data in order to distin
t pedestrians and stationary obje
ts.

Similarly, in China, the 
ompany Baidu announ
ed its autonomous 
ar has

su

essfully navigated a 
ompli
ated route through Beijing (Davies (2015)). The


ar (see in Figure (1.4(
))) drove a 30 km route around the 
apital that in
luded

side streets as well as highways. The 
ar su

essfully made turning, lane 
hanging,

overtaking, merging onto and o� the highway.

The 
ommer
ialization of self-driving 
ars 
an not be realized without au-

tomobile manufa
turers. Some of them have laun
hed their own self-driving

proje
ts targeting di�erent s
enarios (Chandler (2016)), su
h as �Drive Me� of

Volvo (Ziegler (2015)), �Buddy� of Audi (Davies (2014)), Tesla (Korose
 (2016)),

et
. These prototypes are still at test stage, but it is a ne
essary step of self-

driving 
ar development.

Self-driving 
ars are 
onsidered to be 
apable to make better use of road

spa
e, therefore 
ars would drive 
loser to ea
h other. They would rea
t faster

than humans to avoid a

idents, potentially saving thousands of lives. Moreover,

self-driving 
ar 
ould lower labor 
osts and bring the sharing e
onomy to a higher

level, thus people don't need to own 
ars, only use them when needed. The

number of vehi
les would be redu
ed, then problems like 
ongestion, pollution,

publi
 spa
e loss, et
., 
ould be subsequently solved.

However, the high pri
e of sensors, espe
ially the laser, may restri
t the 
om-

mer
ialization of self-driving 
ar. Therefore, resear
hers and engineers are trying

to use universal 
ameras 
ombined with others 
heap sensors to a
hieve the fun
-

tions of the 
urrent system. Breakthroughs in 
omputer vision are needed to

make this 
ome true (Templeton (2013)).

1.2 Vehi
ular Ad ho
 Networks

1.2.1 Opportunities and 
hallenges

Even if all the vehi
les on road are repla
ed by intelligent self-driving vehi
les,

it does not mean that we have a
hieved the intelligen
e in system-level. One of

the key features in ITS is the 
ommuni
ation ability of all the parti
ipants whi
h

enables information ex
hange among them. For a traditional vehi
le, the driver is
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Figure 1.6: Vehi
ular Ad ho
 Networks

(Sour
e johndayautomotivele
troni
s.
om)

aware of the situation within his sight, while for an autonomous vehi
le, its �hori-

zon of awareness� depends on the range and a

ura
y of its sensors. In both 
ase,

the information is analyzed and stored lo
ally within a single vehi
le. If 
ommu-

ni
ations among vehi
les and with infrastru
tures along the road are enabled, the

�horizon of awareness� 
an be 
onsiderably expanded, and a vehi
le 
an de
ide

its own move base on not only the 
urrent environment but also the predi
tion of

the future environment, thus the individual intelligen
e 
an be turned into group

intelligen
e and systemati
 intelligen
e. That is the motivation of the Vehi
ular

Ad ho
 Networks (VANET) 
on
eption. The 
ommuni
ation between a vehi
le

and another agent is usually noted as V2X, in
luding V2V (Vehi
le-to-Vehi
le),

V2I (Vehi
le-to-Infrastru
ture), V2P (Vehi
le-to-Pedestrian) and V2C (Vehi
le-

to-Cloud) (Park & Min (2015)). With VANET, we 
an upgrade autonomous

systems to 
ooperative systems.

While being promising in saving time and saving lives and being 
on
eptually

straightforward, design and deployment of VANET is te
hni
ally and e
onom-

i
ally 
hallenging (Hartenstein & Laberteaux (2010)). In te
hni
al terms, the


hallenges in
lude the following issues:

� The most important 
hallenge 
omes from the high mobility of the nodes.

Due to high relative speed between 
ars, network's topology 
hanges very
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fast, and many paths to dis
onne
t before they 
an be utilized (Youse� et al.

(2006)). In (Wang (2004a,b)), the authors tried to �nd the approximation

of link's lifetime. In (Artimy et al. (2004, 2005)), the authors attempted

to 
apture some relationship between the model of vehi
ular mobility and


onne
tivity of the networks. In (Blum et al. (2004)), the e�e
tive network

diameter in a typi
al VANET is studied.

� The networks are self-organized, la
king of 
entralized management and 
o-

ordination entity. It is di�
ult to syn
hronize and manage the transmission

events of di�erent nodes.

� The signal is sometimes blo
ked by obsta
les, e.g. buildings in 
ities, the

propagation models of the signal and the in�uen
e on the performan
e of

VANET need to be studied.

� Standardization versus �exibility. Standardization is ne
essary to make the

equipment from di�erent manufa
tures 
ompatible. while the manufa
tures

will want to 
reate some produ
t di�erentiation.

In so
io-e
onomi
 terms, key 
hallenges are as follows:

� Analyzing and quantifying the bene�t of VANET for tra�
 safety and trans-

port e�
ien
y. As a new sour
e of information, the impa
t of VANET on

driving behavior needs to be studied.

� Analyzing and quantifying the 
ost-bene�t relationship of VANET.

� Due to the �network e�e
t�, users 
an bene�t from VANET when the pen-

etration rate is relatively high. There is the 
hallenge of 
onvin
ing manu-

fa
tures to integrate VANET in their produ
ts and 
onsumers to buy them,

when it is rare to �nd a 
ommuni
ation partner.

� As a part of the future ITS, the agents in VANET still need to intera
t with

the other agents in the environment whi
h are 
onta
ted in some other ways.

The interfa
e of VANET to the environment should also be developed.
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1.2.2 Dedi
ated short range 
ommuni
ations

In O
tober 1999, the US Federal Communi
ations Commission (FCC) allo
ated a

75MHz spe
trum in the 5.9GHz band for the ex
lusive use of Intelligent Trans-

portation Systems. The spe
trum is known as Dedi
ated Short-Range Commu-

ni
ations (DSRC). DSRC are one-way or two-way short-range to medium-range

wireless 
ommuni
ation 
hannels spe
i�
ally designed for automotive usage and

a 
orresponding set of proto
ols and standards (Miller & Shaw (2001)). Usually,

DSRC possess a range of 1km and a data rate from 6 to 27Mbps.

Figure 1.7: DSRC spe
trum band and 
hannels in the U.S. (Jiang & Delgrossi

(2008))

As shown in Figure 1.7, the DSRC spe
trum is stru
tured into seven 10MHz

wide 
hannels (Jiang & Delgrossi (2008)). Channel 178 is the 
ontrol 
hannel

(CCH), whi
h is restri
ted to safety 
ommuni
ations only. The two 
hannels at

the ends of the spe
trum band are reserved for spe
ial uses. The rest are servi
e


hannels (SCH) available for both safety and non-safety appli
ations.

Standardization is a step that 
annot be bypassed in the development of

DSRC. Di�erent standards have been formulated by several organizations, su
h as

Institute of Ele
tri
al and Ele
troni
s Engineers (IEEE), European Committee

for Standardization (CEN), European Tele
ommuni
ations Standards Institute

(ETSI) and Japanese Asso
iation of Radio Industries and Businesses (ARIB).

Harmonization e�orts government and standards organizations have begun to

a
hieve global usage of DSRC. More details for the standards in di�erent layers

of DSRC proto
ol 
an be referred to (ISO 15628:2013 (2013); Jiang & Delgrossi

(2008); Kenney (2011); Morgan (2010); Oyama et al. (2000)).

18

chapter1/chapter1figs/channels.eps


1.2 Vehi
ular Ad ho
 Networks

1.2.3 Appli
ations in VANET

The interest in VANET is strongly motivated by the appli
ations that 
ould be

enabled. Most of the appli
ations 
an be 
lassi�ed into �Safety� and �E�
ien
y�.

However, the aspe
ts of safety and e�
ien
y 
annot be seen as 
ompletely disjoint

sets of features (Hartenstein & Laberteaux (2010)). For example, vehi
le 
rashes


an lead to tra�
 jam. A message reporting an a

ident 
an be regarded as a

safety message for the near-by vehi
les on one hand, and regarded as an input to

�nd an alternative route in a transport e�
ien
y appli
ation on the other hand.

1.2.3.1 Vehi
le-to-infrastru
ture appli
ations

A

ording to (Caveney (2010)), vehi
le-to-infrastru
ture (V2I) appli
ations are

expe
ted to be one of the �rst 
ooperative safety appli
ations to be implemented

in produ
tion vehi
les be
ause they demand low penetration rate to be e�e
tive

in redu
ing vehi
le-related fatalities. V2I 
ommuni
ation 
an be applied but not

limited in the following appli
ations:

� Interse
tion violation warning (IVW): The obje
tive of IVW is to warn

the driver when violating a red light seems imminent (Maile & Delgrossi

(2009); Neale et al. (2007)). The appli
ation requires the lo
ation, light

phase, light timing and interse
tion geometry broad
asted by the roadside

unit and the vehi
le's predi
ted path. Lane-level a

ura
y is required in

IVW appli
ations, be
ause di�erent lanes are usually 
ontrolled by di�erent

signal phases and timing.

� Speed advisory (SA): Approximately 7% of a vehi
le's energy is lost due to

braking, therefore redu
ing braking is assumed a dire
t fuel saving strat-

egy. If a driver is informed the up
oming signal phase and timing via V2I


ommuni
ation when approa
hing an interse
tion, the velo
ity of the ve-

hi
le 
an be regulated a

ordingly to avoid hard braking or a

elerating,

thereby redu
ing energy 
onsumption and pollutant emissions (Rakha &

Kamalanathsharma (2011); Ubiergo & Jin (2015)). Besides, it is possible

to redu
e energy 
onsumption by preventing a vehi
le from 
oming to a

full stop at the interse
tions and by advising 
ruising velo
ities in order to


at
h as many green lights as possible (De Nunzio et al. (2015)). A velo
ity

planning algorithm to a
hieve e
o-driving is introdu
ed in Chapter 3.
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� Tra�
 information systems (TIS): The 
ore idea of these appli
ations is to

use vehi
les as sensors whi
h monitor parameters like tra�
 density, road

and weather 
onditions, or parking spa
e o

upan
y (Lo
hert et al. (2010)).

The information is distributed to other vehi
les as the input of e�
ien
y

appli
ations. Relative resear
h 
an be found in (Dornbush & Joshi (2007);

Ibrahim & Weigle (2008); Lo
hert et al. (2005); Xu & Barth (2006)).

� Autonomous interse
tion management (AIM): In the future, if all the vehi-


les be
ome autonomous, the tra�
 
an also be managed in an autonomous

way. A manager would be installed at the interse
tion to solve the spa
e-

time 
on�i
t between vehi
les 
oming in di�erent streets, then the man-

ager's instru
tion, whi
h 
an be seen as a personal tra�
 signal to ea
h

vehi
le, is distributed via V2I 
ommuni
ation (Dresner & Stone (2008)).

AIM is promising in improving the throughput of an interse
tion and re-

du
ing the delay of vehi
les, besides, the fuel 
onsumption and emission


an also be de
reased. Two di�erent V2X-based interse
tion management

proto
ols are proposed respe
tively in Chapter 4 and 5.

1.2.3.2 Vehi
le-to-vehi
le appli
ations

Then V2V appli
ations demands a relatively higher penetration rate of VANET.

V2V 
ommuni
ation 
an be used but not limited in the following appli
ations:

� Ele
troni
 brake warning (EBW): EBW is used to alert the driver when a

pre
eding vehi
le performs a violent braking maneuver, espe
ially when the

view of braking vehi
le is blo
ked by other vehi
les.

� On-
oming tra�
 warning (OTW): OTW alerts the driver the on-
oming

tra�
 on the opposite lane during the overtaking maneuvers. The relative

positions in
luding longitudinal and lateral need to be a

urately predi
ted.

� Lane 
hange warning (LCW): LCW warns the driver who want to perform

a lane 
hange but it is unsafe to do so. Sometimes, the driver forgets to


he
k the blind spot zone, or the view is blo
ked by other vehi
les, in this


ase, the existen
e of the unnoti
ed vehi
le 
an be informed to the driver.
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� Emergen
y vehi
le warning (EVW): Instead of using sirens alone, this ap-

pli
ation helps making the right rea
tion when en
ountering emergen
y ve-

hi
les su
h as �re tru
k and ambulan
e (Bu
hens
heit et al. (2009)). EVW

helps redu
e a

ident risks during emergen
y response trips and save valu-

able time.

� Cooperative Adaptive Cruise Control (CACC): With V2V 
ommuni
ation,

the Adaptive Cruise Control (ACC) whi
h is 
urrently available in the mar-

ket 
an be turned into CACC (Van Arem et al. (2006)). Information like

position, velo
ity, and a

eleration 
an be transmitted to the following ve-

hi
le using inter-vehi
le 
ommuni
ation. The obje
tive of CACC is to pro-

vide a se
ure longitudinal 
ontrol to avoid 
ollision and make the platoon


ompa
t. In CACC, a vehi
le's behavior depends on not only the nearest

pre
eding vehi
le but also the vehi
les further in front. Compared to ACC,

the string stability of the platoon 
an be improved. More detailed intro-

du
tion 
an be found in se
tion 1.3. And a CACC algorithm is proposed in

Chapter 3.

1.2.3.3 An instan
e of VANET appli
ation

As shown in Figure 1.8, an evolution road-map of the road transportation in

urban and highway s
enarios is given (SIEMENS (2015)).

� Currently, we are at �Assistan
e driving� stage, where the road speed limit


an be given to driver by GPS and on-board navigation equipment. How-

ever, driver still needs to pay attention to temporary signs by himself, and

make the right de
ision. Driver 
ould get 
onfused when meet information

from di�erent sour
es.

� In the near future, when 
ommuni
ation devi
es are installed on vehi
les

and infrastru
tures, information 
an be given to drivers in a more pre
ise

way by VANET. Advisory appli
ations implemented on board helps drivers

to a
hieve better driving behavior. This stage is 
alled �Automated driving�.

� After that, when auto-driving te
hnology is popular, the �Autonomous driv-

ing� 
an be rea
hed. At this stage, the vehi
le would make de
isions a

ord-

ing to the VANET-based appli
ations without any intervention of drivers.
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Figure 1.8: An instan
e of VANET-based appli
ation development

(Sour
e: www.mobility.siemens.
om)
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1.3 Cooperative Adaptive Cruise Control

1.3.1 Evolution: from autonomous to 
ooperative

As introdu
ed previously, for de
ades, people are trying to develop ITS in order

to make transport safer and more e�
ient. In vehi
le terms, advan
ed driver-

assistant systems (ADAS) are developed aiming at enhan
ing driving 
omfort,

redu
ing driving errors, improving safety, in
reasing tra�
 
apa
ity and redu
-

ing fuel 
onsumption. The main appli
ations of ADAS in
ludes Adaptive Cruise

Control (ACC) (Vahidi & Eskandarian (2003)), Automati
 Parking (Xu et al.

(2000)), Lane Departure Warning (Dahmani et al. (2013)), Lane Change Assis-

tan
e (Morris et al. (2011)), Blind Spot Monitor (Lin et al. (2012)), et
. Although

the obje
tive of ADAS is not to repla
e people in driving, it 
an helps relief peo-

ple from repetitive and boring labor, su
h as lane keeping, lane 
hanging, spa
e

keeping, 
ruising, et
. Besides, the te
hnologies developed in ADAS 
ould also

be used in autonomous driving.

One of the most important ADAS is adaptive 
ruise 
ontrol (ACC), whi
h is

now 
ommer
ially available in a wide range of passenger vehi
les. ACC systems

are an extension of 
ruise 
ontrol (CC) systems. CC is used to maintain vehi
le's

velo
ity to a de
ided value, and the driver does not have to depress the pedals,

therefore he/she 
an be more fo
used on steering wheel. CC 
an be turned o�

both expli
itly and automati
ally when the driver depresses the brake. For ACC,

if there is no pre
eding vehi
le within a 
ertain range, it works as a CC system;

else, it utilities the range sensor (su
h as lidar, radar and 
amera) to measure the

distan
e and the relative velo
ity to the pre
eding vehi
le. Then the ACC system


al
ulates and estimates whether or not the vehi
le 
an still travel at the user-set

velo
ity. If the pre
eding vehi
le is too 
lose or is traveling slowly, ACC shifts

from velo
ity 
ontrol to time headway 
ontrol by 
ontrol both the throttle and

brake (Xiao & Gao (2010)). However, ACC still has its own limits: in general,

ACC system is limited to be operated within a velo
ity range from 40km/h to

160km/h and under a maximum braking de
eleration of 0.5g (Rajamani (2011)).

The operations outside these limits are still in the 
harge of driver, be
ause it

is very di�
ult to anti
ipate the pre
eding vehi
le's motion only by using range

sensors, so the vehi
le 
annot rea
t instantly.
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With the development of 
ommuni
ation te
hnologies and the international

standard of DSRC (ISO 15628:2013 (2013); Miller & Shaw (2001)), resear
hers

have gradually paid attention to 
ooperative longitudinal following 
ontrol based

on V2X 
ommuni
ation in order to truly improve tra�
 safety, 
apa
ity, �ow sta-

bility and driver 
omfort De Bruin et al. (2004); Lu et al. (2002); Xu & Sengupta

(2003).

1.3.2 Development of ACC

The term �ACC� is �rstly proposed by Broqua (1991) within the programme

PROMETHEUS (Williams (1988)) initiated in 1986 in Europe. A
tually, a large

proportion of the work in this programme was 
ondu
ted as propriety develop-

ment work by automakers and their suppliers rather than publi
ly funded a
a-

demi
 resear
h. Therefore, most of the results and methods are not do
umented in

open literature, but kept se
ret in order to enhan
e 
ompetitive advantage (Xiao

& Gao (2010)). In USA, in 1986, the California Department of Transportation

and the Institute of Transportation Studies at the University of California Berke-

ley initiated the state-wide programme 
alled PATH (Shladover (1995)) to study

the use of automation in vehi
le-highway systems. Then the programme was ex-

tended in national s
ope named as Mobility 2000 (Figueiredo et al. (2001)), whi
h

grouped intelligent vehi
le highway system te
hnologies into four fun
tional ar-

eas 
overing ACC systems. A large-s
ale ACC system �eld operations test was


ondu
ted by Fan
her's group (Fan
her (1998)) from 1996 to 1997, in whi
h 108

volunteers drove 10 ACC-equipped vehi
les to determine the safety e�e
ts and

user-a

eptan
e of ACC systems.

Any design of an ACC system begins with the sele
tion and design of a spa
-

ing poli
y. The spa
ing poli
y refers to the desired steady state distan
e between

two su

essive vehi
les. In 1950s, the �law of separation� (Pipes (1953)) is pro-

posed, whi
h is the sum of the distan
e that is proportional to the velo
ity of the

following vehi
le and a given minimum distan
e of separation when the vehi
les

are at rest. Then, three basi
 spa
ing poli
ies (
onstant distan
e, 
onstant time

headway) and 
onstant safety fa
tor spa
ing have been proposed for the personal

rapid transit (PRT) system (Ma
kinnon (1975)). Some nonlinear spa
ing poli
ies

(Wang & Rajamani (2004); Zhou & Peng (2005)) have been proposed to improve
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Figure 1.9: Stru
ture of longitudinal 
ontrol system

tra�
 �ow stability, whi
h are 
alled 
onstant stability spa
ing poli
ies. In or-

der to improve the user-a

eptan
e rate, a drive-adaptive range poli
y (Han &

Yi (2006)) is proposed, whi
h is 
alled the 
onstant a

eptan
e spa
ing poli
y.

Considering feasibility, stability, safety, 
apa
ity and reliability (Swaroop et al.

(1994)), the 
onstant time headway (CTH) spa
ing poli
y is applied to ACC

systems by manufa
turers.

The longitudinal 
ontrol system ar
hite
ture of an ACC-equipped vehi
le is

typi
al hierar
hi
al (see Figure 1.9), whi
h is 
omposed of an upper level 
on-

troller and a lower level 
ontroller (Rajamani (2011)). Usually, the former is


alled the ACC 
ontroller and the latter is 
alled the longitudinal 
ontroller. The

ACC 
ontroller determines the desired a

eleration or velo
ity to the longitudi-

nal 
ontroller. The longitudinal 
ontroller determines the throttle and/or brake

to tra
k the desired a

elerations and returns the fault messages to the ACC


ontroller.

The ACC 
ontroller should be designed to meet three performan
e spe
i�
a-

tions:

� Individual stability : if the spa
ing error of the ACC vehi
le 
onverges to zero

when the pre
eding vehi
le is operating at 
onstant speed. If the pre
eding

vehi
le is a

elerating or de
elerating, then the spa
ing error is expe
ted to

be non-zero. Spa
ing error is de�ned as the di�eren
e between the a
tual

spa
ing from the pre
eding vehi
le and the desired inter-vehi
le spa
ing.

� String stability : this property is de�ned as the spa
ing errors are guaranteed

not to amplify as they propagate towards the tail of the string.
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� Tra�
 �ow stability : this property is similar to string stability, but in a

ma
ros
opi
 way: any density or velo
ity disturban
es must attenuate as it

propagates upstream. It is indi
ated that using CTH spa
ing poli
y leads to

una

eptable 
hara
teristi
s for automated tra�
 �ows (Li & Shrivastava

(2002); Yi & Horowitz (2006)).

1.3.3 Related work in CACC

CACC is a further development of ACC that adds V2V 
ommuni
ations, pro-

viding the ACC system with more and better information about the pre
eding

vehi
les. With more a

urate information, the ACC 
ontroller will be able to bet-

ter anti
ipate problems, makes it to be safer and smoother in response (Van Arem

et al. (2006)).

The 
on
ept of automated highway systems (AHS) is de�ned as vehi
le-

highway systems that support autonomous driving on dedi
ated highway lanes.

In 1997, the National Automated Highway System Consortium (NAHSC) demon-

strated several highway automation te
hnologies. The highlight of the event was

a fully automated highway system (Rajamani et al. (1998); Thorpe et al. (1997)).

The goal of the AHS demonstration was a proof-of-
on
ept of an AHS ar
hite
-

ture that enhan
ed highway 
apa
ity and safety. Capa
ity in
rease was a
hieved

by organizing the movement of vehi
les in 
losely spa
ed platoons. Ea
h vehi
le

had a
tuated-steering, braking and throttle that were 
ontrolled by the on-board


omputer. Safety was in
reased be
ause the 
omputer was 
onne
ted to sensors

that provided about itself, the vehi
le's lo
ation within the lane, the relative

speed and distan
e to the pre
eding vehi
le. Most importantly, an inter-vehi
le


ommuni
ation system formed a lo
al area network to ex
hange information with

other vehi
les in the neighborhood, as well as to permit a proto
ol among neigh-

boring vehi
les to support 
ooperative maneuvers su
h as lane-
hanging, joining

a platoon, and sudden braking. Computer-
ontrolled driving eliminated driver

misjudgment, whi
h is a major 
ause of a

idents today. At the same time, a suite

of safety 
ontrol laws ensured fail-safe driving despite sensor, 
ommuni
ation and


omputer faults. The AHS experiment also showed that it 
ould signi�
antly

redu
e fuel 
onsumption by greatly redu
ing driver-indu
ed a

eleration and de-


eleration surges during 
ongestion.
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Figure 1.10: Vehi
le platoon in GCDC 2011

The e�e
ts on 
apa
ity of in
reasing market penetration of ACC and CACC

vehi
les, relative to fully-manually driven vehi
les, was examined by using mi
ros
opi
-

tra�
 simulation (Van Arem et al. (2006); Vander Werf et al. (2002)). The

analyses were initially 
ondu
ted for situations where manually driven vehi
les,

ACC-equipped vehi
les and CACC-equipped vehi
les separately have 100% pen-

etration rate. The results shows that 
apa
ity in these situations are respe
tively

2050, 2200 and 4550 vehi
les per hour, thus the route's 
apa
ity 
an be greatly

improved using CACC. Then mixed vehi
le populations were also analyzed, and

it was 
on
luded that CACC 
an potential double the 
apa
ity of a highway lane

at high penetration rate.

The CHAUFFEUR 2 proje
t is initiated in order to redu
e a tru
k driver's

workload by developing tru
k-platooning 
apa
ity (Bonnet (2003)). A tru
k 
an

automati
ally follow any other vehi
le with a safe following distan
e using ACC

and a lane-keeping system. Also, three tru
ks 
an be 
oupled in a platooning

mode. The leading vehi
le is driven 
onventionally, and the other tru
ks follow.

Due to the V2V systems installed on the tru
ks, the following distan
e 
an be

redu
ed to 6 ∼ 12m. Simulation results show that the systems have better usage

of road 
apa
ity, up to 20% redu
tion in fuel 
onsumption and in
reased tra�


safety.
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In 2011, the Netherlands Organization for Applied S
ienti�
 Resear
he (TNO),

together with the Dut
h High Te
h Automotive Systems innovation programme

(HTAS) organized the Grand Cooperative Driving Challenge (GCDC) (Geiger

et al. (2012); Guven
 et al. (2012); Kianfar et al. (2012); Ploeg et al. (2012);

van Nunen et al. (2012)). The 2011 GCDC mainly fo
used on CACC. Nine in-

ternational teams parti
ipated in the 
hallenge (see Figure 1.10), and they need

to form a two-lane platoon with the help of V2X te
hnologies and longitudinal


ontrol strategies. However, the algorithms running at ea
h vehi
le are di�erent

and not available to ea
h other. The 
ompetition su

essfully showed 
ooperative

driving of di�erent vehi
les ranging from a 
ompa
t vehi
le to a heavy-duty tru
k.

Several issues should be addressed in the future like dealing with the �awed or

missing data from other vehi
les and lateral motions su
h as merging and splitting

to be 
loser to realisti
 situations.

1.4 Autonomous Interse
tion Management

As autonomous vehi
les be
ome more and more prevalent, autonomous inter-

a
tions among multiple vehi
les be
ome possible. And the 
urrent methods of

vehi
le 
oordination designed to work with human drivers will be outdated. Most

modern interse
tions are 
ontrolled with tra�
 lights or stop signs, the former

usually reserved for larger and busier interse
tions. Large extremely expensive


loverleaf jun
tions are built for even larger interse
tions. The �rst generation

of autonomous vehi
les are designed to mimi
 the way of human driver to re
-

ognize street signs, tra�
 lights, to keep large enough distan
e to other vehi
les.

However, when the penetration rate of autonomous vehi
les is high enough, new


oordination methods, whi
h should be suitable and more e�
ient to autonomous

vehi
les, need to be designed. Then vehi
ular 
ommuni
ations, whi
h 
an make

information more 
onveniently a

essible, should be taken advantage of. How-

ever, interse
tion is a pla
e where vehi
les in di�erent dire
tions 
ross paths, and

it is a more 
ompli
ated s
enario 
ompared to highways, thus mu
h more 
hal-

lenging in designing 
oordination proto
ols. A survey of tra�
 
ontrol strategy

with vehi
ular 
ommuni
ations is given in (Li et al. (2014)).
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1.4 Autonomous Interse
tion Management

1.4.1 Isolated Interse
tion Control

One of the basi
 interse
tion 
ontrol strategies is the �xed-time tra�
 signal.

This strategy is e�e
tive to solve the spa
e-time 
on�i
t inside the interse
tion.

However, it is not e�
ient or fair: the vehi
les should stop before the interse
tion

even if there is no vehi
le in other lanes, whi
h leads to longer delay at the

interse
tion; during this period, the engines are still idling, more fuel is 
onsumed,

whi
h leads to more pollution. Thus the key to make interse
tion more e�
ient

in terms of time and energy is to redu
e the waiting time.

The earliest attempt is a
tuated tra�
 signal 
ontrol system. Limited mea-

surements are provided by indu
tive loop installed tens of meters upstream to

the stop lines. Ea
h dete
ted vehi
le will generate a 
all to ask for an additional

green time. Then it 
omes to adaptive tra�
 signal 
ontrol systems, su
h as

PRODYN (Henry et al. (1984)), CRONOS (Boillot (1992)), SCOOT (Hunt et al.

(1982)) and RHODES (Mir
handani & Wang (2005)). Indu
tion loops are still

used, but not just to dete
t the existen
e of vehi
les, also how long it o

upies

the dete
tor and its speed. Predi
tion models are also employed to fore
ast the

vehi
le arrivals and estimate the queue lengths in ea
h dire
tion. In this 
ase, the

performan
e of time plan depends on the predi
tion a

ura
y.

Instead of 
onsidering the vehi
les individually, we 
an also treat them in

a 
olle
tive way: a group of vehi
les traveling together with short inter-vehi
le

headway 
an be de�ned as a platoon, meanwhile the distan
e between 
onse
utive

platoons 
an be quite large, therefore it is possible to design a timing plan that

allows the platoons 
oming from di�erent dire
tions to pass the interse
tion with-

out being interrupted. This kind of strategy is 
alled the platoon-based 
ontrol

(He et al. (2012); Jiang et al. (2006)). One di�
ulty of deploying platoon-based


ontrol strategy is how to identify the platoons qui
kly, 
onveniently and robustly

(Gaur & Mir
handani (2001)). If vehi
les 
an send their movement information

via V2X 
ommuni
ations, there will be no platoon identi�
ation problem (Pandit

et al. (2013); Priemer & Friedri
h (2009)).

In addition to regulate the timing plan of lights to adapt the tra�
 demands,

another idea is to regulate the movements of vehi
les to further improve driving

e�
ien
y. The 
on
ept of 
ooperative driving was �rstly introdu
ed in the early

1990s (Hedri
k et al. (1994); Tsugawa (2002)). Initially, it only refers to �exible

platooning of automated vehi
les. A
tually, this 
on
eption has been extended
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to implementing 
ollision-free vehi
le movement around unsignalized interse
tion

using inter-vehi
le 
ommuni
ations (Li & Wang (2006)). In 
ooperative driving, a

vehi
le 
an 
hoose to a

elerate to joint in an already formed platoon or de
elerate

to depart from it. Several vehi
les 
an merge together to form a new platoon as

well.

The obje
tive of 
ooperative driving is to �nd a 
ollision-free and feasible

s
hedule that makes the vehi
les get through the interse
tion in the shortest

time. The feasibility of s
hedule is often di�
ult to test, sin
e we need to 
on-

sider whether the vehi
le 
an produ
e the traje
tory within its dynami
al limits.

Detailed dis
ussions 
an be found in (Kowshik et al. (2011); Lee & Park (2012)).

1.4.2 Motion Planning at Interse
tion

Under light tra�
 
onditions, the whole solution spa
e 
an be enumerated to

�nd the best s
hedule (Alonso et al. (2011); Milanés et al. (2010); Naumann

et al. (1998); Omae et al. (2010); Zohdy & Rakha (2012)). However, when fa
ing

heavy tra�
, the problem be
omes mu
h more 
ompli
ated.

The �rst kind of solution is planning-based approa
hes, in whi
h mathemat-

i
al programming or heuristi
 algorithms 
an be used to �nd some near-optimal

solutions. The reported algorithms in
lude geneti
 algorithm (Teodorovi
 et al.

(2001)), linear programming (Gha�arian et al. (2012)), ant-
olony algorithm (Wu

et al. (2012)), Petri Nets (Ahmane et al. (2013)), et
.. Another kind of solution

is negotiation-based approa
hes, in whi
h the vehi
les that almost arrive at the

interse
tion are taken into 
onsideration, and short-term driving plans are for-

mulated by bilateral negotiations (Baber et al. (2005); Dresner & Stone (2008);

Lee et al. (2013); S
hepperle et al. (2008); Zohdy & Rakha (2012)). Thus the

dimension of solution spa
e is mu
h smaller and the resear
h 
ost 
an be greatly

redu
ed.

The performan
e of negotiation-based 
ontrol is sometimes lower than that

of planning-based 
ontrol, however, negotiation-based approa
h 
onsumes less


omputational 
osts and generates agile rea
tions under any unexpe
ted 
hanges

(Li et al. (2014)).

In order to redu
e the 
omputational 
ost of the planning-based approa
hes,

de
oupling methods 
an be used to de
ompose the original problem into multi-

ple planning problems in lower-dimensional 
on�guration spa
es. This not only
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de
reases 
omputational 
omplexity, but also restri
ts the solution spa
e be
ause

not all 
ombinations of a
tions remain possible (Frese & Beyerer (2011a)). In-

stead of planning the motions for all vehi
les at the same time, the motions 
an

be planned separately for ea
h vehi
le in the order of priorities. For ea
h vehi
le,

the plans of the higher-priority vehi
les are regarded as moving obsta
les, while

the vehi
les with lower-priorities are ignored (Bekris et al. (2007)). The priorities


an be des
ribed as a permutation of vehi
les. Strategies for 
hoosing or optimiz-

ing the permutation were proposed in (Bennewitz et al. (2001); Van Den Berg &

Overmars (2005)). Criteria based on tra�
 rules 
ould also be used for sele
ting

the permutation. For instan
e, the leading vehi
le should have higher priority

than the following vehi
les on the same lane.

1.5 Con
lusion

This 
hapter gives a detailed introdu
tion to intelligent road transportation sys-

tems. Firstly, the 
urrent road transportation, whi
h 
ould 
ause e
onomi
al and

environmental problems, is not safe or e�
ient enough to response our demand,

therefore it should be ameliorated and related te
hnologies should be developed.

Then several histori
al resear
hes worldwide are presented. As a promising so-

lution to redu
e the a

idents 
aused by human errors, autonomous vehi
les are

being developed by resear
h organizations and 
ompanies all over the world. The

state-of-art in autonomous vehi
le development is introdu
ed in this 
hapter as

well.

Se
ondly, a key aspe
t in developing ITS: the 
ommuni
ation is introdu
ed.

Spe
i�
 to road transportation systems, it is V2X 
ommuni
ations, in
luding V2V


ommuni
ation and V2I 
ommuni
ation. By enabling 
ommuni
ations among

these agents, the vehi
ular ad ho
 networks (VANETs) are formed. With VANET,

autonomous systems 
an be upgraded into 
ooperative systems, in whi
h a vehi-


le's range of awareness 
an be extended, therefore it 
an anti
ipate in advan
e

in an optimal way. Di�erent kinds of appli
ations using VANET are developed

in order to make the road transportation safer, more e�
ient and user friendly.

Thirdly, the 
ooperative adaptive 
ruise 
ontrol (CACC) is presented. CACC

is an extension of ACC systems by enabling the 
ommuni
ation among the vehi-


les in a platoon. CACC 
an not only relief the driver from repetitive jobs like
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adjusting speed and distan
e to the pre
eding vehi
le like ACC, but also has safer

and smoother response than ACC systems.

Fourthly, the 
on
ept of autonomous interse
tion management (AIM) is de-

s
ribed. AIM is designed to repla
e the traditional light or sign 
ontrol strategies

in the future. By using VANET and autonomous driving te
hnologies, 
ollision-

free traje
tories of vehi
les in the vi
inity of the interse
tion 
an be planned and

followed, whi
h 
an improve the interse
tion's throughput and redu
e the vehi-


les' travel delays. Di�erent design philosophies of AIM are also introdu
ed.

Safety and e�
ien
y are two most demanded features of ITS. Therefore, in this

thesis, we fo
us on an isolated interse
tion s
enario, di�erent appli
ations are de-

signed for both signal 
ontrolled and unsignalized interse
tion in order to improve

the interse
tion's throughput while guarantee safety in the 
rossing motions, by


ontrolling the a
tions of vehi
le platoons or individual vehi
les. Di�erent fea-

tures su
h as heterogeneity of vehi
les, 
onstraints of dynami
s, 
omputational


ost, passenger 
omfort, et
. are 
onsidered in our design philosophy, whi
h is

detailed in the following 
hapters.
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De
entralized Platoon Control
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2.1 Introdu
tion

Arriving at one pla
e safely in a 
ertain period is the basi
 requirement of trans-

portation. However, today's road transportation is far from perfe
t. In
orre
t

driving behaviors like drunken driving, fatigue driving and speeding are thought

to be the main reasons for road a

idents whi
h on one hand 
ause injury, death,

and property damage, on the other hand make vehi
les keep larger distan
e from

ea
h other, thus the road 
apa
ity is not made full use of. Moreover, 
onges-

tions 
aused by in
orre
t driving behaviors, a

idents, improper signal timing
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have be
ome a global phenomenon whi
h has e
onomi
ally and e
ologi
ally neg-

ative e�e
ts, so that people have to spend more time on road and more fuel is


onsumed, whi
h leads to more pollution.

More e�
ient, better spa
e utilization and elimination of human error, self-

driving or semi self-driving 
ar developed by Google and automobile manufa
-

turers all over the world is a potentially revolutionizing te
hnology to solve these

problems (Po
zter & Jankovi
 (2014)). However, the intelligen
e of individual

vehi
les does not represent the intelligen
e of the whole transportation system.

V2X te
hnology, in
luding Vehi
le to Vehi
le (V2V) 
ommuni
ation via wire-

less ad ho
 network and Vehi
le to Infrastru
ture (V2I) via Dedi
ated Short-

Range Communi
ation (DSRC), is 
onsidered to be the next step to 
onstru
t

the intelligent transportation system (ITS). Instead of dete
ting the environment

all by the vehi
le itself, this te
hnology enables the 
ommuni
ation between vehi-


les themselves and with infrastru
ture along the road. Possible appli
ations of

V2X in terms of safety, information dissemination and e�
ien
y are illustrated

in (Hartenstein & Laberteaux (2010)).

V2X is the key te
hnology to make some 
urrent systems more intelligent. For

example, the adaptive 
ruise 
ontrol (ACC) system, whi
h is 
ommer
ially avail-

able in the market, aims at automati
ally maintaining a 
onstant speed or a safe

distan
e to the pre
eding vehi
le. Currently, the ACC system is mainly based on

ranging sensors, e.g., radars and lasers, whi
h are 
apable to measure the range

or its 
hanging rate. Generally, ACC system 
an relieve drivers from performing

repetitive and boring jobs like adjusting speed and distan
e to the pre
eding vehi-


le in highway s
enarios. However, 
urrent ACC systems still have disadvantages,

like in
apability to more 
ompli
ated urban s
enarios and limit anti
ipatory 
a-

pabilities to sudden maneuver of the pre
eding vehi
le (Desjardins & Chaib-draa

(2011)). Moreover, ACC system 
annot deal with sho
k-wave e�e
t. Due to de-

lays in sensor and a
tuator system of the ACC host vehi
le, ampli�
ations may

appear, espe
ially when 
onstant spa
ing poli
y is used. Thus passenger 
omfort


annot be guaranteed and more fuel is 
onsumed.

With V2X te
hnology, ACC 
an be extended into 
ooperative ACC (CACC),

whi
h is 
onsidered to be highly potential to improve tra�
 �ow 
apa
ity and

smoothness and to redu
e 
ongestions (Van Arem et al. (2006)). V2X integrated

vehi
le 
an not only get information from the pre
eding vehi
le as in ACC system,
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but also the vehi
les before the pre
eding one, even beyond line of sight (Milanés

et al. (2014)). Resear
h shows that with CACC, vehi
les 
an have smaller spa
ing

distan
e 
ompared to ACC, and the sho
k-wave e�e
t 
an be greatly mitigated

(Calvert et al. (2011); S
hakel et al. (2010)). A safety spa
ing poli
y (SSP)

is introdu
ed in (Zhao et al. (2009)) whi
h utilizes the state of the pre
eding

vehi
le 
ombined with the braking 
apa
ity to adjust the position and velo
ity of

the 
ontrolled vehi
le. The SSP 
an ensure vehi
le string stability and it 
an also

yield stable tra�
 �ow and higher tra�
 
apa
ity than the traditional Constant

Time Gap (CTG) poli
y.

String stability is an important goal to be a
hieved in CACC system design

(Milanés et al. (2014)). A platoon of vehi
les is 
alled string stable only if dis-

turban
es propagated from the leading vehi
le to the rest of the platoon 
an be

attenuated (Ploeg et al. (2011)). Resear
hers have tried di�erent methodologies

in designing platoon 
ontrollers. Most of the proje
ts are relied on 
lassi
 
on-

trol theory like proportional-derivative feedba
k/feedforward 
ontrollers (Guven


et al. (2012); Lidstrom et al. (2012); Milanés et al. (2014); Nieuwenhuijze et al.

(2012)). De Bruin et al. (2004) summarized the blo
k diagram to design a CACC

system using 
lassi
 
ontrol theory and suggest the four te
hniques to be used

in the system. The 
on
epts of �expe
ted velo
ity" and �expe
ted a

eleration"

are introdu
ed in (Han et al. (2013)) and the CACC problem is turned into a

tra
king problem of spa
ing error, velo
ity and a

eleration error in the platoon,

where the 
ontrol input of ea
h vehi
le is 
al
ulated by using an optimal 
on-

trol method. Model predi
tive 
ontrol (MPC) te
hnique 
an also be found in

CACC resear
h and implementation (Geiger et al. (2012); Kianfar et al. (2012)).

A multi-obje
tive CACC 
ontroller is designed in (Li et al. (2011)), whi
h takes

the tra
king 
apa
ity, fuel e
onomy and driver desired response into a

ount.

In this 
hapter, the vehi
le kinemati
 model and the platoon model are de-

s
ribed; then a platoon 
ontrol algorithm is proposed with following design ob-

je
tives:

� Constraints like speed limit and power limit of the vehi
les must be 
onsid-

ered;

� The safety inside the platoon must be guaranteed, thus a safety spa
e must

be maintained to avoid rear-end 
ollision;
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� The velo
ity of vehi
les in the platoon should be 
onsistent;

� The passengers' 
omfort should be taken into a

ount, that's to say, sharp


hange of the a

eleration should be avoided.

2.2 Modeling

2.2.1 Vehi
le kinemati
 model

As we assume that no lane shifting maneuver is taken during the pro
ess, a

longitudinal vehi
le model is su�
ient. Hen
e, a simple three-state spa
e linear

model is used (Han et al. (2013)). For the ith vehi
le Vi, we have:

ẋi(t) = Φixi(t) + Πiui(t)

xi(t) =
[

pi(t) vi(t) ai(t)
]T

Φi =





0 1 0
0 0 1
0 0 −1/τi



 , Πi =





0
0

1/τi





(2.1)

where xi(t) ∈ R3
is the ith vehi
le's system state at time t, and pi(t), vi(t) and

ai(t) are separately the position, velo
ity and a

eleration of the vehi
le; ui(t) ∈ R

represents the 
ontrol input like thrust and brake; τi is the time 
onstant 
oming

from the vehi
le's dynami
al system whi
h is heterogeneous for di�erent vehi
les.

The 
ontinuous-time system above should be turned into dis
rete-time domain


onsidering the implementation issue.

xi(k + 1) = Aixi(k) +Biui(k) (2.2)

Moreover, 
onstraints should be added on the vehi
le system,

vi(k) ≤ vlimit (2.3)

Ptractive,i(k)

ηi
≤ Pengine,i

Ptractive,i(k) =
Mi

1000
· vi(k) · ai(k) +

(

Mi · g · Cr +
ρ

2
· v2i (k) · Ai · Ca

)

·
vi(k)

1000
(2.4)

36



2.2 Modeling
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Figure 2.1: Platoon illustration

umin,i ≤ ui(k) ≤ umax,i (2.5)

|∆ai(k)| ≤ |∆a|max,i (2.6)

Equation (2.3) represents the road speed limit. Equation (2.4) is the power


onstraint of the ith vehi
le, and it means that the tra
tive power demanded by

the vehi
le 
annot ex
eed its engine power, where ηi is the transmission e�
ien
y

of the vehi
le. The tra
tive power is 
omposed of two parts, the �rst part 
omes

from the a

eleration of the vehi
le, while the se
ond part 
omes from the rolling

resistan
e and the aerial resistan
e, where g is the gravitational 
onstant, Cr is

the rolling resistan
e 
oe�
ient, ρ is the mass density of air, Ai is the vehi
le


ross se
tional area, and Ca is the aerodynami
 drag 
oe�
ient. In 
onsideration

of reality, we add equation (2.5) as the 
onstraint on the 
ontrol input be
ause

the thrust and the brake ability are usually limited. As the passenger's 
omfort

should be guaranteed, the a

eleration 
annot 
hange sharply, so the 
hanging

rate of a

eleration is also 
onstrained by equation (2.6).

2.2.2 Platoon model

We de�ne the vehi
le's position pi as the position of its rear bumper. li denotes

the length of the ith vehi
le Vi, while di denotes the safety spa
ing whi
h is de�ned

as:

di(k) = γi · dmin,i + hi · vi(k) (2.7)

where γi is a safety 
oe�
ient whi
h 
an be sele
ted by the driver in a

ordan
e

with the road 
ondition and driver's preferen
e. For instan
e, a bigger γi should
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2. DECENTRALIZED PLATOON CONTROL

be set to get a larger safety spa
ing when the road is wet. dmin,i is the minimal


onstant inter-distan
e, and hi represents a time delay to re
ognize a hard brake

of the pre
eding vehi
le. li, dmin,i and hi are all the spe
i�
 features of Vi. Hen
e,

the safety spa
ing di is 
omposed of two parts: γi · dmin,i is the 
onstant part

and hi · vi(k) is the velo
ity dependent part. An instan
e 
an be referred to the

platoon G3 in Fig. 2.1.

The spa
ing error of Vi to its pre
eding vehi
le Vi−1
an be de�ned as:

δi(k) = pi−1(k)− pi(k)− di − li (2.8)

with

δi(k) > −di (2.9)

(2.9) is a stri
t 
onstraint to be respe
ted in the 
ontrol pro
ess, whi
h aims

at avoiding 
ollision in the platoon. As introdu
ed in the 
ontrol obje
tives, the

platoon should be 
ompa
t to take full use of the spa
e, while a safety spa
ing

should be maintained to avoid rear-end 
ollision. This obje
tive 
an be explained

as a zero spa
ing error that we should a
hieve during the 
ontrol pro
ess.

For the velo
ity and a

eleration 
oordination of the platoon, 
on
eptions

of �expe
ted velo
ity� and �expe
ted a

eleration� are proposed in (Han et al.

(2013)). In this platoon model, the host vehi
le Vi 
an not only re
eive the

information from its nearest pre
eding vehi
le but also the leading vehi
le Vl of

the platoon, so that it 
an make the de
ision from a larger perspe
tive and the


ontrol 
an be more intelligent. The advantage of this setting is that the host

vehi
le has the ability to predi
t the behavior of the platoon, thus a smaller delay

of movement transmission 
an be a
hieved, and the platoon 
an 
onverge faster

to the steady state. The in�uen
e from the platoon leader Vl to the host vehi
le

Vi is related to the position of the host vehi
le in the platoon. The greater the

distan
e to the platoon leader, the host vehi
le get less in�uen
e from the leader

and more in�uen
e from the nearest pre
eding vehi
le. The expe
ted velo
ity

and a

eleration of the host vehi
le Vi are de�ned as follows:

vr,i(k) = (1− wi) · vi−1(k) + wi · vl(k)

ar,i(k) = (1− wi) · ai−1(k) + wi · al(k)
(2.10)
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where wi is the in�uen
e weight from the platoon leader, whi
h 
orresponds to the

vehi
le's position in the platoon, and it de
reases with the distan
e to the leader.

We 
an noti
e that the vehi
le right behind the leader is 
ompletely in�uen
ed

by the latter.

Therefore, we 
an de�ne the velo
ity error and the a

eleration error as:

∆ve,i(k) = vi(k)− vr,i(k)

∆ae,i(k) = ai(k)− ar,i(k).
(2.11)

The obje
tives of platoon 
ontrol 
an be partially expressed as to make the

spa
ing, velo
ity, and a

eleration error as small as possible. However, these

obje
tives are 
ontradi
tory in some 
ases. For example, when the vehi
les in

the platoon are at the same 
onstant velo
ity while the spa
ing error between

two vehi
les is not zero, the posterior vehi
le have to a

elerate to eliminate the

spa
ing error, whereas the velo
ity and a

eleration error have to be in
reased.

Thus, a priority must be de�ned for these three di�erent 
ontrol obje
tives.

In order to make de
isions individually, ea
h vehi
le in the platoon should be


apable to measure the three errors based on its own situation and the tra�


information 
oming from related vehi
les via V2V 
ommuni
ation. Therefore,

equations (2.8) and (2.10) should be integrated into the dis
rete vehi
le model

(2.2). The measurement output 
an be divided into two parts a

ording to the

information sour
e: the measurement based on its own situation, and the mea-

surement based on the information of the platoon leader and the nearest pre
eding

vehi
le. The former 
an be de�ned as yi:

xi(k + 1) = Aixi(k) +Biui(k)

yi(k) = Cixi(k)
(2.12)

where

Ci =





−1 −hi 0
0 1 0
0 0 1





And the latter 
an be de�ned as zi:

zi(k) = Hiξi(k) (2.13)
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where

Hi =





1 0 0 0 0
0 wi − 1 0 −wi 0
0 0 wi − 1 0 −wi





ξi =













xi−1(k)− li − γi · dmin,i(k)
vi−1(k)
ai−1(k)
vl(k)
al(k)













.

Therefore, the tra
king error of vehi
le Vi 
an be expressed as follows:

ei(k) = yi(k) + zi(k) (2.14)

where

ei(k) =
[

δi(k) ∆ve,i(k) ∆ae,i(k)
]T

.

2.3 PSO based Platoon 
ontrol

2.3.1 Cost fun
tion design

In order to �nd an optimal 
ontrol input for every vehi
le at ea
h time step with

an integrated 
onsideration of the 
ontradi
tory between di�erent obje
tives, a


ost fun
tion needs to be de�ned. In this paper, we use a quadrati
 fun
tion of

the tra
king errors and the 
ontrol input to �nd a trade-o� between the tra
king

obje
tives and the 
ontrol 
ost as well.

J(Vi) = eTi (k)Qiei(k) + uT
i (k)Riui(k) (2.15)

where Qi and Ri are respe
tively the weights of the tra
king errors and the 
ontrol

input,

Qi =





qi,1 0 0
0 qi,2 0
0 0 qi,3



 , Ri = conti.

In fa
t, the 
ost fun
tion of vehi
le Vi is de�ned as the weighted sum of its

tra
king errors and the 
ontrol input at step k, where the weights represent the

priorities of the di�erent obje
tives. In the fun
tion, the greater the weight is,

the more important the obje
tive will be, so the 
ontroller will tend to a
hieve
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this obje
tive in priority. For example, if the weight of spa
ing error is greater

than that of velo
ity error, the 
ontroller will adjust the spa
ing at �rst, when

the spa
ing error is small enough, the vehi
le will begin to adjust its velo
ity.

In this paper, 
onstraints like velo
ity limit, power limit, 
ollision avoidan
e,

and passenger 
omfort should also be 
onsidered. The feasible domain of 
ontrol

input is 
onstrained and varying at ea
h time step. Therefore, the studied problem

is a 
onstrained optimization problem. We utilize a penalty fun
tion te
hnique

(Parsopoulos et al. (2002)) to solve this 
onstrained optimization problem through

a sequen
e of un
onstrained optimization problems.

The penalty fun
tion is de�ned using a trail-and-error method, and the idea is

quite straightforward: a higher penalty value is given when a solution goes outside

the feasible domain. In fa
t, the penalty value must be given properly: if it is too

high, the optimization algorithm usually get trapped in lo
al optima, while if it

is too low, the feasible optimal solutions may not be found easily. The penalty

value 
an be either stationary or non-stationary: for the former, the penalty value

is �xed during the optimization pro
ess; and for the later, the penalty value is

variant with the iteration number. In this paper, we use a non-stationary penalty

value.

Another term for the penalty is added on the original 
ost fun
tion (2.15):

Jconstraint(Vi) = J(Vi) + h(n) ·H(xi) (2.16)

where J(Vi) is the original 
ost fun
tion that we de�ned in equation (2.15), h(n)

is the penalty value at the 
urrent iteration number n, and H(xi) is the penalty

fa
tor whi
h is de�ned as bellow:

H(xi) =
m
∑

j=1

θ(qj(xi)) · qj(xi)
r(qj(xi))

(2.17)

where m is the number of 
onstraints, and in this paper, we have speed limit,

power limit, 
ollision avoidan
e, and 
hange rate of a

eleration as the four 
on-
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straints, hen
e m = 4. qj(xi) are de�ned as follows:

q1(xi) = max(0, vi − vlimit),

q2(xi) = max(0,
Ptractive,i

ηi
− Pengine,i),

q3(xi) = max(0,−δi − di)

q4(xi) = max(0, |∆ai| − |∆a|max).

(2.18)

θ(qj(xi)) is a multi-stage assignment fun
tion, r(qj(xi)) is the power of the

penalty fun
tion, and their forms are given as bellow:

θ(qj(xi)) =



















ν1, if 0 < qj(xi) < µ1

ν2, if µ1 ≤ qj(xi) < µ2
.

.

.

νn, if qj(xi) ≥ µn−1

(2.19)

r(qj(xi)) =

{

1, if 0 < qj(xi) ≤ 1
2, if qj(xi) > 1.

(2.20)

The 
onstraints on 
ontrol input (2.5) is not in
luded in the 
ost fun
tion, they


an be added into the initialization pro
edure of the optimization algorithm.

Therefore, at ea
h time step k, the 
ontradi
tory 
ontrol obje
tives 
an be

summarized as to �nd the 
ontrol input u∗
i (k) whi
h minimizes the 
ost fun
-

tion value. Ui(k) is the feasible domain of 
ontrol input with respe
t to all the


onstraints above.

u∗
i (k) = arg min

u∈Ui(k)
[Jconstraint(Vi)]. (2.21)

2.3.2 Optimization algorithm

An optimization algorithm needs to be applied to solve the 
onstrained opti-

mization problem (2.16) that we have established. Due to the nonlinearity of

the obje
tives and 
onstraints, the optimal input 
ould be di�
ult to �nd using

deterministi
 algorithms. Thus, we tend to utilize heuristi
 algorithms whi
h 
an

handle both nonlinear obje
tive and 
onstraint fun
tions without requiring gra-

dient information. A
tually, there are four popular heuristi
 algorithms derived

from natural phenomena: Simulated Annealing Algorithm (SA), Geneti
 Algo-

rithm (GA), Ant Colony Optimization Algorithm (ACO) and Parti
le Swarm Op-
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timization Algorithm (PSO). Comparisons among these algorithms 
an be found

in (Hassan et al. (2005); Meihong & Wenhua (2010); Selvi & Umarani (2010)).

The parti
ular swarm optimization (PSO) is a population-based sto
hasti


algorithm developed by Eberhart and Kennedy (Eberhart et al. (1995); Kennedy

(2010); Stefanoiu et al. (2014)), and it is inspired by the so
ial behavior of animal

swarm like group of birds. In this algorithm, a parti
le is like an individual bird

with �ies through a multi-dimensional sear
h spa
e where ea
h position in the

spa
e is evaluated by a �tness fun
tion; ea
h parti
le adjusts its own traje
tory

towards its previous best position and the best position of all the parti
les in

a lo
al neighborhood (the neighborhood 
an refer to the whole swarm). Thus,

a parti
le 
an bene�t from the dis
overy of its neighbors and the previous dis-


overies. PSO has the best integrated performan
e among these four algorithms

(Meihong & Wenhua (2010)), due to its relatively simple formulation to perform

exploration and exploitation, thus lower 
omputational 
ost 
an be a
hieved. Un-

like geneti
 algorithm, there is no sele
tion and mutation pro
edure, and all the

parti
les survive till the end.

The pseudo 
ode of PSO is summarized in Algorithm 1. At the beginning, the

swarm is initialized in the feasible area of the moment with randomized positions

and velo
ities. Basi
ally, ea
h parti
le in the swarm updates its velo
ity and

position a

ording to the following two equations (2.22) and (2.23) at the 
urrent

iteration n.

V n+1
pi = φ · V n

pi + c1 · r1 · (Pbi −Xn
pi) + c2 · r2 · (Pgb −Xn

pi) (2.22)

Xn+1
pi = Xn

pi + V n
pi (2.23)

where pi refers to the ith parti
le and i = 1, 2, ..., Nswarm, Nswarm is the population

of the swarm.

The equation (2.22) is used to update the velo
ity of the parti
le based on the


urrent velo
ity V k
pi, the best position Pbi that the parti
le has rea
hed so far, and

the 
urrent best position Pgb among the neighborhood. φ is the inertia weight, r1

and r2 are two independent random number, and c1 and c2 are 
alled the learning

fa
tors. The three parts on the right side of the equation (2.22) are separately


alled the inertia part, the 
ognition part and the so
ial part. The �rst part

represents the exploration pro
ess while the se
ond and the third part represent

the exploitation pro
ess of the algorithm. The inertia weight make the parti
le
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2. DECENTRALIZED PLATOON CONTROL

Algorithm 1 Pseudo Code of PSO

Input:

Swarm size Nswarm, sear
hing area's dimension Dsearch, area's boundaries

(Xmin,Xmax), volo
ity limit Vmax;

Output:

Global best solution Pgbest;

1: Initialization of parti
les' positions and velo
ities within the boundaries;

2: repeat

3: for parti
le pi in Nswarm do

4: if f(Xpi) < f(Pbi) then
5: Pbi = Xpi;

6: end if

7: if f(Pbi) < f(Pgb) then
8: Pgb = Pbi;

9: end if

10: end for

11: for parti
le pi in Nswarm do

12: Update the velo
ity of the parti
le in every dimension by (2.22), and

adjust the velo
ity if it ex
eeds the boundaries;

13: Update the position of the parti
le in every dimension by (2.23), and

adjust the position if it ex
eeds the boundaries;

14: end for

15: until iteration > Max_iteration
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Table 2.1: Vehi
les' parameters setting.

Vehi
le pi vi li γi hi dmax,i δi
No. (m) (m/s) (m) (s) (m) (m)

V1 42.95 10 5 1.0 0.40 4.5 -

V2 35.65 10 4 1.1 0.30 3.0 -3

V3 23.25 10 4.5 1.0 0.40 4.5 -0.6

V4 10.65 10 3.5 1.1 0.30 3.0 2.8

V5 0.00 10 4.5 1.1 0.35 3.5 -1.2

tend to explore new areas of the sear
hing spa
e sin
e it 
annot easily 
hange its

velo
ity towards the best solutions. The three weights should be tunned 
arefully,

so that PSO 
an establish trade-o� between exploration and exploitation. If

not, the algorithm may su�er from premature 
onvergen
e, trapping in a lo
al

optima and stagnation. After the velo
ity update, the equation (2.23) updates

the position of the parti
le.

2.4 Simulation of algorithm

In this se
tion, our PSO-based platoon 
ontrol algorithm is tested. In the de-

signed s
enario, a platoon is formed by �ve vehi
les in whi
h V1 is the platoon

leader. And their initial positions, velo
ities and other parameter settings 
an

be found in Table 2.1. All the vehi
les are traveling at v = 10m/s in the be-

ginning, and a

ording to equation 2.8, the spa
ing errors of the following ve-

hi
les 
an be 
al
ulated, whi
h is also shown in 2.1. The 
ontrol input ui is

limited as ui ∈ [−1.5, 1.5]. And the 
hanging rate of a

eleration is limited

as ∆ai ∈ [−0.5m/s3, 0.5m/s3]. The total simulation time is T = 50s, and

the sampling time is set to Ts = 0.02s. For the PSO algorithm, the parame-

ters are set as followings: Nswarm = 10,Max_iteration = 30, φ = 0.729, c1 =

2.988, c2 = 2.988. The simulation is exe
uted in Matlab 2013a on a 
omputer

with IntelCoreTM i5− 2410M 2.3GHz.

The leading vehi
le V1 de
elerates with u = −1 from t = 6s to t = 12s,

then it a

elerates with u = 1 from t = 21s to t = 27s. In the platoon, V2

only re
eives the information from V1, be
ause its nearest pre
eding vehi
le is the

platoon leader. The other following vehi
les re
eive information from both V1
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Figure 2.2: Spa
ing error in the platoon

and its nearest pre
eding vehi
le. The following vehi
les try to �nd the optimal


ontrol input within the de�ned 
onstraints and eliminate all the tra
king errors


urrently exist and those 
aused by the leader's motions. The simulation results

are shown in the �gures 2.2, 2.3, 2.4 and 2.5.

As shown in the �gures, in the �rst �ve se
onds, the following vehi
les try to

redu
e the existing spa
ing error, be
ause spa
ing error is dominant for now in the


urrent 
ost. Thus the vehi
les must take a
tions, then the spa
ing error de
rease

qui
kly while the velo
ity error and a

eleration error in
rease. At t = 5s, all the

tra
king errors are redu
ed. From 5s to 10s, the spa
ing error be
ome lower than

1m while velo
ity error augment be
ause V1 begins to a

elerate. At t = 12s, the

a

eleration error is redu
ed 
ompared to the error at t = 6s. From 12s to 21s,

when the leading vehi
le is 
ruising at 
onstant speed, all the tra
king errors tend

to attenuate. Between 21s and 27s, all the following vehi
les are 
apable to tra
k

the leader's motion. From t = 45s, all the errors are eliminated. The platoon is

stabilized when fa
ing the in�uen
e of the leader's variate behavior, and rear-end


ollision is absolutely avoided during the whole pro
ess.

In this s
enario, the 
omputational 
ost of the PSO algorithm is quite low:

by applying the setup mentioned previously, to �nd a solution for a vehi
le in

one time step, it 
osts at most 0.032s, at least 0.015s, on average 0.017s whi
h

is smaller than the sampling time Ts = 0.020s. However, it still 
annot be

guaranteed that the vehi
le 
an �nd a solution during the sampling time. In the
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Figure 2.3: Velo
ity error in the platoon
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Figure 2.4: A

eleration error in the platoon
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Figure 2.5: Velo
ities of vehi
les

near future, when higher 
omputational ability 
an be obtained more 
heaply, this

PSO based platoon 
ontrol algorithm 
an be implemented for real-time usage.

2.5 Con
lusion

In this 
hapter, a PSO based platoon 
ontrol algorithm is des
ribed. At ea
h

time step, a vehi
le tries to �nd the optimal 
ontrol input to redu
e the three

tra
king errors in the platoon, a

ording to the information 
oming from the

platoon leader and the nearest pre
eding vehi
le via V2V 
ommuni
ations. The

vehi
les' dynami
 
apabilities and passenger 
omfort are also 
onsidered in this

algorithm.

Simulation results prove that our algorithm is e�e
tive to 
ontrol vehi
les in

the platoon. The platoon 
an be stabilized with redu
ed tra
king errors, and

in�uen
e from the a

eleration/de
eleration of leading vehi
le to the rest of the

platoon 
an be eliminated.

In future resear
h, additional properties su
h as data lose, delay and distur-

ban
e in 
ommuni
ation will be 
onsidered to make the algorithm more robust

when fa
ing realisti
 s
enarios.
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Chapter 3

Improving Tra�
 E�
ien
y via

V2X and CACC
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3.1 Introdu
tion

V2X te
hnology, in
luding Vehi
le to Vehi
le (V2V) 
ommuni
ation via wireless

ad ho
 network and Vehi
le to Infrastru
ture (V2I) via Dedi
ated Short-Range
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Communi
ation (DSRC), is 
onsidered to be the next step to 
onstru
t the in-

telligent transportation system (ITS). Instead of dete
ting the environment all

by the vehi
le itself, this te
hnology enables the 
ommuni
ation between vehi
les

themselves and with infrastru
ture along the road, thus autonomous systems 
an

be upgraded into 
ooperative systems. Possible appli
ations of V2X in terms of

safety, information dissemination and e�
ien
y are illustrated in (Hartenstein &

Laberteaux (2010)).

For instan
e, the 
ooperative 
ollision warning systems proposed in (Sengupta

et al. (2007)) provides warnings or situation awareness displays to drivers based

on information about the motions of surrounding vehi
les obtained via V2V 
om-

muni
ations from those vehi
les, without use of any ranging sensors. In (Wedel

et al. (2009)), a tra�
 
ongestion re
ognition and avoidan
e algorithm is pro-

posed whi
h utilizes V2X te
hnology to share information about the 
urrent lo
al

tra�
 situation and to use this information to optimize the routes. A velo
ity

planning algorithm is designed in (Mandava et al. (2009)) based on tra�
 signal

information obtained by V2I 
ommuni
ation, the idea is to minimize the a

el-

eration/de
eleration rates while ensuring the vehi
le get through the interse
tion

without 
oming to a full stop. Resear
hes shows that vehi
le fuel 
onsumption and

emissions 
an be redu
ed by avoiding sharp a

eleration/de
eleration patterns

and de
reasing idling period (Asadi & Vahidi (2011); Madireddy et al. (2011);

Mandava et al. (2009)). Similarly, di�erent optimal speed advising algorithms

based on V2I have been proposed by other resear
hers (Kamalanathsharma &

Rakha (2012); Kishore Kamalanathsharma & Rakha (2014); Malakorn & Park

(2010)). In these algorithms, the maneuver responsibility is left to the driver,

and no dire
t inter-vehi
le 
ommuni
ation is 
onsidered.

In this 
hapter, a de
entralized 
ooperative adaptive 
ruise 
ontrol algorithm

using V2X for vehi
les in the vi
inity of interse
tions (CACC-VI) is proposed. The

main idea is to reorganize the already existed platoons a

ording to the tra�


signal timing and the heterogeneous 
hara
teristi
s and 
apabilities of vehi
les to

take advantage of the unused road 
apa
ity in order to improve the throughput

of interse
tion. Meanwhile, many other features and limits are also taken into

a

ount, su
h as safety, fuel 
onsumption, speed limit, passenger 
omfort, et
.

Ea
h vehi
le in the platoon 
an obtain the position, velo
ity, and a

eleration

information from the platoon leader and the pre
eding vehi
le. A parti
ular
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swarm optimization (PSO) algorithm with 
onstraints is used to �nd the optimal

inputs at every step to eliminate the tra
king errors. When approa
hing the

interse
tion, an �opportunity spa
e" is 
al
ulated a

ording to the tra�
 signal

timing and platoons' future positions. An optimal traje
tory is 
al
ulated for ea
h

platoon leader in 
onsideration of fuel e
onomy within the 
onstrained domain.

A spa
e arrangement approa
h is designed in order to maximize the number of

vehi
les whi
h 
ould get through the interse
tion during the 
urrent green phase

and minimize the distan
e to be 
overed for ea
h vehi
le. If the opportunity spa
e

is larger than a platoon's length and the all the platoon members are 
apable

to produ
e the desired traje
tory, this platoon 
an get through the interse
tion

within the limited period by a

elerating. If not, the platoon splits into two parts,

the �rst one gets through the interse
tion by a

elerating, while the se
ond one

de
elerates to a lower speed to get through when the lights turns green. If the

opportunity spa
e has not been fully distributed, a vehi
le 
an 
hoose to join

in the pre
eding platoon to take advantage of this spa
e after verifying its own


apability.

The rest of the 
hapter is organized as follows. In se
tion 3.2, the s
enario

of our resear
h is des
ribed, the 
ontrol obje
tives are established. In se
tion

3.3, a platoon 
ontrol algorithm using 
onstrained PSO is given, and a platoon

reorganization method, in
luding our spa
e arrangement approa
h and traje
tory

planning algorithm, is introdu
ed in details. In se
tion 3.4, simulation results are

presented to prove the validation of our algorithm. Finally, some 
on
luding

remarks and perspe
tives are given in Se
tion 3.5.

3.2 Problem statement

3.2.1 S
enario des
ription

The obje
t of our study is the group of vehi
les approa
hing an interse
tion


ontrolled by a signal timing plan whi
h is produ
ed by the interse
tion manager

using some kind of superior signal 
ontrol algorithm to 
oordinate the vehi
les


oming from di�erent dire
tions. The tra�
 signal 
ontrol systems have been

widely investigated (He et al. (2012); Jiang et al. (2006); Mir
handani & Wang

(2005)) and will not be 
overed in the s
oop of this 
hapter. In our resear
h,

the interse
tion manager does not need to plan the traje
tory of ea
h vehi
le
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Figure 3.1: S
enario illustration

be
ause its 
omputational 
apability is usually limited, it produ
es only near

optimal s
hedule in
luding the �safe time window� and the �danger time window�

to permit or prohibit the vehi
les in a 
ertain lane to pass. In order to fa
ilitate

the expression, we 
onsider the �safe time window� as a �green light�, while the

�danger time window� as a �red light�. The plan 
an be expressed dire
tly by

physi
al tra�
 lights or be sent to vehi
les via V2I 
ommuni
ation.

Ea
h vehi
le is supposed to be equipped with V2V devi
e whi
h is 
apable to

send/re
eive the information su
h as position, velo
ity and a

eleration to/from

the 
orresponding vehi
le. The interse
tion manager 
an broad
ast the signal

timing to the vehi
les in the 
orresponding lane. We assume that lane-shifting

maneuver has been 
ompleted before arriving at the e�e
t area of our algorithm,

whi
h is de�ned as the area 
an be 
overed by the V2I 
ommuni
ation. So

all the lanes with green light 
an be 
onsidered as independent. Therefore, we


an extra
t a single lane from the interse
tion as our study obje
t in whi
h the

vehi
les' traje
tories should be planned a

ording to the signal time plan already

designed by the interse
tion manager.

To brie�y explain the idea of our method, we take the s
enario in Figure 3.1

as an instan
e. All the vehi
les 
ir
ulate from the left to the right. The vehi
les

whi
h have passed the interse
tion are not displayed in the �gure and they are not


onsidered in our algorithm. Platoons have been formed already when entering

the e�e
t area of our algorithm. Instead of a homogeneous vehi
le group in whi
h

all the vehi
les are of the same kind, a heterogeneous group is dis
ussed in this


hapter where vehi
les 
an be di�erent in type, size, engine power, and so on.

Besides, the di�eren
e in driver settings 
an also lead to the heterogeneity of

vehi
les.

In Figure 3.1, there are three platoons formed by eight vehi
les approa
hing
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the interse
tion in the same lane. The ith vehi
le is denoted as Vi, while the ith

platoon is denoted as Gi, and the tra�
 lights are installed at pT whi
h indi
ates

the position of interse
tion entran
e. The tra�
 signal timing is designed by the

interse
tion manager and is broad
asted to the vehi
les. The �rst platoon G1


an get through the interse
tion during the 
urrent green light by maintaining its


urrent speed, while the rest platoons G2 and G3 
annot. A ameliorated solution


an be found by our algorithm: the vehi
le V6 
an 
hoose to join in the platoon

G2, and the new platoon G′
2 a

elerates to pass during the limited period. At the

same time, the new platoon G′
3 de
elerates to a smaller velo
ity so that it 
an

get through the interse
tion when the light turns green again while full stop is

avoided.

3.2.2 Design obje
tives

A

ording to the vehi
les' behaviors in this s
enario, the design obje
tives of our

algorithm are established as followings:

� Instead of a 
entralized algorithm, a distributed one should be proposed

in order to redu
e the 
omputational 
ost at the interse
tion manager by

distributing the 
ost to vehi
les;

� In 
onsideration of the heterogeneity of vehi
les, it is ne
essary to design

an algorithm, in whi
h ea
h vehi
le must make de
isions individually based

on its own features, the driver's desired response and real-time tra�
 infor-

mation from other vehi
les and the interse
tion manager;

� The number of vehi
les whi
h 
an get through the interse
tion during the


urrent green phase should be maximized;

� The platoons should be �exible, a vehi
le 
an 
hoose to join in a platoon

or depart from it;

� Traje
tories need to be planned for vehi
les in di�erent 
ases, meanwhile

their fuel 
onsumption should be minimized;

� Constraints like speed limit and power limit of the vehi
le must be respe
ted;
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� The velo
ity of a platoon should be the same to its pre
eding platoon to

prevent 
ollision after getting through the interse
tion;

� The safety of the whole pro
ess must be guaranteed, thus a safety spa
e

must be maintained to avoid rear-end 
ollision;

� The passengers' 
omfort should be taken into a

ount, in other words, sharp


hange of the a

eleration should be averted.

It 
an be noti
ed that the last two obje
tives are the same as the obje
tives

in the platoon 
ontrol algorithm.

3.3 Methodology

In this se
tion, based on the 
ontrol obje
tives that we proposed and the models

of vehi
le and platoon, our CACC-VI algorithm is introdu
ed in details.

3.3.1 Overview of CACC-VI

First of all, an overview of CACC-VI is given as shown in Figure 3.2. The


on
eption of �Opportunity Spa
e� is proposed to evaluate the redundant road


apa
ity, and three sub-algorithms are designed to establish the integrated CACC-

VI algorithm. The �rst sub-algorithm is PSO based platoon 
ontrol algorithm

(2.3), whi
h is applied by the vehi
les in a platoon ex
ept the leader to eliminate

the tra
king errors that we de�ned in the previous se
tion; the se
ond one is the

traje
tory planning algorithm (3.3.2.1) whi
h aims at �nding an optimal input

pro�le for a vehi
le Vi to arrive at the de
ided future position p′i at time t with a

spe
i�
 velo
ity v; the third one is spa
e arrangement (3.3.2.2), whi
h is utilized

in 
oordination with the traje
tory planning to distribute the opportunity spa
e

to as many vehi
les as possible, while minimize the distan
e to be 
overed by

ea
h vehi
le.

At �rst, the interse
tion manager broad
asts the signal timing to the vehi
les

in the lane, while the platoons send their 
urrent positions and velo
ities to the

manager; then the opportunity spa
e is 
al
ulated and distributed to vehi
les

using spa
e arrangement approa
h and traje
tory planning algorithm; if there is

a vehi
le in the a

elerating platoon whi
h 
annot �nd an input pro�le, the last
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Figure 3.2: Overview of CACC-VI

55

chapter3/chapter3figs/Overview.eps


3. IMPROVING TRAFFIC EFFICIENCY VIA V2X AND CACC

vehi
le in the platoon is reorganized into the de
elerating platoon; then the pro-


ess is laun
hed again until all the vehi
les in the a

elerating platoon 
an �nd

a solution. After that, the platoon reorganization pro
ess is �nished. The newly

reorganized platoons are 
ontrolled by di�erent strategies: the platoon leaders are


ontrolled by following the preplanned traje
tories; the previous platoon leaders,

whi
h are merged into a new platoon, are 
ontrolled by a mixed 
ontrol strategy

that we de�ne in the se
tion 3.3.3; the other vehi
les are 
ontrolled by the PSO

based platoon 
ontrol algorithm. By using the CACC-VI algorithm, the interse
-

tion throughput 
an be improved by making use of the redundant road 
apa
ity;

and platoons' motion is 
ontrolled with stabilized behaviors in 
onsideration of

fuel 
onsumption, heterogeneous vehi
ular features and passenger 
omfort.

3.3.2 Platoon Reorganization

In this subse
tion, we fo
us on how to reorganize the platoons in 
onsideration

of the road 
apa
ity and the power limit of vehi
les to maximize the throughput

of the interse
tion. Several problems need to be solved:

� How to quantify the redundant road spa
e that 
an be taken advantage of?

� How many vehi
les to whi
h 
an be distributed this spa
e?

� How to verify if a vehi
le is 
apable to arrive at the de
ided position with

a 
ertain velo
ity at the de�nitive moment?

� If so, how to �nd an optimal traje
tory for this vehi
le to save fuel?

These questions 
an be responded in our traje
tory planning and spa
e arrange-

ment algorithms.

3.3.2.1 Traje
tory planning algorithm

This algorithm is designed to �nd the solution of the last two questions. First

of all, vehi
les should be divided into three 
ategories: vehi
les whi
h will get

through the interse
tion with a 
onstant velo
ity; vehi
les whi
h will get through

the interse
tion by a

elerating; the vehi
les whi
h will de
elerate to a smaller

velo
ity till the lights turns green again. These three 
ategories are separately

given the labels C1, C2 and C3. Our obje
tive is to plan the traje
tory for the
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vehi
les with labels C2 and C3. Basi
ally, a vehi
le needs to arrive at the de
ided

position with a 
ertain velo
ity at the de�nitive moment; at the same time,

the 
onstraints, like speed limit, power limit and stop-free, need to be followed;

besides, the fuel 
onsumption should be 
onsidered as well. Hen
e a feasible

traje
tory with least fuel 
onsumption should be found.

In our s
enario, the platoon of vehi
les with label C2 needs to a

elerate

at �rst, then to travel at a 
onstant velo
ity; as the distan
e to the nearest

pre
eding platoon of the whole platoon should be redu
ed, the platoon must

have a greater 
ruise speed; at last, the platoon should de
elerate to make its

velo
ity in a

ordan
e with the pre
eding platoon. Thus we 
an divide the whole

pro
ess into three se
tions: a

eleration, 
ruise and de
eleration. The platoon of

vehi
les with label C3 has a similar three-se
tion traje
tory: the platoon should

de
elerate to a lower 
ruise speed, and then a

elerate to the original speed to

pass the interse
tion. The duration of the three se
tions are separately noted as

t1, t2 and t3.

In this 
hapter, we 
onsider an uniform input for the a

eleration and the

de
eleration se
tion to simplify the traje
tory planning pro
ess. And the a

el-

eration and de
eleration pro
ess have the opposite 
ontrol input, while the input

during the 
ruising pro
ess is zero. The resear
h (Mandava et al. (2009)) shows

that fuel 
onsumption 
an be redu
ed by avoiding sharp a

eleration/de
eleration

maneuver, hen
e the input value should be minimized in order to have a envi-

ronment friendly driving pro
ess. Based on their algorithm, several modi�
ations

are proposed a

ording to our s
enario. On
e the optimal input is found, we 
an

determine the a

eleration/de
eleration at any time, and the velo
ity pro�le 
an

be planed. We note the 
urrent position and velo
ity of the vehi
le Vi as pi and vi,

its future position as p′i, the time to the moment when the light turns red/green

as Tr/Tg. Then the traje
tory planning problem 
an be translated into solving

the following optimization program:

minimize |ui| (3.1)
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with 
onstraints for vehi
les with label C2:

t1 + t2 + t3 ≤ Tr, t1, t2, t3 ∈ (0, Tr) (3.2)

vi(t1 + t2 + t3) = vtarget (3.3)

Ptractive,i(vi(t1))

ηi
≤ Pengine,i (3.4)

where vtarget is the velo
ity of the last platoon of vehi
les with label C1.

Constraints for vehi
les with label C3

t1 + t2 + t3 ≥ Tg, t1, t2, t3 ∈ (0, Tg) (3.5)

vi(t1 + t2 + t3) = voriginal (3.6)

where voriginal is the original velo
ity of the platoon.

Constraints for all the vehi
les

d(vi(0), ui, t1) + d(vi(t1), 0, t2) + d(vi(t1 + t2),−ui, t3) = p′i − pi (3.7)

0 < vi(t1 + t2) ≤ vlimit (3.8)

where d(vi(t), ui, tj) is the distan
e 
overed by the vehi
le with initial speed vi(t)

and 
ontrol input ui, during time tj.

The 
onstraints (3.2, 3.5), (3.3, 3.6) and (3.7) are separately the 
onstraints

of time, velo
ity and position. (3.4) and (3.8) are the power limit and the speed

limit. The distan
e and velo
ity of ea
h moment are 
al
ulated by using the

vehi
le's kinemati
 model (2.1). For the vehi
les with label C2, the greatest

demanded tra
tive power is at time t1. And for vehi
les with label C2/C3, the

greatest/smallest velo
ity is a
hieved at time t1 + t2, thus this velo
ity should be


onstrained below the speed limit and above zero to respe
t the tra�
 rules and

to avoid total stop.

This traje
tory planning algorithm 
an also be used to verify if a vehi
le with

label C2 is 
apable to follow an a

elerating traje
tory within 
onstraints. If an

input value 
an be found for vehi
le Vi, it means Vi is 
apable to get through the

interse
tion within the 
urrent green phase by a

elerating, thus Vi 
an be added

into the a

elerating platoon. If not, the vehi
le is abandoned by the platoon,

and it should 
hange its label to C3 to get through the interse
tion till the light

be
ome green again.
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3.3.2.2 Spa
e arrangement approa
h

This part is used to solve the �rst two problems that we propose in the beginning

of this se
tion. In order to apply the traje
tory planning algorithm that we

introdu
e before, the vehi
le's future position p′i must be de
ided. Sin
e the

tra�
 signal timing is broad-
asted to all the vehi
les within the V2I range, ea
h

platoon 
an �nd out if it 
an totally get through the interse
tion in time by

maintaining the 
urrent speed. If the last vehi
le of the last platoon whi
h 
an

pass is Vj , then we 
an de�ne the spa
e between the future position p′j of Vj and

the position of tra�
 lights pT as the �opportunity spa
e" S.

S = p′j − pT = pj + vj ∗ Tr − pT (3.9)

where pT is the position of the tra�
 lights; for unsignalized interse
tion, it is the

position of the interse
tion entran
e.

As we introdu
ed in the platoon model, a vehi
le needs a safety spa
ing di

to the pre
eding one, whi
h is a fun
tion of its own features and velo
ity. We


an de�ne the �demanding spa
e" of Vi as the sum of the vehi
le length and the

safety spa
ing a

ording to the targeted velo
ity vtarget.

SD,i = li + d′i = li + γi · dmin,i + hi · vtarget (3.10)

The idea of our spa
e arrangement approa
h is to distribute the �opportunity

spa
e" to as many vehi
les as possible a

ording to their demanding spa
es, while

to redu
e their distan
es to the future positions.

In the platoon reorganization pro
edure of our algorithm, after re
eiving the

broad-
asted tra�
 signal timing via V2I 
ommuni
ation, by evaluating the future

position of the last vehi
le in the platoon, ea
h platoon 
an predi
t if it 
an pass

by maintaining the 
urrent speed. If so, ea
h vehi
le in this platoon is 
lassi�ed

into the �rst 
ategory, and its label is set to C1; if not, it is temporarily 
lassi�ed

into se
ond 
ategory with label C2. Then the last vehi
le of the platoon with label

C1 sends immediately a message to the interse
tion manager indi
ating its future

position, thus the opportunity spa
e 
an be derived. The vehi
le's response after

it re
eives a broad-
asted message is summarized in Algorithm 2.

After the interse
tion manager has de
ided the opportunity spa
e, it sends

immediately this information 
ombined with the targeted velo
ity to the �rst
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Algorithm 2 Vehi
le's response to a broad-
asted message

Input:

The broad-
asted message Mbroad 
oming from the interse
tion manager;

Output:

The vehi
le Vi's label and message to interse
tion manager;

1: if The message is well re
eived then

2: Based on the signal timing Tr and the 
urrent velo
ity vi, predi
t the future
position p′i of the last vehi
le of the platoon;

3: if The Platoon 
an pass in time, p′i > pT then
4: Set labels of vehi
les in this platoon as C1;

5: Send a message to the interse
tion manager indi
ating the future posi-

tion, so that the opportunity spa
e 
an be 
al
ulated;

6: else

7: Set labels of vehi
les in this platoon as C2;

8: Send no message;

9: end if

10: end if

Table 3.1: Upstream message

Message type

Sender vehi
le ID

Remaining spa
e

platoon with label C2. Then ea
h vehi
le in this platoon 
an �nd its own de-

manding spa
e a

ording to the targeted velo
ity. A message propagates form

the leader to the tail of the platoon in order to distribute this opportunity spa
e.

We 
all this message the �upstream message", be
ause it goes from downstream to

upstream of the travel dire
tion. The message is formed by three �elds separately

indi
ating the message type, the sender's ID, and the remaining spa
e whi
h is

the opportunity spa
e in the upstream message it re
eives minus its demanding

spa
e. The stru
ture of an upstream message is shown in Table 3.1.

If a vehi
le in the platoon re
eives an upstream message in whi
h the remaining

Table 3.2: Downstream message

Message type

Vehi
le ID

Demanding spa
es

Corresponding IDs
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opportunity spa
e is less than its demanding spa
e, the vehi
le and its following

ones must depart form the 
urrent platoon and these vehi
les should 
hange their

labels from C2 to C3. Several operations need to be done in this 
ase: �rstly,

this vehi
le sends an abandoning message to its following vehi
les in the platoon

so that they 
an 
lassi�es themselves to the third 
ategory; se
ondly, this vehi
le

sends a V2I message to the interse
tion message indi
ating that the opportunity

spa
e has been totally distributed, and this message will be rebroad
asted to the

following platoons with label C2, so that they 
an be informed to 
hange their

labels to C3; thirdly, this vehi
le sends a message to the nearest pre
eding vehi
le

whi
h is 
omposed of four �elds as shown in Table 3.2. This message is 
alled

the �downstream message" be
ause of its opposite propagation dire
tion to the

upstream message. For a vehi
le with label C3, the �Demanding spa
es" �eld is

set to 0; while for a vehi
le with label C2, this �eld is the set of the demanding

spa
es of all its following vehi
les with label C2 and itself. The sum of this �eld

is the future position of the nearest pre
eding vehi
le. This setting 
an ensure

that the vehi
les' future positions are the nearest to the 
urrent ones, thus the

distan
es to be 
overed are minimal, and fuel 
onsumption is minimized. The

future position of vehi
le Vi 
an be expressed as:

p′i =
∑

j>i,j∈C2

SD,j + pT (3.11)

If the upstream message propagates to the tail of the platoon while the re-

maining opportunity spa
e is still larger than the demanding spa
e, it means

the opportunity spa
e has not been totally distributed, the platoon sends a V2I

message to the interse
tion manager indi
ating the remaining opportunity spa
e.

Then the manager sends this remaining spa
e to the next platoon to restart the

distribution pro
ess till the spa
e is totally distributed. The vehi
le's response to

an upstream message is summarized in Algorithm 3.
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Algorithm 3 Vehi
le's response to an upstream message

Input:

The upstream message Mup 
oming from the nearest pre
eding vehi
le;

Output:

The vehi
le Vi's label, upstream message, downstream message and V2I mes-

sage;

1: if The message is well re
eived then

2: if The remaining opportunity spa
e is greater than the demanding spa
e

then

3: Cal
ulate the new remaining opportunity spa
e;

4: if Vi is the tail of platoon then

5: Send a V2I message to the interse
tion manager indi
ating the remain-

ing opportunity spa
e;

6: else

7: Send an upstream message to the nearest following vehi
le Vi+1;

8: end if

9: else

10: Abandon joining in the vehi
le platoon, set its label as C3 and send the

abandoning messages to the following vehi
les;

11: Set the demanding spa
e as 0 and send the downstream message to the

nearest pre
eding vehi
le Vi−1;

12: Send a V2I message to the interse
tion manager indi
ating the opportu-

nity spa
e is totally distributed;

13: end if

14: end if
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Algorithm 4 Vehi
le's response to a downstream message

Input:

The downstream message Mdown 
oming from the nearest following vehi
le;

Output:

The vehi
le Vi's label and a downstream message or a 
on�rmation message

or an abandoning message;

1: if The message is well re
eived then

2: Cal
ulate its future position using the information in the downstream mes-

sage;

3: Lun
h the traje
tory planning pro
edure;

4: while Solution does not exist && Vi is not the last vehi
le in the 
urrent

platoon do

5: Abandon the last vehi
le, re
al
ulate the future position p′i and lun
h

the velo
ity planning again;

6: end while

7: if Solution exists then

8: if Vehi
le Vi is the platoon leader then

9: Send the 
on�rmation message to all the vehi
les with label C2;

10: else

11: Send the downstream message to the nearest pre
eding vehi
le Vi−1;

12: end if

13: else

14: Abandon joining in the platoon;

15: end if

16: end if

When a vehi
le with label C2 re
eives a downstream message, it sums up all

the items in the �Demanding spa
es" to obtain its own future position, and then

lun
hes the traje
tory planning algorithm to �nd an optimal input pro�le. If

the solution exists and the vehi
le is the platoon leader, it sends a 
on�rmation

message to all the vehi
les with label C2, and a new platoon is formed; if the

solution exists and vehi
le is not the leader, it adds information to the last two

�elds of the downstream message and sends it to the nearest pre
eding vehi
le; if

the solution does not exist, the vehi
le sends an abandoning message to the last

vehi
le with label C2, re
al
ulates the future position and lun
h the traje
tory
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planning again; this pro
edure is repeated until the vehi
le �nds a solution. When

the vehi
le be
omes the last one in the platoon but the solution still does not exist,

it must depart from the a

elerating platoon and send a downstream message

with zero demanding spa
e. This pro
ess is repeated until all the vehi
les in

the platoon are 
apable to arrive at the de
ided future positions with respe
t to

the speed and power limits. The vehi
le's response to a downstream message is

summarized in Algorithm 4.

An example of the spa
e arrangement approa
h is given in Figure 3.3. We

assume that V1 is the last vehi
le with label C1, thus we 
an de�ne the opportunity

spa
e as shown in the �gure; with the propagation of upstream messages, the

opportunity spa
e is distributed to �ve vehi
les; the vehi
le V7 has to abandon

joining in the a

elerating platoon be
ause its demanding spa
e is greater than the

remaining opportunity spa
e, therefore V7 sends abandon messages to its following

vehi
les, a downstream message to V6, and a V2I message to the interse
tion

manager; then ea
h vehi
le temporally with label C2 begins to plan its input

pro�le after re
eiving a downstream message in whi
h the relative information


an be used to 
al
ulate its future position; the vehi
le V6 
an �nd an optimal

input pro�le while the vehi
le V5 
an't, therefore V5 sends an abandoning message

to V6, and the traje
tory planning is lun
hed again; the solution still does not

exist, therefore V5 sends a downstream message with a zero demanding spa
e to

V4; V2, V3 and V4 are all 
apable to �nd the solution a

ording to their future

positions, therefore a platoon of three vehi
les is formed.

The future positions of vehi
les with label C3 are quite easy to be de
ided:

the �rst vehi
le in C3 is denoted as Vk, and its future position at Tg is pT − lk,

be
ause it 
an only enter the interse
tion after Tg; the future positions of the rest


an be de
ided by:

p′i = pT − lk −
∑

j>k,j∈C3

SD,j (3.12)

where SD,j is the demanding spa
e of a vehi
le Vj with label C3:

SD,j = lj + d′j = lj + γj · dmin,j + hj · voriginal (3.13)

Then the traje
tory of vehi
les in C3 
an be de
ided by the traje
tory planning

algorithm. The platoon should slow down to a smaller velo
ity then a

elerates
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Figure 3.3: An example for spa
e arrangement approa
h

to its original velo
ity when the light turns green again. If an optimal 
ontrol

input 
an be found, the vehi
le 
an get through the interse
tion without full stop.

By using the traje
tory planning algorithm and the spa
e arrangement ap-

proa
h, all the four questions 
an be responded. The platoons are reorganized

and their traje
tory are planned separately: the platoons of vehi
les with label

C1 get through the interse
tion with 
onstant velo
ity; all the vehi
les with la-

bel C2 reform a new platoon, and this platoon gets through the interse
tion by

a

elerating; all vehi
les with label C3 reform another new platoon whi
h gets

through the interse
tion by the next green phase.

3.3.3 Mixed Control Strategy

In fa
t, the traje
tories of vehi
les in the platoons with label C2 and C3 are

planned in advan
e, and the vehi
les in these platoons are 
apable to arrive at

the de
ided position with a 
ertain velo
ity at the de�nitive moment; however,

the traje
tories are planned individually for ea
h vehi
le a

ording to the het-

erogeneous 
hara
teristi
s, without any 
onsideration of the existen
e of other
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vehi
les; therefore, a 
ollision-free pro
edure 
annot be guaranteed by following

these preplanned traje
tories. Thus, in our algorithm, only a platoon leader's pre-

planned traje
tory is kept, while the rest vehi
les in the platoon are still piloted

by the PSO based platoon 
ontrol algorithm with V2V 
ommuni
ation.

For the vehi
les newly reorganized in a platoon, a mixed strategy is designed:

they are treated as a �sub-platoon" in the beginning, whi
h merges into its pre-


eding platoon when the spa
ing error be
omes small enough. In other words,

the previous platoon leader utilizes the its preplanned traje
tory at �rst, then

it swit
hes to the PSO based 
ontrol strategy when the distan
e to the pre
ed-

ing vehi
le is small enough; and the other vehi
les in the �sub-platoon", if there

is any, are always 
ontrolled by the PSO based 
ontrol algorithm. The swit
h

from preplanned traje
tory to PSO based algorithm is not reversible. The mixed


ontrol strategy 
an be expressed as following:

ui(k) =

{

upreplanned,i(k), if δi(k) ≥ E
uPSO,i(k), if δi(k) < E

(3.14)

where E is the threshold of swit
h.

3.4 Simulation Experiments

3.4.1 Setup

In this se
tion, the CACC-VI algorithm is tested and veri�ed by a designed

s
enario, in whi
h, nine vehi
les 
ir
ulate in the same lane, the 
urrent phase of

the tra�
 lights is green, and it turns to red in Tr = 18s, then the next green

phase is at Tg = 36s. The vehi
les are divided into three platoons: V1 ∼ V3

are in platoon G1; V4 ∼ V6 are in platoon G2; and V7 ∼ V9 are in platoon

G3. Vehi
les V1, V4 and V7 are separately the leaders of these three platoons.

It is assumed that all the vehi
les are 
ruising at the same 
onstant velo
ity

v = 10m/s in the beginning, thus the targeted velo
ity vtarget and the original

velo
ity voriginal are equal to 10m/s, therefore the platoons with labels C2 and

C3 should enter the interse
tion with velo
ities of this value. The platoons are


ontrolled by the proposed 
ontrol algorithm, and the tra
king errors in ea
h

platoon at t = 0s in
luding spa
ing error, velo
ity error and a

eleration error

are all zeros. The road speed limit is set to vlimit = 50km/h (13.89m/s) whi
h
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Vehi
le pi li Pengine,i τi hi dmax,i γi Ai Platoon

No. (m) (m) (kw) (s) (s) (m) (m2)

V1 -80.00 5.0 150 0.45 0.40 4.5 1.0 1.5 G1

V2 -90.80 4.5 140 0.30 0.30 3.0 1.1 2.0 G1

V3 -103.30 4.0 130 0.45 0.40 4.5 1.0 1.8 G1

V4 -165.00 4.5 100 0.30 0.30 3.0 1.1 1.7 G2

V5 -175.85 3.5 140 0.40 0.35 3.5 1.1 1.6 G2

V6 -190.85 5.0 150 0.30 0.40 5.0 1.2 2.0 G2

V7 -223.20 5.0 120 0.30 0.35 3.5 1.1 2.0 G3

V8 -233.20 3.5 100 0.40 0.35 3.0 1.0 2.2 G3

V9 -243.05 3.0 125 0.45 0.30 3.5 1.1 1.8 G3

Table 3.3: Vehi
les' parameters setting.

is a 
ommon value of urban road. The 
ontrol input ui of ea
h vehi
le is limited

as ui ∈ [−1.5, 1.5]. To guarantee the passenger 
omfort, the 
hanging rate of

a

eleration should be limited as ∆ai ∈ [−0.5m/s3, 0.5m/s3]. The tra�
 lights

whi
h indi
ate the entran
e of interse
tion are installed at pT = 0m, while the

initial positions and features of the nine vehi
les are shown in Table 3.3. This

table shows that the vehi
les are heterogeneous in terms of engine power, length,

user preferen
e and many other features, and this heterogeneity a

ords with the

design obje
tive of our CACC-VI algorithm. The threshold in the mixed 
ontrol

strategy is set as E = 4m. The total simulation time is T = 40s, and the sample

time is set to Ts = 0.02s. As for the PSO based platoon 
ontrol algorithm,

the parameters are set as followings: Nswarm = 10,Max_iteration = 30, φ =

0.729, c1 = 2.988, c2 = 2.988. The simulation is exe
uted in Matlab 2010b on a


omputer with IntelCoreTM i5− 2410M 2.3GHz.

Based on the signal timing of tra�
 lights and the 
urrent velo
ities of vehi
les,

it 
an be predi
ted that the �rst platoon formed by V1 ∼ V3 
an fully get through

the interse
tion by maintaining the 
urrent velo
ity, so they are 
lassi�ed into the

�rst 
ategory and given the label C1. Therefore the opportunity spa
e, that we

de�ned in (3.9) as the spa
e left behind the last vehi
le with label C1 at moment

Tr, 
an be de
ided as 76.7m.
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3.4.2 Simulation results

3.4.2.1 Platoon reorganization

The opportunity spa
e is distributed, using the traje
tory planning algorithm and

the spa
e arrangement approa
h, to as many vehi
les as possible. A

ording to

the targeted velo
ity and the heterogeneous features, the demanding spa
es 
an

be 
al
ulated, therefore the opportunity spa
e 
ould be distributed to the rest six

vehi
les.

However, after laun
hing the traje
tory planning algorithm for the �rst time,

none of the vehi
les 
an �nd a feasible solution within 
onstraints for the designed

future positions. Thus vehi
le V9 is abandoned, then the future positions are re-


al
ulated for the se
ond traje
tory planning. This time, V4, V5 and V6 
an �nd

a solution while V7 and V8 
annot. So vehi
le V8 should abandon joining in the

a

elerating platoon. In the third traje
tory planning with updated future posi-

tions, all the four vehi
les V4, V5, V6 and V7 
an �nd feasible solutions. Therefore,

their labels should stay un
hanged as C2, and the new platoon G′
2 is formed. This

platoon is 
apable to get through the interse
tion during the 
urrent green phase

by a

elerating while respe
ting the 
onstraints. As for the rest two vehi
les V8

and V9, they should 
hange their labels to C3, and a new platoon G′
3 whi
h will

get through the interse
tion in the next green phase, is also formed. In other

words, in the platoon reorganization pro
edure, the vehi
le V7 departs from the


urrent platoon G3 and joins in the pre
eding platoon G2 to form a new platoon

G′
2; at the same time, the rest of G3 be
omes a new platoon G′

3.

This is the optimal result regarding to 
onstraints su
h as spa
e, velo
ity,

engine power and time. The results of the platoon reorganization are summarized

in Table 3.4.

3.4.2.2 A

elerating platoon

For the platoon G′
2, whi
h has the opportunity to get through the interse
tion by

a

elerating during the 
urrent green phase of tra�
 lights, the leader V4 utilizes

the preplanned traje
tory while the previous leader V7 of platoon G3 utilizes the

mixed 
ontrol strategy, and the rest is 
ontrolled by the platoon 
ontrol algorithm

based on PSO. For illustration, the position, the velo
ity and the a

eleration of

the vehi
les are shown in Figure 3.4, the tra
king errors are shown in Figure
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i
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l
a
t
i
o
n
E
x
p
e
r
i
m
e
n
t
s

Vehi
le SD,i 1st Arrangement 2nd Arrangement 3rd Arrangement

No. (m) Positions Solutions Positions Solutions Positions Solutions Labels Platoons

V4 10.80 61.05 Not

Exist

51.20 Exist 41.20 Exist C2 G′
2

V5 10.85 50.20 Not

Exist

40.35 Exist 30.35 Exist C2 G′
2

V6 15.00 35.20 Not

Exist

25.35 Exist 15.35 Exist C2 G′
2

V7 12.35 22.85 Not

Exist

13.00 Not

Exist

3.00 Exist C2 G′
2

V8 10.00 12.85 Not

Exist

3.00 Not

Exist

- - C3 G′
3

V9 9.85 3.00 Not

Exist

- - - - C3 G′
3

Table 3.4: Platoon reorganization of CACC-VI algorithm.

6
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3. IMPROVING TRAFFIC EFFICIENCY VIA V2X AND CACC

3.5, and the 
ontrol inputs are shown in Figure 3.6. By the result of traje
tory

planning, V4 needs to a

elerate for t(V4)1 = 7s with 
ontrol input u(V4)1 = 0.4;

then 
ruising with u(V4)2 = 0 for t(V4)2 = 3s; �nally, de
elerate with negative

input u(V4)3 = −0.4 in t(V4)3 = 7s. Due to the equality of the original velo
ity

and the targeted one, the a

eleration and the de
eleration pro
ess have the

same duration. The previous platoon leader V7 tends to utilize the preplanned

traje
tory at �rst, be
ause it is still far away from its nearest pre
eding vehi
le

V6. The preplanned traje
tory for V7 is to a

elerate with the input u(V7)1 = 0.8

during t(V7)1 = 5s; then to 
ruise with u(V7)2 = 0 for t(V7)2 = 7s; at last to

de
elerate with u(V7)3 = −0.8 during t3 = 5s.

The members ofG′
2 ex
ept V4 need to �nd the optimal 
ontrol input within the


onstraints based on its 
urrent state and the information 
oming form related ve-

hi
les: the platoon leader and the nearest pre
eding vehi
le. In this s
enario, the

vehi
le V5 re
eives the information only from V4, be
ause the platoon leader and

the nearest pre
eding vehi
le are the same one; while V6 re
eives the information

from V4 and V5, and V7 from V5 and V6.

The positions of the vehi
les in G′
2 at Tr = 18s are separately 41.10m, 30.61m,

15.51 and 2.15m, so the whole platoon passes the interse
tion. The interse
tion

throughput during the 
urrent green phase is improved from three vehi
les to

seven vehi
les. Although there are some errors to the future positions de
ided

in the platoon reorganization pro
ess, the main obje
tive of the algorithm is

a
hieved. All the vehi
les 
an arrive at the targeted velo
ity 10m/s after t = 20s,

so the design obje
tive of velo
ity is also a
hieved. The PSO based platoon


ontrol algorithm works well for V5 and V6, be
ause they are 
apable to tra
k the

traje
tory of leader V4, and all the tra
king errors are well limited and eliminated.

From Figure 3.4(b), the three-se
tion velo
ity traje
tory of V4 and V7 
an be


learly noti
ed, and their top velo
ities are well limited below vlimit = 13.89m/s.

The initial spa
ing error of V7 is δ7(0) = 20m, therefore it must 
at
h up with

the majority of G′
2: at �rst, it follows the preplanned traje
tory with helps it to

arrive at the speed limit in �ve se
onds, so that the spa
ing error 
an be qui
kly

redu
ed, whereas the velo
ity error and a

eleration error in
rease in this period;

when V7 is 
lose enough to the pre
eding vehi
le V6 (δ7 < 4m) at around t = 10s,

it swit
hes to PSO based platoon 
ontrol algorithm in order to eliminate all the

tra
king errors. Due to the limit of a

eleration 
hanging rate, the passenger will
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(a) Positions: All the vehi
les in the platoon get through the interse
tion at

Tr = 18s with positions p4 = 41.10m, p5 = 30.61m, p6 = 15.51m and p7 =

2.15m; the interse
tion throughput is improved from 3 to 7.
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(b) Velo
ities: The velo
ities are well limited below the speed limit vlimit =

13.89m/s; the velo
ities tend to 
onverge to the targeted velo
ity vtarget =

10m/s.
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(
) A

elerations: V4 utilizes the preplanned traje
tory, V5 and V6 utilizes the

PSO based 
ontrol algorithm, and V7 utilizes the mixed 
ontrol strategy; the

delay between V6 and V5 is smaller than that between V5 and V4.

Figure 3.4: Motion of a

elerating platoon G′
2
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(a) Spa
ing errors: The spa
ing error δ7 redu
es with time; all the spa
ing errors

be
ome zero after t = 25s; the rear-end 
ollision is absolutely avoided.
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(b) Velo
ity errors: The velo
ity error ∆ve,7 in
reases during the �rst 5s; then
all the velo
ity errors in the platoon G′

2
are limited and 
onverge to 0 after the

platoon passes the interse
tion.
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(
) A

eleration errors: A

eleration errors in the platoon G′

2
are also limited

and 
onverge to 0 after the platoon passes the interse
tion.

Figure 3.5: Tra
king errors in the platoon G′
2

72

chapter3/chapter3figs/Spacing_error.eps
chapter3/chapter3figs/Velocity_error.eps
chapter3/chapter3figs/Acc_error.eps


3.4 Simulation Experiments

0 5 10 15 20 25 30 35 40
−1

−0.5

0

0.5

1

Time (s)

C
o
n
tr

o
l 
In

p
u
t

Vehicle 4

Vehicle 5

Vehicle 6

Vehicle 7

Figure 3.6: Control inputs of vehi
les in the platoon G′
2

not feel the swit
h pro
ess. The relative information 
an be referred to Figure

3.4(b), 3.4(
), 3.5 and 3.6.

All the tra
king errors of platoon G′
2 are eliminated after t = 25s; rear-end


ollision is absolutely avoided; the platoon is stabilized when fa
ing the in�uen
e

of the leader's 
hanging behavior. Moreover, the di�eren
e between the two


ommuni
ation topologies 
an also be noti
ed: in Figure 3.4(b) and 3.4(
), we


an �nd a smaller delay between V5 and V6 than that between V4 and V5. Due to

the 
ommuni
ation with the platoon leader and the nearest pre
eding vehi
le, V6


an predi
t the behavior of V5, so that it 
an exe
ute the maneuver in advan
e.

3.4.2.3 De
elerating platoon

For the platoon G′
3, whi
h is formed by V8 and V9, it 
annot get through the

interse
tion within the 
urrent green phase, therefore it 
hooses to de
elerate to

a lower speed without full stop and to pass the interse
tion during next green

phase.

Similar to the platoon G′
2, the leader V8 follows the preplanned traje
tory:

V8 should de
elerate with u(V8)1 = −0.44 during t(V8)1 = 16s, then 
ruise

with u(V8)2 = 0 in t(V8)2 = 4s, at last, a

elerate with u(V8)3 = 0.44 within

t(V8)3 = 16s. V9 
al
ulates the near optimal solution using the PSO based 
on-

trol algorithm a

ording to the designed 
onstraints and the information from V8.

The results 
an be found in Fig. 3.7. At Tg = 36s when the next green phase

begins, the positions of V8 and V9 are separately p8 = −3.55m and p9 = −14.10m

whi
h are very 
lose to their distributed future position −3.50m and −13.35m.
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(a) Positions: At Tg = 36s, the positions of V8 and V9 are separately p8 =

−3.55m and p9 = −14.10m; the rear-end 
ollision is absolutely avoided with

limited spa
ing error.
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(b) Velo
ities: The lowest speed is 3m/s, the platoon G′

3
does not need to fully

stop; the velo
ities at Tg = 36s are all equal to 10m/s.
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(
) A

elerations: V8 utilizes the preplanned traje
tory while V9 applies the

PSO algorithm to tra
k its behavior.

Figure 3.7: Motion of de
elerating platoon G′
3
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3.5 Con
lusion

The lowest speed is 3m/s, in other words, the platoon G′
3 does not need to fully

stop to wait for the next green phase. The velo
ities at Tg = 36s are all equal

to 10m/s, it means the platoon re
overs to its original velo
ity. Thus the 
ontrol

obje
tives of G′
3 are all a
hieved.

The simulation results 
an prove that the CACC-VI algorithm that we de-

signed a
hieves all the 
ontrol obje
tives that we established in the beginning.

3.5 Con
lusion

The most important 
ontribution of this 
hapter is the presentation of a potential

appli
ation of V2X 
ommuni
ation to ameliorate the road transportation systems

in terms of safety, time-saving, and environment friendly. In this 
hapter, we

have proposed a de
entralized 
ooperative adaptive 
ruise 
ontrol algorithm for

vehi
les in the vi
inity of interse
tions (CACC-VI), whi
h aims at maximizing

the throughput of interse
tion within a limited green phase of tra�
 lights, by

making use of the remnant road 
apa
ity, while 
onsidering safety, fuel saving,

velo
ity limitation, heterogeneous dynami
s of vehi
les and passenger 
omfort.

The CACC-VI algorithm 
omposes of two main parts: platoon reorganization

and platoon 
ontrol. In the �rst part, a traje
tory planning algorithm is intro-

du
ed whi
h is used to �nd a feasible input pro�le to a

omplish designed motion

within 
onstraints; and a spa
e arrangement approa
h is designed, in whi
h the

vehi
les use di�erent types of messages to share the information of the related

spa
es, the targeted velo
ity and the pass 
apability in order to take full use of the

opportunity spa
e while redu
e the distan
es should be 
overed by the vehi
les in

the platoon; with these two methods, the platoons be
ome �exible: vehi
les 
an


hoose to a

elerate to join in the pre
eding platoon or de
elerate to depart from

the 
urrent platoon. In the se
ond part, di�erent 
ontrol strategy are used: the


urrent platoon leaders follow the preplanned traje
tories designed in the �rst

part; the previous leaders follow a mixed 
ontrol strategy; and the rest vehi
le

use a 
onstrained PSO algorithm to �nd the optimal 
ontrol input to minimize

the value of the 
ost fun
tion, whi
h is de�ned 
onsidering the tra
king errors,

the 
ontrol input and the di�erent types of 
onstraints.

Simulation experiments show that our algorithm is 
apable to 
ontrol vehi
les

of di�erent situations; the number of vehi
les whi
h 
an get through the inter-
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se
tion during the green phase 
an be greatly improved; and the optimal 
ontrol

input 
an be found within the de�ned 
onstraints so that the disturban
es like

a

elerating and de
elerating from the platoon leader to the rest of the platoon


an be attenuated.

However, there are still some aspe
ts that we have not taken into a

ount. For

example, in reality, the vehi
les enter the e�e
t area of the algorithm progressively,

it is ne
essary to de
ide the a
tivation moment of the algorithm; a larger s
ale

simulation need to be 
ondu
ted for fully fun
tional interse
tions to further test

the e�e
tiveness of this algorithm. These aspe
ts will be studied in our future

resear
h.
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4.1 Introdu
tion

In urban tra�
 s
enarios, interse
tions are 
onsidered to be one of the most high-

risk pla
es where a

idents may o

ur. Besides, 
ongestions 
aused by improper

tra�
 signal setting make people spend more time on road and more fuel is 
on-

sumed, whi
h 
auses more pollution. Therefore, improving safety and e�
ien
y

at interse
tions needs to be resear
hed.

A
tuated tra�
 signal 
ontrol systems are the one of the earliest attempts to

improve the interse
tion's e�
ien
y: indu
tive loops are used to dete
t vehi
les

in order to ask for additional green time (Papageorgiou et al. (2003)). Predi
-

tive models are added into adaptive signal 
ontrol systems (Hunt et al. (1982);

Mir
handani & Wang (2005)) to fore
ast the vehi
le arrivals and estimate queue

lengths at interse
tions.

More e�
ient, better spa
e utilization and elimination of human distra
tion

and misjudgment, autonomous vehi
les are 
onsidered to be highly potential to

improve safety. Integration of wireless 
ommuni
ation te
hnology in autonomous

vehi
les 
an bring many possibilities to design intelligent road transportation

systems in the future (Hartenstein & Laberteaux (2010)). In this 
ase, 
ommuni-


ations between vehi
le and vehi
le (V2V) and between vehi
le and infrastru
ture

(V2I) are enabled. Thus vehi
le information like velo
ity, a

eleration and ve-

hi
le type 
an be shared, and tra�
 information like vehi
le density, a

idents

and light signal timing 
an be a
quired and disseminated. A vehi
le does not

have to dete
t the environment all by itself, and it 
an be aware of the situation

even beyond the line of sight. Therefore, the individual intelligen
e of a single

autonomous vehi
le 
an be extended into 
olle
tive intelligen
e of vehi
le groups

and interse
tion agents.

By using V2X 
ommuni
ation, revolutionary improvements 
an be a
hieved in

tra�
 
ontrol systems for interse
tions. A survey of di�erent design philosophy for

tra�
 
ontrol using V2X 
ommuni
ation is given in (Li et al. (2014)). Generally,

there are two ways to improve the 
urrent systems. One way is platoon-based


ontrol strategy (He et al. (2012); Jiang et al. (2006); Pandit et al. (2013); Priemer

& Friedri
h (2009); Xie et al. (2011, 2012)), in whi
h time plan of tra�
 lights

is set referring to the information of platoons 
oming from di�erent dire
tions

so that they 
an get through the interse
tion without being interrupted. If V2X

devi
e is integrated in the platoon, the information 
an be sent dire
tly to the
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interse
tion manager instead of identifying the platoon by indu
tive loops or other

sensors (Priemer & Friedri
h (2009)). In (He et al. (2012)), an arterial tra�



ontrol algorithm for interse
tions is proposed, whi
h is 
apable to re
ognize

the vehi
le platoons and to determine future optimal signal plans based on the


urrent tra�
 
ontroller status, online platoon data and priority requests from

spe
ial vehi
les, su
h as transit buses.

Another way is 
ooperative driving, in whi
h the interse
tion 
ontroller re-


eives the vehi
les' requests to get through the interse
tion and gives ea
h vehi
le

the advi
e of an optimal 
ourse in 
onsideration of their dynami
 
apa
ity of a
-

tion ensuring no 
rash o

urs, at the same time minimizing the interse
tion delay

and fuel 
onsumption (Dresner & Stone (2008); Li & Wang (2006); Liu & El

Kamel (2016e); Lu & Kim (2016); Wu et al. (2012); Wuthishuwong et al. (2015);

Zohdy & Rakha (2014)). In 
ooperative driving, a platoon be
omes �exible, a

vehi
le 
an join in or depart from an already formed platoon; and several vehi
les


an also 
hoose to form a new one (Li & Wang (2006); Liu & El Kamel (2016e)).

There are two ideas to de
ide a feasible s
hedule: negotiation-based 
ontrol (Dres-

ner & Stone (2008); Lu & Kim (2016); Wu et al. (2012)) and planning-based 
on-

trol (Li & Wang (2006); Liu & El Kamel (2016e); Wuthishuwong et al. (2015);

Zohdy & Rakha (2014)). The former 
onsumes less 
omputation 
osts be
ause

only the vehi
les nearby the interse
tion are taken into a

ount, whereas the lat-

ter sometimes 
an a
hieve higher performan
e. In (Dresner & Stone (2008)), a

�rst-
ome-�rst-serve poli
y is used, and every vehi
le must send a reservation

message to the interse
tion manager, then the latter 
he
ks the availability of the

spa
e. If the reservation is not in 
on�i
t with the reservations of others, a 
ar is

allowed to pass through the interse
tion. Otherwise, the 
ar has to generate and

send new request messages while de
elerating until it gets the permission from

the manager. At the worst, the vehi
le must stop before the interse
tion and

start again. In (Wuthishuwong et al. (2015)), an in
oming vehi
le requests the

state of interse
tion from the manager, then dis
rete mathemati
s is used to plan

a safe traje
tory for vehi
le to pass the interse
tion; the related message proto
ol

is also designed. A CACC-VI algorithm is designed in (Liu & El Kamel (2016e))

in order to improve the throughput of the interse
tion within the 
urrent green

time by taking advantage of the redundant road 
apa
ity and reorganizing the

platoons.
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In this 
hapter, a de
entralized autonomous interse
tion 
ontrol (DAIC) al-

gorithm is designed to improve the e�
ien
y while guarantee the safety of in-

terse
tion. Vehi
les around the interse
tion are divided into three sets: 
ruising

set, tuning set and free set. A vehi
le in the 
ruising set must get through the

interse
tion by maintaining the 
urrent speed, and a vehi
le in the tuning set

should 
hange its velo
ity until �nd a 
ollision-free value. Priorities are given to

the vehi
les in tuning set a

ording to their types, routes and distan
es to the

interse
tion, so that they 
an make de
ision one by one. Therefore 
omputational


ost at the interse
tion manager 
an be greatly redu
ed. The interse
tion is gran-

ulated into 
on�i
t zones and the related o

upan
y time window of vehi
les is


al
ulated and stored at the manager. An obje
tive fun
tion for ea
h vehi
le is

de�ned referring to the 
on�i
t time to the 
ruising vehi
les 
oming from 
rossing

lanes, the di�eren
e to safe velo
ity and the resulting delay. At ea
h time step,

the vehi
le should utilize the 
ontrol input with the lowest 
ost in its a
tion set.

The rest of the paper is organized as follows. In se
tion 4.2, the s
enario of

our resear
h is des
ribed, and the 
ontrol obje
tives are established. In se
tion

4.3, our algorithm, in
luding the set partition, the priority setting and the ob-

je
tive fun
tion, is introdu
ed in details. In se
tion 4.4, a simulation testbed to

evaluate the algorithm is designed using UML. In se
tion 4.5, simulation results

are presented to prove the validation of our algorithm. Finally, some 
on
luding

remarks and perspe
tives are given in Se
tion 4.6.

4.2 Interse
tion model and Design obje
tives

4.2.1 Interse
tion

In this 
hapter, a symmetri
al four-leg interse
tion with three lanes for ea
h

in
oming and outgoing streets is studied. As shown in Figure 4.1, in the in
oming

dire
tion, lane on the left is for left turning, the middle one is for straight dire
tion

and lane on the right is for both straight dire
tion and right turning. The area

inside the interse
tion where 
ollision of vehi
les 
oming from di�erent lanes may

happen is de�ned as the �
on�i
t zones". There are 36 
on�i
t zones in total for

this interse
tion model. The width of a 
on�i
t zone equals the lane width, whi
h

is denoted as w. The vehi
les approa
hing the interse
tion are di�erent not only

in routes, but also in types, lengths, a

eleration and de
eleration abilities.
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Figure 4.1: 6-lane 4-leg interse
tion

4.2.2 Assumption and Obje
tives

For traditional tra�
 light, only lanes without 
on�i
t 
an be given green lights

simultaneously: the vehi
les on a lane A must totally stop before the red light

to give way to another lane B to avoid 
ollisions. This is an e�e
tive proto
ol to

solve the time and spa
e 
on�i
t at the interse
tion. However, it is not e�
ient

and not fair enough: a vehi
le on lane A may have to wait even if it arrives

earlier than some vehi
les on lane B. Besides, 
ompared to 
ruising, more fuel is


onsumed during this stop-idling-start pro
ess.

In 
onne
ted vehi
les and autonomous interse
tion management 
ontext, it is

assumed that typi
al vehi
les are all repla
ed by autonomous vehi
les and tra�


light is repla
ed by interse
tion manager. The manager is 
apable to 
ommuni
ate

with the vehi
les within its range R. And the vehi
les are all equipped with V2X

devi
es so that they 
an ex
hange ne
essary information with ea
h other and

with the manager. The network 
onne
tion is a
tivated all the time and with

negligible transmission delay, pa
ket loss, interferen
e, et
. It is assumed that

there is no lane shifting within the V2I range.
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In this 
hapter, we try to develop a new proto
ol without tra�
 light in


onne
ted autonomous vehi
le environment with the following design obje
tives:

rear-end 
ollision in the same lane and 
ross 
ollision from two di�erent lanes

must be avoided; the average delay of vehi
les should be redu
ed; vehi
le should

not stop ex
ept ne
essary; the de
ision making pro
ess should be lo
al at ea
h

vehi
le in order to redu
e the 
omputational 
ost at the interse
tion manager;

the heterogeneity of vehi
les must be 
onsidered.

4.3 Algorithm Design

Essentially, 
ollision at interse
tion is due to the 
on�i
t in spa
e and time. By

using V2X te
hnology, vehi
le 
an get the o

upation information of the interse
-

tion from larger distan
e, so that it 
an tune its velo
ity to obtain a 
ollision-free

traje
tory at the interse
tion.

4.3.1 Collision De�nition

4.3.1.1 Cross Collision

The 
ross 
ollision is de�ned as 
ollision inside the interse
tion 
oming from ve-

hi
les on di�erent lanes. For vehi
le Vi, the set of all the 
on�i
t zones whi
h

it will pass through is de�ned as SCZi; its distan
e to the 
on�i
t zone CZk in

SCZi on its lane is denoted as dVi,CZk
; its velo
ity is denoted as vi and its length

is denoted as li. If we note the 
urrent moment as t0, then the moment when

Vi enters and leaves CZk, whi
h are separately denoted as t1,Vi
and t2,Vi

, 
an be

de�ned as follows

t1,Vi
= t0 +

dVi,CZk

vi

t2,Vi
= t0 +

dVi,CZk
+ li + w

vi
.

(4.1)

In reality, noise of sensor and error of a
tuators 
ause bias in position and

velo
ity measurement, and the road tra�
 does not demand extremely a

ura
y;

while in simulation, the dis
retization of time 
auses errors in position and velo
ity

as well. These ina

ura
ies 
annot be ignored for vehi
les move in high speed.
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Therefore a time bu�er tb is added on the original entering and leaving moment:

t′1,Vi
= t1,Vi

− tb

t′2,Vi
= t2,Vi

+ tb.
(4.2)

Therefore the 
on�i
t zone o

upation time for Vi at CZk 
an be de�ned as

OTi,CZk
= [t′1,Vi

, t′2,Vi
]. (4.3)

In the same way, the 
on�i
t zone o

upation time for another vehi
le Vj at CZk


an be de�ned. The overlapped o

upation time for Vi and Vj at CZk 
an be


al
ulated as following:

OOTCZk,Vi,Vj
= max(0,min(t′2,Vi

, t′2,Vj
)−max(t′1,Vi

, t′1,Vj
)). (4.4)

If OOT is bigger than 0, Vi and Vj will 
ollide at CZk, whi
h is noted as Vi
CZk
< Vj .

The set of vehi
les whi
h have 
on�i
t with Vi at CZk in 
ross 
ollision type is

denoted as SVi,CZk
:

SVi,CZk
= {Vj |Vj

CZk
< Vi}. (4.5)

4.3.1.2 Rear-end Collision

The rear-end 
ollision is de�ned as the 
ollision between two vehi
les on the same

lane. For vehi
le Vi, its safe velo
ity to maintain a safe inter-distan
e and avoid


reating an a

ident with the pre
eding vehi
le Vi−1 is 
al
ulated by using the

Krauss model:

vsafei (t0 + Ts) = vi−1(t0) +
di,i−1(t0)− vi−1(t0) · T

(vi(t0) + vi−1(t0))/2bmax + T
, (4.6)

where Ts is the sampling time of the interse
tion 
ontrol system; di,i−1 is the

distan
e between the two vehi
les; bmax is the maximum de
eleration of Vi; and

T is the rea
tion time of human driver, while in 
ase of autonomous system it

should be equal to Ts.

The predi
ted velo
ity of Vi at t0 + Ts is de�ned as

vi(t0 + Ts) = min(vlimit, vi(t0) + ai(t0) · Ts) (4.7)
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If vi(t0+Ts) > vsafei (t0+Ts) and if the two vehi
les maintain their velo
ities from

t0 + Ts, then the rear-end 
ollision will o

ur.

4.3.2 Set Partition

The vehi
les on the in
oming street within V2I range 
an be divided into three

di�erent sets:

� Cruising Set SC : The vehi
les whi
h don't have any 
on�i
t with other

vehi
les. They should maintain their 
urrent velo
ities and the 
on�i
t

zone o

upation time (CZOT) information is 
al
ulated and stored at the

manager.

� Tuning Set ST : The vehi
les whi
h 
urrently have 
on�i
t with some other

vehi
les. Thus a vehi
le Vi in ST must require the o

upation time of all the


on�i
t zones in SCZi from the interse
tion manager via V2I, and require

the position and velo
ity information from its nearest pre
eding vehi
le

via V2V. Then Vi have to tune its own velo
ity a

ording to the a
quired

information to avoid both rear-end 
ollision and 
ross 
ollisions.

� Free Set SF : All the other vehi
les within V2I range. These vehi
les are

not 
ontrolled by our autonomous interse
tion 
ontrol algorithm but by its

lo
al autonomous driving algorithms.

If we sort the vehi
les on an in
oming street by the distan
e to the interse
tion,

SC has the smallest distan
e, then it 
omes to ST and �nally SF . The number

of vehi
les in SC and SF is not limited. Meanwhile, in order to redu
e the


omputational 
ost, there is at most one vehi
le for ea
h lane in ST . Therefore

there are up to 12 vehi
les in ST for our interse
tion model.

A vehi
le Vi in ST 
an be
ome a member of SC if and only if with its tuned

velo
ity, it will not have any rear-end 
ollision and 
ross 
ollision. Then Vi must

maintain its tuned velo
ity until it fully get through the interse
tion. Then its

nearest following vehi
le in SF , if exist, will be
ome the tuning vehi
le of this

lane.
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4.3.3 Priority Setting

The maximum a

eleration and de
eleration of vehi
le Vi are separately denoted

as amax and bmax. It is assumed that the Vi 
an 
hoose an a

eleration to exe
ute

from several values between the two limits. The a
tion set Ai of Vi is de�ned as:

Ai = {ai,1, ai,2, . . . , ai,n}, where ai,j ∈ [−bmax, amax]. (4.8)

For di�erent vehi
les, the dimension ‖Ai‖ of a
tion set 
an also be di�erent.

There are two di�erent ways to �nd the optimal a

eleration for ea
h vehi
le.

The �rst one is 
entralized: all the vehi
les in ST are taken into a

ount simulta-

neously; thus all the information like vehi
les' positions and velo
ities should be

sent to the manager, the latter is responsible to �nd the optimal a

eleration for

ea
h vehi
le; the sear
hing spa
e's dimension is in order of ‖Ai‖
‖ST ‖

, so the 
om-

putational 
ost at the manager 
ould be enormous. Another way is de
entralized:

the 
omputation is lo
al at ea
h vehi
le, and it demands the manager and its pre-


eding vehi
le for ne
essary information to �nd its own optimal a

eleration; the

dimension of sear
hing spa
e of ea
h vehi
le is only ‖Ai‖.

In fa
t, the role of interse
tion manager is di�erent in these two ways. For


entralized interse
tion 
ontrol, the manager is both the information hub and the


omputation 
enter: it requires all the ne
essary information for optimization

and gives orders to all the vehi
les in ST . For de
entralized interse
tion 
ontrol,

the manager is prin
ipally information hub: it requires the information, then

pro
ess it with light 
omputation and transmits it to target vehi
les. Clearly,

the de
entralized interse
tion 
ontrol is less time 
onsuming. Besides, it 
an take

advantage of the lo
al 
omputational ability of autonomous vehi
les and relief

the manager from heavy duty.

When a vehi
le 
omputes its own a

eleration, it needs the information of

vehi
les in SC and ST . The velo
ities of vehi
les in SC are 
onstants and their

CZOT information is stored at the manager. While for vehi
les in ST , they are

still tuning their velo
ities and the o

upation time is variable. However, the

de
ision-making pro
ess 
an not rely on variable information. In order to solve

this problem, a priority poli
y is designed: the vehi
les in ST make their de
isions

in turn by following sorted priorities; on
e a vehi
le has arrived at a 
ollision-free

velo
ity, it sends its own information immediately to the manager, so that the
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manager 
an 
al
ulates its CZOT and then store it in the memory; then it 
omes

to a vehi
le with lower priority, and the vehi
le should require the manager for the

CZOT of all the vehi
les in SC and the vehi
les in ST whi
h has higher priorities.

A

ording to their distan
es to the interse
tion, headings, and types, the

vehi
les in ST are given s
ores in three parts nd, nh and nt by following the

prin
iples as below:

1. Vehi
les whi
h have smaller distan
es to the interse
tion get a higher s
ore

in nd;

2. Vehi
les turning left have higher s
ore in nh than vehi
les going straight

and turning right, be
ause turning left needs to o

upy more 
on�i
t zones;

3. Emergen
y vehi
les get the highest s
ore in nt, then heavy duty vehi
les

like tru
ks and bus get higher s
ore than others like sedans and hat
hba
ks.

The vehi
le Vi's total s
ore is noted as ntotal,Vi
, whi
h is the sum of nd, nh and nt.

Thus the vehi
les in ST with higher priorities than Vi 
an be de�ned as S ′
T,Vi

:

S ′
T,Vi

= {Vj|Vj ∈ ST , ntotal,Vj
> ntotal,Vi

}. (4.9)

4.3.4 Cost Fun
tion

In order to �nd the best a
tion at ea
h time step in Ai, an obje
tive fun
tion

is needed. As presented in design obje
tive, there are three parts to be 
onsid-

ered in this fun
tion: 
ross 
ollision prevention, rear-end 
ollision prevention and

minimized delay. Therefore, the obje
tive fun
tion is 
omposed of three parts.

Firstly, the 
ost of 
ross 
ollision for Vi is de�ned as the sum of the overlapped

o

upation time de�ned in (4.4) 
oming from the vehi
les whi
h have 
on�i
t with

Vi at all the 
on�i
t zones in SCZi:

Jcross,i =
∑

CZk∈SCZi

∑

Vj∈SVi,cf

OOTCZk,Vi,Vj
(4.10)

where SVi,cf is the set of vehi
les to be 
ounted by Vi in its 
ost of 
ross 
ollision,

whi
h is de�ned as

SVi,cf = SVi,CZi
∩ (SC ∪ S ′

T,Vi
). (4.11)
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If Jcross,i = 0, it means that there will be no 
ross 
ollision when Vi gets through

the interse
tion.

Se
ondly, the 
ost of rear-end 
ollision is measured by the di�eren
e between

the predi
ted velo
ity and the safe velo
ity of Vi:

Jrear−end,i = max(0, vi(t0 + Ts)− vsafei (t0 + Ts)). (4.12)

No rear-end 
ollision with the pre
eding vehi
le will happen if Jrear−end,i = 0.

Thirdly, the 
ost of delay is de�ned as the di�eren
e between the travel time

if Vi utilizes its 
urrent velo
ity vi and the travel time if it utilizes the tuned

velo
ity:

Jdelay,i = max(0, t(vtuned)− t(vi)). (4.13)

The total 
ost is the weighted sum of these three parts:

Jtotal,i(t0 + Ts) =k1 · Jcross,i

+ k2 · Jrear−end,i + k3 · Jdelay,i.
(4.14)

Intuitively, the �rst two weights should be mu
h bigger than the third one, be-


ause 
ollision avoidan
e is the �rst priority.

At ea
h time step, a vehi
le Vi in ST must traverse its a
tion set Ai to �nd all

the a

eleration values with whi
h it 
an have a 
ollision-free traje
tory. In other

words, Jrear−end,i and Jcross,i are all zeros. If this subset A
′
i is not empty, then Vi

should utilize the a

eleration value whi
h 
an a
hieve the minimal delay. Then

Vi be
omes a member of SC and begins to maintain its velo
ity from t0+Ts till it

gets through the interse
tion. Otherwise, Vi should apply the a

eleration value

leading to the minimal total 
ost and keeps itself in ST .

A′
i = {ai,j|Jrear−end,i = 0 & Jcross,i = 0} (4.15)

a∗i (t0) =







arg min
ai,j∈A′

i

Jdelay,i, if A
′
i 6= ∅;

arg min
ai,j∈Ai

Jtotal,i, otherwise.
(4.16)
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Figure 4.2: Class diagram of the testbed

4.4 UML-based Testbed Design

In order to evaluate the e�e
tiveness of our de
entralized autonomous interse
tion


ontrol (DAIC) algorithm, a simulation testbed is established. Uni�ed Modeling

Language (UML) is used at the 
on
eptual design stage (Luo et al. (2011)). UML

is a spe
i�
ation de�ning a graphi
al language for visualizing, spe
ifying, 
on-

stru
ting and artifa
ts of distributed obje
t systems. It has be
ome the standard

for obje
t-oriented modeling and design.

4.4.1 Stati
 Design

Class diagram is a 
apable tool to show the stati
 stru
ture of the design and

the various relation between di�erent modules and 
omponents. The stru
ture

of the testbed is illustrated in the 
lass diagram shown Figure 4.2. Our testbed

mainly 
ontains two parts: the tra�
 simulator (marked in yellow) and the 
ore

algorithm DAIC (marked in blue and green).

In this design, the algorithm part is the aggregation of the vehi
le 
ontroller

and the tra�
 manager. The vehi
le 
ontroller 
an be generalized into several
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4.4 UML-based Testbed Design


ontroller sub
lasses: a

ording to the set to whi
h the vehi
le belongs, di�erent


ontrollers are applied. The 
ruising set 
ontroller is used to make vehi
les in this

set travel at 
onstant 
ollision-free velo
ities; the free set 
ontroller is applied to


al
ulate the 
ontrol inputs for vehi
les a

ording to the 
ar-following model; the

tuning set 
ontroller is 
ondu
ted by the vehi
les whi
h need to further tune their

velo
ities to avoid any 
ollisions, and the obje
tive fun
tion is implemented in this


ontroller to �nd the optimal a
tion for ea
h vehi
le. Sin
e the obje
tive fun
tion

is de�ned based on information from the pre
eding vehi
le and the interse
tion

manager, two modules separately represent the V2V 
ommuni
ation and the V2I


ommuni
ation should be integrated in the 
onstru
tion of testbed.

Another part, the tra�
 simulator 
an be seen as the ba
kbone of the testbed.

Firstly, the geometry of interse
tion and streets, and the links between two lanes

are des
ribed; se
ondly, the tra�
 �ows are generated a

ording to the de�nition

in
luding the arriving rate of vehi
les, di�erent vehi
le types and their appear-

an
e probabilities; thirdly, an interfa
e subsystem must be established to build

the 
ommuni
ation link between tra�
 simulator and the algorithm part built

outside; a GUI illustrating the vehi
les' movement and states update during the

simulation is ne
essary to give an intuitive view of the algorithm's out
ome.

In this paper, the DAIC algorithm is implemented in Matlab, and SUMO

(Krajzewi
z et al. (2012)) is applied as the tra�
 simulator. �Simulation of Urban

MObility� (SUMO) (Krajzewi
z et al. (2012)) is an open-sour
e, mi
ros
opi
,

inter- and multi-modal, spa
e-
ontinuous and time-dis
rete tra�
 �ow simulation

platform. Its development is started by German Aerospa
e Center (DLR) in 2001.

SUMO is not only a tra�
 simulator after development of more than a de
ade.

It has evolved into a full featured suite of tra�
 modeling appli
ations in
luding

a road network importer 
apable of reading di�erent sour
e formats, demand

generation and routing utilities, whi
h use a high variety of input sour
e, a high

performan
e simulation usable for single jun
tions as well as whole 
ities in
luding

a �remote 
ontrol� interfa
e to adapt the simulation on-line and a large number

of additional tools and s
ripts.

Sin
e 2006, the simulation in SUMO is extended by the possibility to intera
t

with an external appli
ation via a so
ket 
onne
tion. This API is 
alled �Tra�


Control Interfa
e (TraCI)�, whi
h has 
urrently be
ome a part of SUMO's o�
ial
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SUMO (Server)

Matlab (Client)

SUMO GUI

TraCITraCI

State

Acquisition

& Recording

DAIC State Update

Mobility

Commands

Current

vehicle states
Vehicle states

in the next step
Feedback

Loop

Figure 4.3: Simulation using Matlab and SUMO

release. To enable on-line intera
tion, SUMO has to be started with an addi-

tional option, whi
h obtains the port number to listen to. After the simulation

has been loaded, SUMO a
ts as a server to listen on this port for an in
oming


onne
tion. After being 
onne
ted, the 
lient (external appli
ation) is responsi-

ble for triggering simulation steps in SUMO and for 
losing down the 
onne
tion

whi
h also for
es the simulation to quit. The 
lient has a

ess to values of almost

all simulation artifa
ts, su
h as interse
tions, lanes, tra�
 lights, and individual

vehi
les. The 
lient 
an also 
hange values, for example, set the timing plan of

tra�
 lights, 
hange a vehi
le's velo
ity or for
e it to 
hange a lane. TraCI al-

lows 
omplex intera
tion su
h as adaptive transition of tra�
 lights or modeling

spe
ial behavior of individual vehi
les.

After the 
onne
tion between Matlab and SUMO is established, SUMO a
ts

as a server and Matlab a
ts as a 
lient. The DAIC algorithm running in Matlab

is regarded as external appli
ation. As shown in Figure 4.3, at ea
h time step,

Matlab requires vehi
les' data, in
luding position and velo
ity, from SUMO via
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7 : Check V2I Range

Traffic Simulator

1 : Create scenario

VehicleTraffic Manager

2 : Initialize

3 : Initialize

SF Controller

4 : Initialize 5 : Drive in Free Mode

ST Controller SC Controller

8 : Enter V2I Range

11 : Drive in Tuning Mode
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15 : Request CZOT16 : Check Priority

Vehicle Priorities
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18 : Send CZOT

20 : Drive in Cruising Mode19 : Update CZOT

22 : Get through intersection
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23 : Drive in Free Mode

[ALL VEHICLES PASSED]

: Single Veh.seq

[ALL VEHICLES PASSED]

6 : Enter the scenario

9 : Tuning Completed

10 : Active Tuning

13 : Reply Motion

12 : Request Motion

14 : Send Motion of Preced. V.

6 : Enter the scenario

1 : Create scenario

2 : Initialize

3 : Initialize

4 : Initialize 5 : Drive in Free Mode

7 : Check V2I Range

8 : Enter V2I Range

9 : Tuning Completed

10 : Active Tuning 11 : Drive in Tuning Mode

12 : Request Motion

13 : Reply Motion 14 : Send Motion of Preced. V.

15 : Request CZOT

17 : Serve the highest remaining

16 : Check Priority

19 : Update CZOT

18 : Send CZOT

20 : Drive in Cruising Mode

22 : Get through intersection
21 : Get through intersection

23 : Drive in Free Mode

Figure 4.4: Sequen
e diagram of the testbed

TraCI, then the data is stored for later usage; after that, related vehi
les need to

�nd the 
ontrol input for the 
urrent step using DAIC; based on the 
ontrol input

and their 
urrent states, the vehi
les' velo
ities in the next step 
an be de
ided

and set; �nally, Matlab triggers the simulation step in SUMO to 
omplete a

feedba
k loop.

4.4.2 Dynami
 Design

The intera
tion between the obje
ts we de�ned previously 
an be summarized

in the sequen
e diagram shown in Figure 4.4. The state transition of a vehi
le

obje
t is shown in the state
hart diagrams in Figure 4.5 and 4.6.

After laun
hing the simulation, the s
enario in
luding the geometry of the

interse
tion and streets is 
reated a

ording to the 
on�guration �le, and a route

�le indi
ating the appearan
e time in the s
enario and the 
hara
teristi
s of ea
h

vehi
le is generated. The vehi
les are loaded in the s
enario by following the route
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Check V2I
range Acquire driving state of

Preceding Vehicle

Travel in Free
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Travel in Tuning
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Not in Cruising Set

Travel in Car
Following Mode

Get through the intersection
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g

Figure 4.5: State
hart diagram of a vehi
le obje
t

Travel in Tuning Mode

Request CZOT
from manager

Request motion
from preceding

vehicle
Calculate optimal

action

Update CZOT in
manager

Need further
tuning

Enter tuning mode

Obtain CZOT for next step

Collision free solution
Not collision free solution

g

Figure 4.6: State
hart diagram of a vehi
le in tuning mode
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4.5 Simulation

�le and the sequen
e loop of individual vehi
le is repeated until all the vehi
les

get through the interse
tion.

In term of a vehi
le, it travels by following its lo
al autonomous driving al-

gorithms in the beginning. It be
omes a member of the free set SF immediately

when entering the V2I range. When its pre
eding vehi
le has found a 
ollision-free

velo
ity thus be
omes a member of 
ruising set SC , then it will re
eive an a
tive

message from the manager, so that the vehi
le must join in the tuning set ST .

After that it should send the information like position, route and vehi
le type

to the manager, at the same time, it demands the related CZOT information.

Furthermore, it should require the future motion of the pre
eding vehi
le. After

getting the required information, the vehi
le 
an �nd an optimal 
ontrol input

for the next step. The new CZOT is 
al
ulated and given ba
k to the manager.

If the velo
ity in the next step will not lead to any 
ollision, the vehi
le should

join in SC and maintain that velo
ity until it gets through the interse
tion. After

that, the vehi
le should swit
h to 
ar-following mode again. The strategy of a

vehi
le within V2I range is summarized in Algorithm 5.

In term of the manager, when re
eiving the requests from vehi
les, it divides

the set ST into servi
e groups; then it gives vehi
les s
ores a

ording to the prin
i-

ples established previously, thus the servi
e priorities and information dependen
e

between vehi
les 
an be de
ided. Then the manager begins to response the ve-

hi
les in the de
ided order. The manager should wait for the reply of the served

vehi
les, then it 
an reply the vehi
les in lower priorities. After all the vehi
les in

ST get replied in the 
urrent step, the manager 
an start the next servi
e 
y
le.

4.5 Simulation

4.5.1 Parameter Settings

The interse
tion in simulation is same as the one shown in Figure 5.3. The

length of ea
h in
oming street is 500m, and the V2I 
ommuni
ation range R of

the manager is set to 200m. Vlimit = 70km/h(19.44m/s) is set to be the speed

limit of all the in
oming streets. The appearan
e of vehi
les on ea
h street is

assumed to be a Poisson pro
ess with arriving rate λ. Three di�erent s
enarios is

de�ned to verify our algorithm whose arriving rates on di�erent lanes are shown

in Table 4.1. The tra�
 �ows on ea
h lane is randomly generated by following the
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Algorithm 5 Vehi
le Vi's strategy in DAIC at ea
h time step

Input:

V2V message: information message MInfo, V2I messages: a
tivation message

MActive, CZOT message MCZOT , update message MUpdate;

Output:

Vi's motion in the next step;

1: repeat

2: if Vi ∈ SC then

3: Maintain the 
urrent velo
ity in the next step;

4: end if

5: if Vi ∈ SF then

6: if A
tivation message MActive from the pre
eding vehi
le re
eived then

7: Vi joins in ST ;

8: else

9: Find 
ontrol input ai for the next step using Krauss 
ar-following

model;

10: end if

11: end if

12: if Vi ∈ ST then

13: Demand related CZOT from the manager;

14: Demand the pre
eding vehi
le's information;

15: if Minfo and MCZOT are re
eived then

16: Cal
ulate the optimal input a∗i for the next step using 4.16;

17: Predi
t its own CZOT and send it to the manager;

18: end if

19: if A 
ollision-free velo
ity will be a
hieved in the next step then

20: Vi joins in SC ;

21: Send an update message MUpdate to the manager indi
ating an update

demand of ST ;

22: end if

23: end if

24: until Vi gets through the interse
tion.
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4.5 Simulation

S
enarios Arriving Rate λ
Right Lane Middle Lane Left Lane

S
enario 1 0.10 0.10 0.10

S
enario 2 0.15 0.15 0.13

S
enario 3 0.20 0.20 0.15

Table 4.1: Di�erent s
enarios in the simulation.

Types Lengths amax bmax Appearan
e

Probabilities

A
tion Set

Dimension

Sedan 3.5 2.5 5 0.35 9

Hat
hba
k 3 3 4.5 0.35 9

Wagon 4 2.7 4.5 0.1 7

Tru
k 8 1.5 3.5 0.1 5

Bus 10 1.5 3.5 0.1 5

Table 4.2: Tra�
 �ow 
omposition.

arriving rate λ and the appearan
e probabilities of �ve vehi
le types whi
h are

di�erent in lengths and a

eleration/de
eleration abilities. The related parameter

settings 
an be referred to Table 4.2. The �ows begins at t = 0s and ends at

t = 100s. And the sample time of simulation is set as Ts = 0.1s.

4.5.2 Simulation Results

Comparisons are made between the same interse
tion 
ontrolled separately by

�xed-period tra�
 light and our DAIC algorithm in di�erent tra�
 s
enarios.

The length of green light for straight dire
tion and right turning is 25s, for left

turning is 20s, and the yellow light between two phases is 3s. Therefore, the

phase period of the tra�
 lights is 102s. The generated tra�
 �ows for these

two methods are exa
tly the same. The performan
e of di�erent methods are

evaluated by the following 
riteria:

1. Eva
uation time: the least time during whi
h all the generated vehi
les in

the �rst 100s get through the interse
tion.

2. Throughput: the ratio between the number of vehi
les getting through

the interse
tion and the number of vehi
les entering the V2I range on the
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Figure 4.7: Eva
uation time 
omparison

in
oming streets during a whole signal period of Fixed Lights. It should be


lari�ed that there is no V2I 
ommuni
ation in Fixed Lights, so its �V2I

range" is virtual and it is just used for statisti
.

3. Delay: the in
rease in travel time due to the presen
e of interse
tion. Travel

time is de�ned as the period between the moment when vehi
le gets through

the interse
tion and the moment when vehi
le enters the V2I range. Then

delay 
an be 
al
ulated as the di�eren
e between the real travel time under

interse
tion 
ontrol and the estimated travel time if the vehi
le travels at

the speed limit for the entire journey.

As shown in Figure 4.7, for traditional tra�
 lights, the eva
uation time for

the three s
enarios are separately 189s, 240s and 242s; while by using our DAIC

algorithm, the eva
uation time are separately 130s, 132s and 152s. It 
an be


on
luded that DAIC takes mu
h less time to eva
uate all the vehi
les in ea
h

s
enario. From lower arriving rate in s
enario 1 to higher value in s
enario 3, the

eva
uation time in
reases for 53s under tra�
 light 
ontrol, and for 22s under

DAIC whi
h is only the half of the former.

Then all the vehi
les' delays are 
ounted in Figure 4.8. The average delays

under tra�
 
ontrol are 33s, 50s and 47s, while the maximum value in
reases

from 83s to 169s. And the average delays under DAIC are 0.7s, 1.4s and 2.3s,

and the maximum value goes from 6.9s to 20.5s. Mu
h smaller gap in maximum
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4.6 Con
lusion

delay 
an be found in DAIC. It 
an be seen that DAIC overtakes tra�
 lights

largely on this 
riteria.

The throughput during a signal period, whi
h is 102s, is shown in Figure 4.9.

The throughputs 
ontrolled by DAIC in the 3 s
enarios are all above 80%. While

the values for tra�
 lights are around 30% ∼ 40%. Therefore the throughputs

using DAIC is more than twi
e of the ones using tra�
 lights.

A more intuitional view 
an be seen in Figure 4.10. S
reen shots at the same

moment t = 70s are taken for 
omparison. It 
an be noted that, there are mu
h

more vehi
les in the view for interse
tion 
ontrolled by tra�
 lights than the one


ontrolled by DAIC. For tra�
 lights, �ows having interse
tion point in their

traje
tories 
an not get into the interse
tion simultaneously, so that vehi
les have

to be held before the interse
tion. Espe
ially in light tra�
 
ase, if the signal

period is �xed, a vehi
le still have to wait even if there is no vehi
le on the 
ross

road. Meanwhile this limit is broken through in DAIC, the interse
tion is divided

into smaller 
on�i
t zones, and vehi
les 
an be inside the interse
tion at the same

time if they don't take any 
on�i
t zone simultaneously. Thus the interse
tion

spa
e is used mu
h more e�
iently.

Based on the simulation results, it 
an be 
on
luded that DAIC has huge

advantage in eva
uation time, delay and throughput 
ompared to traditional

tra�
 lights in the designed s
enarios.

4.6 Con
lusion

In this 
hapter, a de
entralized autonomous interse
tion 
ontrol (DAIC) algo-

rithm is developed. The vehi
les in the V2I range are divided into three swit
h-

able sets. At ea
h time step, the vehi
les in the tuning set should make their own

de
ision in turn following de
ided priorities dedu
ed from the vehi
les' distan
es

to the interse
tion, types and routes. In order to �nd the optimal a

eleration

value in its a
tion set, ea
h vehi
le in the tuning set must require the 
on�i
t zone

o

upation time of the vehi
les in 
ruising set and the ones with higher priority

in tuning set from the interse
tion manager via V2I and the related information

from the pre
eding vehi
le via V2V. When the vehi
le has found a 
ollision-free

velo
ity, it should maintain this velo
ity until it gets through the interse
tion.
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Figure 4.8: Delay in di�erent s
enarios

98

chapter4/chapter4figs/delays_tls.eps
chapter4/chapter4figs/delays_daic.eps


4.6 Con
lusion
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Figure 4.9: Throughput 
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Figure 4.10: S
reen shots at t = 70s using tra�
 lights and DAIC
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Simulation results shows that DAIC algorithm overtakes greatly the tradi-

tional tra�
 lights in eva
uation time, delay and throughput under light tra�



onditions.

It should be indi
ated that our DAIC algorithm still has some disadvantages.

For example, the 
urrent algorithm may not work under heavy tra�
 
onditions.

When the vehi
les' arriving rate is high, the average speed on the in
oming roads,

espe
ially on left turning lanes, de
reases with time till stop. Thus a restart poli
y

needs to be designed to guide the vehi
les after the stop.
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Chapter 5

Traje
tory Planning for
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tion

Management
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5.1 Introdu
tion

In Chapter 4, a De
entralized Autonomous Interse
tion Control (DAIC) is de-

signed to regulate the ea
h vehi
le' velo
ity to �nd a value whi
h permits the
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INTERSECTION MANAGEMENT

vehi
le get through the interse
tion with no 
ollision and less delay. In light traf-

�
 
onditions, DAIC is 
apable to �nd a 
ollision-free velo
ity. However, when

fa
ing heavier tra�
, this algorithm may be struggling. Be
ause vehi
les may

not have other solution than stopping themselves before entering the interse
-

tion, but DAIC has no poli
y to restart a stopping vehi
le, whi
h is a main

drawba
k of DAIC. Besides, the regulation is often in one-dire
tion: a

elerating

or de
elerating, and after �nding a 
ollision-free value, the vehi
le will maintain

this velo
ity until fully getting through the interse
tion. Thus the vehi
le's tra-

je
tory is not �exible, and there 
ould have better traje
tories. Basi
ally, DAIC

is a negotiation-based (with de
ision priority) algorithm, at ea
h time step, the

related vehi
les make de
ision based on the 
urrent situation, however, the traje
-

tories afterwards are not planned. In order to over
ome the drawba
ks of DAIC,

we intend to solve the problems in a new way: another philosophy for autonomous

interse
tion management is attempted, whi
h is planning-based approa
h.

Several methods 
an be used to plan the motion for vehi
les approa
hing

the interse
tion (Frese & Beyerer (2011b)), in
luding tree sear
h (Frese & Bey-

erer (2010)), mixed-integer linear programming (S
houwenaars et al. (2001)) and

elasti
 bands (Hilgert et al. (2003)). If the vehi
les' motion is planed simultane-

ously, the 
omputational 
ost in
reases exponentially with the number of vehi
les.

Thus prioritized planning is developed (Van Den Berg & Overmars (2005)) to de-


ompose the problem into lower-dimension problems. And the problem 
an also

be de
omposed in time s
ale using partial motion planning (PMP) if the 
omplete

motion to the goal 
annot be found within the available time (Petti & Frai
hard

(2005)).

In this 
hapter, a traje
tory planning based autonomous interse
tion manage-

ment proto
ol (TP-AIM) is developed to guarantee safety while improving e�-


ien
y of an interse
tion in 
onne
ted autonomous vehi
les 
ontext. A manager is

installed at the interse
tion whi
h a
ts as an information hub where 
on�i
t zone

o

upan
y time (CZOT) is stored. When entering the V2I range, vehi
le demands

the related CZOT from the interse
tion manager; then the latter responses these

demands in turn following a priority de�ned by the vehi
les' types, headings and

distan
es to the interse
tion. After having got the response, a window sear
hing

algorithm is used to �nd an entering time and velo
ity to enter the interse
tion

with no 
ollision and minimal delay. Then the vehi
le begins to plan its traje
tory
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tives

using a segmented dynami
 programming algorithm based on the de
ided enter-

ing window and the future motions of the pre
eding vehi
le. Ba
kup entering

windows should be used to restart traje
tory planning if the vehi
le 
an not �nd

an feasible traje
tory within its dynami
al limits. TP-AIM is tested and veri�ed

using a tra�
 simulator SUMO under di�erent tra�
 densities, and results prove

that TP-AIM greatly outperforms traditional tra�
 lights and adaptive tra�


lights.

The rest of the 
hapter is organized as follows. In se
tion 5.2, the s
enario of

our resear
h is des
ribed, and the 
ontrol obje
tives are established. In se
tion

5.3, our proto
ol, in
luding priority setting, window sear
hing algorithm and

traje
tory planning algorithm, is introdu
ed in details. In se
tion 5.4, simulation

results are presented to prove the validation of our algorithm, and 
omparisons

are made with other interse
tion management methods. Finally, some 
on
luding

remarks and perspe
tives are given in Se
tion 5.5.

5.2 Assumptions and Design obje
tives

The study obje
t is the same interse
tion des
ribed in Chapter 4. The 
on�i
t

zones are also de�ned in the same way. Besides, the resear
h is based on the same

assumptions: vehi
les are 
ompletely autonomous in the vi
inity of interse
tion;

vehi
les are all equipped with V2X devi
es; the 
ommuni
ations are 
apable and

e�e
tive; lane-
hanging maneuvers are a

omplished before entering the V2I 
om-

muni
ation range.

In this 
hapter, a new proto
ol for autonomous interse
tion management is

developed with following design obje
tives:

� heterogeneity of vehi
les must be 
onsidered;

� the de
ision should be made lo
ally at ea
h vehi
le in order to redu
e the


omputational 
ost at the interse
tion manager;

� entering windows for ea
h vehi
le indi
ating the possible moments and ve-

lo
ities to enter the interse
tion needs to be found in order to avoid 
ross


ollisions;

� a vehi
le's traje
tory before entering the interse
tion must be planned to

avoid rear-end 
ollision and to mat
h with the entering window;

103



5. TRAJECTORY PLANNING FOR AUTONOMOUS

INTERSECTION MANAGEMENT

� fail-safe mode should be designed to deal with situations where the traje
-

tory planning 
annot �nd a solution for the given entering window;

� the average delay of vehi
les should be redu
ed.

5.3 Proto
ol Design

5.3.1 Overview

An overview of TP-AIM proto
ol is given in Figure 5.1. When approa
hing an

interse
tion, before entering the V2I range, a vehi
le 
ir
ulates a

ording to its

implemented self-driving algorithm; after getting inside the range, the vehi
le

demands the interse
tion manager for the related 
on�i
t zone o

upan
y time

(CZOT), whi
h is de�ned in the following subse
tion. The manager pro
esses

these requests in a de
ided order: the vehi
les whi
h have proposed the demand

are divided into servi
e groups of whi
h the priority is given by the vehi
les' types,

headings, and distan
es to the interse
tion. A vehi
le 
an only get the CZOT

information after its related vehi
les in the previous group, whi
h shares 
on�i
t

zones with it, have �nished the traje
tory planning pro
ess.

Given the related CZOT, the vehi
le should utilize the window sear
hing

algorithm (5.3.3) to �nd an optimal entering moment and velo
ity whi
h leads

to a 
ollision-free traje
tory inside the interse
tion with minimal delay, as well

as ba
kup solutions whi
h are also 
ollision free but have larger delays. It is

supposed that vehi
les 
ir
ulate at 
onstant speed in the interse
tion.

After that, the vehi
le needs to plan its own traje
tory based on its 
urrent

position, velo
ity and its a

eleration/de
eleration ability to enter the interse
tion

at the de
ided entering moment with the 
orre
t entering velo
ity. On one hand,

if the vehi
le 
urrently has a pre
eding vehi
le on the same lane, the former should

request the latter for future motions whi
h have been planned; then a Segmented

Dynami
 Programming algorithm (5.3.4.1) is used to plan a
tions in order to

a
hieve intermediate goals and to avoid running into the pre
eding vehi
le. On

the other hand, if the vehi
le is the �rst one on its lane, it should use a three-

se
tion a

eleration template (5.3.4.2) to plan its traje
tory. If the traje
tory

planning su

esses, the vehi
le must send a message to the manager and the

CZOT it has requested is formally determined. If the traje
tory planning 
ould
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not �nd feasible inputs within the vehi
le's dynami
al limits, in other words,

the vehi
le 
an not pro�t the 
urrent entering window, therefore it should enter

latter. Thus the requested CZOT should be 
an
eled and a ba
kup solution of

the window sear
hing is used to restart the traje
tory planning pro
ess.

The design philosophy of TP-AIM is quite di�erent from DAIC: in DAIC, at

ea
h time step, the vehi
le tries to �nd the optimal 
ontrol input whi
h leads to

minimal 
ost value, and after arriving a 
ollision-free speed, the vehi
le will main-

tain this speed until getting through the interse
tion; in TP-AIM, the possible

entering windows are de
ided at �rst, then the vehi
le plans its traje
tory based

on these windows and other information, thus the vehi
le's speed is non-
onstant

before entering the interse
tion.

5.3.2 De�nitions

5.3.2.1 Con�i
t Zone O

upation Time

Be
ause of the di�eren
e in design philosophy, the de�nition of 
on�i
t zone o
-


upan
y time (CZOT) needs to be 
hanged. The distan
e from the interse
tion's

entran
e to the 
on�i
t zone CZk in SCZi is denoted as dCZk
. For vehi
le Vi,

the set of all the 
on�i
t zones whi
h it will pass through is de�ned as SCZi;

its velo
ity inside the interse
tion is denoted as vi and its length is denoted as

li. If we note the moment at whi
h Vi enters the interse
tion as tenter, then the

moment when Vi enters and leaves CZk, whi
h are separately denoted as t1,Vi
and

t2,Vi
, 
an be de�ned as follows

t1,Vi
= tenter +

dCZk

vi

t2,Vi
= tenter +

dCZk
+ δVi,CZk

(li, w)

vi
,

(5.1)

where δVi,CZk
(li, w) is the distan
e to be 
overed by Vi to get through CZk, whi
h

is related to Vi's heading and the position of CZk in the interse
tion.

Then the usage of time bu�er and the de�nition of overlapped o

upan
y time

are 
ondu
ted in the same way as in 4.2 and 4.4.

It should be indi
ated that the CZOT stored at the manager is anonymous

and only related to 
on�i
t zone index. The o

upan
y time of 
on�i
t zone CZk
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Figure 5.1: Overview of TP-AIM
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is de�ned as

CZOT (CZk) = {OTVi,CZk
|∀Vi}. (5.2)

5.3.2.2 Vehi
le set notations

The vehi
les on the in
oming street within V2I range 
an be divided into three

di�erent sets:

� Free Set SF : The vehi
les whi
h have demanded the CZOT, but have not

got the response from the manager.

� Planning Set SP : The vehi
les whi
h have obtained the response from the

manager, and they are trying to �nd a feasible and 
ollision-free traje
tory

to get through the interse
tion.

� Cruising Set SC : The vehi
les whi
h have found their traje
tories to get

through the interse
tion, and their CZOT is stored at the interse
tion.

On the same lane, if we sort the vehi
les on an in
oming street by the distan
e

to the interse
tion, SC has the smallest distan
e, then it 
omes to SP and �nally

SF . The number of vehi
les in SC and SF is not limited. Meanwhile, there is

at most one vehi
le for ea
h lane in SP . Be
ause the CZOT of a vehi
le 
an

be de
ided if and only if it has �nd a traje
tory, then it be
omes a member of

SC , and its nearest following vehi
le 
an get the response from the manager and

be
ome a member of SP . Therefore there are up to 12 vehi
les in SP for our

interse
tion model.

5.3.2.3 Servi
e Priority

After demanding the CZOT information from the interse
tion manager, the ve-

hi
le 
ould not get the response immediately. Be
ause the CZOT information

stored at the manager may not be 
omplete, and this in
omplete information

would 
ause in
orre
t de
ision of the 
urrent vehi
le. For example, vehi
le Vi and

Vj send their demands simultaneously, and the two vehi
les have 
on�i
t zone in


ommon; the manager 
annot answer them at the same time using the 
urrent

in
omplete CZOT information, be
ause the two vehi
les are related. Therefore,

the two vehi
les must be responded one by one, the �rst one only need to 
onsider

the 
urrent CZOT while the se
ond vehi
le have to take the �rst one into a

ount
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Figure 5.2: Phases for 4 serving groups

as well. Thus a fair and e�
ient servi
e priority needs to be de�ned. A more

e�
ient servi
e rule 
ompared to the one in the previous 
hapter is designed.

As it is assumed that there is no lane-shifting and overtaking operation within

the V2I range, therefore on the same lane, a vehi
le must get through the inter-

se
tion before its following vehi
les. Thus for the vehi
les on the same lane, a

�rst-
ome �rst-served prin
iple is used. It is su�
ient to only take the �rst vehi
le

in the free set SF on ea
h lane into 
onsideration at a time, and this subset of SF

is denoted as S ′
F . There are at most 12 vehi
les in S ′

F .

Firstly, the vehi
les in S ′
F is divided into four groups a

ording to their head-

ings. This division is inspired by the four phases of traditional tra�
 lights shown

in Fig.5.2. Ea
h phase is a biggest set of 
ollision-free headings in whi
h vehi
les


an 
ir
ulate simultaneously, so the vehi
les in the same group are independent

and they 
an get their requested CZOT at the same time. Se
ondly, the vehi
les

in S ′
F are given s
ores a

ording to their distan
es to the interse
tion, headings,
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Figure 5.3: Interse
tion illustration

and types, by using the prin
iples de�ned in 4.3.3. Thirdly, the groups' serving

priority is sorted a

ording to the maximal s
ore in the group. The group with

the highest priority is denoted as G1, then it 
omes to G2, G3 and G4. The

manager should send the requested CZOT information to vehi
les in G1 at �rst.

Then these vehi
les begin to sear
h for the entering windows and plan the tra-

je
tories. After having found a feasible 
ollision-free traje
tory, the vehi
le sends

a 
on�rmation message to the manager. The manager does not have to wait for

all the de�nite answer from G1 to begin to serve the members of G2. If all the

related CZOT of a vehi
le in G2 is de
ided, then it 
an be served before all the

vehi
les in G1 have found a solution. After all the vehi
les in the 
urrent S ′
F have

found their traje
tories, S ′
F is updated to their nearest following vehi
les in SF ,

then the manager begins to repeat the three steps to �nd the priority to serve

the new S ′
F .

For instan
e, in Fig.5.3 six vehi
les are approa
hing the interse
tion, and they

have all proposed their requirement to the manager. Among them there are �ve

vehi
les belongs to S ′
F : V1, V2, V3, V5, V6. A

ording to their headings, V2 is in
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Going Straight Turning Right Turning Left

Figure 5.4: Con�i
t zone o

upan
y

phase 1, V1 and V6 are in phase 2, V3 and V5 are in phase 4. Therefore the vehi
les

in S ′
F 
an be divided into three servi
e groups. V1 gets the highest s
ore be
ause

it is a s
hool bus and it is 
lose to the interse
tion. And V2 gets higher s
ore

than V3 and V5 be
ause it will turn left. Thus V1 and V6 is in the �rst servi
e

group G1, so they should be served at �rst; V2 is in the se
ond servi
e group G2,

therefore on
e V1 has sent its 
on�rmation message to the manager, it 
an get all

the ne
essary information; �nally V3 and V5 
an get their demanded CZOT after

V2 has found a feasible traje
tory.

It should be 
lari�ed that the servi
e priority does not represent the priority to

get through the interse
tion. A vehi
le with lower servi
e priority needs the CZOT

of all related vehi
les with higher priority to plan its own traje
tory, in other

words, the lower the servi
e priority is, the more the vehi
les to be 
onsidered.

5.3.3 Window Sear
hing

The nature of interse
tion management is to solve the spa
e-time 
on�i
t so that

the vehi
les 
an share the limited spa
e resour
e inside the interse
tion. When

a vehi
le is replied by the manager, it has the o

upan
y time of all the 
on�i
t

zones that it will pass through. The 
on�i
t zones that the vehi
les with di�erent

headings will o

upy is shown in Fig. 5.4. The set of 
on�i
t zones to be o

upied

when vehi
le Vi goes through the interse
tion is noted as SCZi.

If we unroll the CZOT in time dimension, the CZOT information in the re-

sponse from the manager 
an be seen as obsta
les, and �nding an entering window


an be interpreted as �nding a traje
tory to bypass these obsta
les. For example,

for a vehi
le going straight, its unrolled CZOT is shown in Fig. 5.5. CZOT (CZk)
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Figure 5.5: Window Sear
hing for a vehi
le going straight

is presented as a line of grids in the �gure. The distan
e axis begins from the

entran
e of the interse
tion pe, and ea
h segment represents the width w of a


on�i
t zone. The time axis begins from the lower boundary tlb of the sear
h-

ing time interval whi
h is de�ned later and ea
h segment on this axis represents

the proto
ol's sampling time Ts. The bla
k grids in the �gure means that the

related 
on�i
t zone is o

upied by other vehi
les during the indi
ated time, and

the o

upan
y is already stored at the manager, so it 
annot be 
hanged. Con-

versely, the blank grids indi
ates that the 
on�i
t zone is available so that it 
an

be o

upied by the host vehi
le.

Obviously, the vehi
les in SC are 
ountable, so their CZOT stored at the

manager is not in�nite, therefore at least the host vehi
le 
an get inside the

interse
tion after all the vehi
les in SC having done o

upying the zones in SCZi.

In this 
ase, if the vehi
le enters the interse
tion in the speed limit, it would be

minimally delayed.

However, the vehi
le 
ould insert earlier by taking advantage of the available

grids. That's why the window sear
hing algorithm is designed. As assumed

before, the vehi
les 
ir
ulates in a 
onstant speed in the interse
tion, so the vehi
le

should maintain the entering velo
ity until it totally gets through. Thus a

ording

to the entering time and velo
ity, the vehi
les' o

upan
y time at di�erent 
on�i
t

zones 
an be predi
ted. The obje
tive is to sear
h for an earlier entering window,

in
luding entering time and velo
ity, whi
h produ
es an 
ollision-free traje
tory

in the interse
tion, in other words, the grids that the vehi
le plans to o

upy

should not overlap with the bla
k grids.
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For a pair of entering time and velo
ity noted as (tenter, venter), the o

upan
y

time OTVi,CZk
of CZk ∈ SCZi 
an be dedu
ed using (5.1) and (4.2). Then the

overlapped o

upan
y time with CZOT (CZk) 
an be 
al
ulated in the same way

as (4.4):

OOTCZk,Vi
=

∑

OTj∈CZOT (CZk)

fOOT (OTVi,CZk
, OTj), (5.3)

where OTj is a su

essive o

upan
y time in CZOT (CZk). Then the total OOT

for all CZk ∈ SCZi is de�ned as:

OOTtotal,Vi
=

∑

CZk∈SCZi

OOTCZk,Vi
. (5.4)

If OOTtotal,Vi
equals to 0, then Vi will not 
ollide other vehi
les when it enters

at tenter with the velo
ity venter. Otherwise, the pair (tenter, venter) is not a safe

entering window for Vi.

Another obje
tive is to minimize the delay of vehi
les, and it 
an be expressed

as a minimized exiting time texit for getting out of the interse
tion, whi
h is also

the fun
tion for tenter and venter. Combining these two obje
tives, a 
ost fun
tion


an be de�ned:

Jcost,Vi
(tenter, venter) = k1 · OOTtotal,Vi

+ k2 · (texit − t0), (5.5)

where t0 is the 
urrent moment, and k1, k2 are the weights of the two parts. As

safety is the �rst priority, k1 should be mu
h bigger than k2.

The sear
hing area needs to be bounded in order to get 
lose to reality and

to produ
e solutions whi
h have higher su

ess rate in traje
tory planning. The

lower boundary tlb of tenter is de�ned as

tlb = max(tfullspeed, tenter,preced), (5.6)

where tfullspeed is the moment when the vehi
le enters the interse
tion if it a
-


elerates to the road's speed limit, and tenter,preced is the entering time of the

nearest pre
eding vehi
le. tlb is set like so be
ause the vehi
le 
annot enter the

interse
tion earlier than using the speed limit or before its pre
eding vehi
le. The

upper boundary tub of tenter is de�ned as the moment when all the 
on�i
t zones
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in CZ(Vi) are not o

upied afterwards:

tub = max
CZk∈SCZi

max(CZOT (CZk)). (5.7)

Then a lower boundary vlb should be given to venter in order to guarantee the

tra�
's �uen
y inside the interse
tion. And the upper boundary vub of venter is

de�ned as the road's speed limit vlimit.

Thus the window sear
hing problem is transformed to a two-dimension op-

timization problem, of whi
h the obje
tive is to �nd the value of an entering

window (tenter, venter) within 
onstraints that produ
es the minimal Jcost,Vi
. Sev-

eral optimization algorithms 
an be used to solve this problem. In this 
hapter,

we utilize the Parti
le Swarm Optimization (PSO) Algorithm (Kennedy (2010))

be
ause of its simpli
ity in exploration and exploitation.

During the sear
hing pro
ess, all the pairs of (tenter, venter) having zero over-

lapped o

upan
y time are re
orded in the vehi
le's 
a
he as ba
kup solutions,

and the optimal solution would be attempted at �rst for traje
tory planning. If

the planning fails to �nd a feasible traje
tory, then a ba
kup solution is used to

restart the planning. If window sear
hing algorithm 
annot �nd any 
ollision-free

solution, it means that there is no 
han
e to enter the interse
tion earlier and the

vehi
le should insert using the speed limit after all vehi
les in SC having got out

of its way. An example of optimal solution and ba
kup solutions 
an be referred

to Fig. 5.5.

5.3.4 Traje
tory Planning

After �nding entering windows, the vehi
le needs to plan its traje
tory before

entering the interse
tion a

ording to these windows. Two di�erent algorithms

are designed for two situations the vehi
les 
an en
ounter: with/without a pre-


eding vehi
le in the same lane. For the �rst situation, vehi
le's traje
tory is

planned by a segmented dynami
 programming algorithm; while for the se
ond

situation, a three-se
tion a

eleration template is used. Normally, these two sit-

uations happen su

essively: the pre
eding vehi
le enters the interse
tion during

the planning s
ope, so the two algorithms need to be deployed one after the other.

It is assumed that the whole planning pro
ess 
an be �nished in a 
omputation
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period δc. During δc, the vehi
le 
ir
ulates a

ording to the self-driving algorithm

and the position and velo
ity at t0 + δc are assumed to be predi
table.

5.3.4.1 With pre
eding vehi
le

If there is a pre
eding vehi
le Vj before Vi, then the �rst goal of Vi is to avoid rear-

end 
ollision with Vj, and 
at
hing up with the de
ided entering window be
omes

the se
ond. In this situation, the vehi
le should plan its traje
tory from the

moment t0 + δc to tenter,preced, when the pre
eding vehi
le enters the interse
tion.

The maximum a

eleration and de
eleration of vehi
le Vi are separately de-

noted as amax and bmax. It is assumed that the Vi 
an 
hoose an a

eleration to

exe
ute, 
alled an a
tion, from several values between the two limits. The a
tion

set Ai of Vi is de�ned as:

Ai = {ai,1, ai,2, . . . , ai,n}, where ai,j ∈ [−bmax, amax]. (5.8)

For di�erent vehi
les, the dimension ‖Ai‖ of a
tion set 
an also be di�erent.

Sin
e the pre
eding vehi
le Vj's traje
tory has been su

essfully planned, the host

vehi
le Vi 
an request ne
essary information via V2V to predi
t Vj's position and

velo
ity in the future.

The vehi
le's traje
tory 
an be planned using dynami
 programming (DP)

(Wuthishuwong et al. (2015)), be
ause this problem 
an be simpli�ed by breaking

it down into a sequen
e of de
ision steps over time, and a sub-problem 
an be

solved re
ursively by using the results of its previous steps. And the results of

overlapping subproblems are memorized and looked up subsequently. As shown

in Fig. 5.6, ea
h node represents a state (p, v) in
luding a position and a velo
ity.

The planning begins with an initial state (p0, v0), and terminates with a target

state (ptarget, vtarget). Ea
h node has ‖Ai‖ a
tions to produ
e new states at every

step, but not all the 
hild-nods are quali�ed: the state that a 
hild-node represents

may be out of the velo
ity's limit or may 
ause 
ollision with the pre
eding vehi
le,

so it should be deleted and 
annot produ
e new 
hild-nodes. The nodes produ
ed

at the �nal step are 
alled the �nal states. The obje
tive is to �nd the �nal state

whi
h has the smallest error to the target state. The nodes belongs to di�erent

layers, if a node is the jth in the same layer and behind it there are N steps

to be planned afterwards, then this node is noted as nN,j , and the set of all its
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Figure 5.6: Planning traje
tory using Dynami
 programming

quali�ed 
hild-nodes is noted as CN(nN,j). If two nodes at the same layer have

the same state, their 
hild-nodes will be exa
tly the same as well. Thus they 
an

be regarded as overlapping subproblems.

If DP is deployed dire
tly using Ts as the step length, it 
ould be 
onsiderably

expensive in 
omputation. For example, if we need to plan the traje
tory for

the future 20s, Ts = 0.2s and ‖Ai‖ = 5, by using DP, there are 100 steps to be

planned, and the number of nodes at the last step are O(5100). Therefore, it is

supposed that an a
tion is maintained during the planning step ∆T , whi
h is an

integer multiple of Ts. The total number of steps to be planned is

Nstep = ceil

(

tenter,preced − t0 − δc
∆T

)

, (5.9)

where ceil(x) is the fun
tion whi
h returns the smallest integer larger than or

equal to x. The target state of DP is de�ned as

ptarget =penter − venter · (tenter −∆T ·Nstep − t0 − δc)

vtarget =venter
(5.10)
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And it represents an ideal 
ase: when the pre
eding vehi
le enters the interse
tion,

the host vehi
le 
an rea
h venter and it does not have to make adjustment before

tenter.

If∆T is too big, the error between the �nal state and the target 
ould be large;

whereas if ∆T is too small, Nstep is still big whi
h leads to high 
omputational


ost. Therefore, a segmented dynami
 programming is designed to solve this

dilemma: the original DP pro
ess is divided into several su

essive and smaller

DP pro
ess with limited steps to 
ompute and intermediate goals to a
hieve. For

the same example de�ned previously, if ∆T = 2s, then Nstep = 10; if the original

DP is divided into 2 su

essive DP of 5 steps, then the number of nodes in �nal

states are O(55). Thus the 
omputational time 
an be greatly redu
ed 
ompared

to the one in the previous example.

The number of steps in the ith segmented DP is de�ned as Ni, and the max-

imum number of steps in a segmentation is denoted as Nmax, so

∑

Ni = Nstep, Ni < Nmax. (5.11)

The moments in ith segmented DP are noted as ti,Ni
, ti,Ni−1 . . . ti,1, ti,0. Then the

velo
ity and position of the 
hild-nodes are examined by

0 6 v(ti,j+1) 6 vlimit, ti,j − ti,j+1 = ∆T

p(t) < ppreced(t)− lpreced, ∀t ∈ [ti,j, ti,j+1].
(5.12)

where ppreced is the position of the pre
eding vehi
le, and lpreced is its length. The


hild-nodes whi
h are outside these limits should be deleted and they 
annot

generate new 
hild-nodes in the next step.

The intermediate target of the whole DP is the target of ith segmented DP,

whi
h is de�ned as followings

ptemp =p0 +

∑

j≤iNj

Nstep

· (ptarget − p0)

ptarget,i =min(ppreced(ti,0)− lpreced, ptemp)

(5.13)

vtemp =v0 +

∑

j≤iNj

Nstep

· (vtarget − v0)

vtarget,i =min(vpreced(ti,0), vtemp)

(5.14)
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ol Design

This de�nition is an integrated 
onsideration of the �nal target and the motion

of the pre
eding vehi
le.

If nNi,j is a node whi
h represents a �nal state of the ith segmented DP, thus

Ni = 0, then its 
ost C0,j is de�ned as

C0,j = ω1 · abs(p0,j − ptarget,i) + ω2 · abs(v0,j − vtarget,i), (5.15)

where ptarget,i and vtarget,i are the target position and velo
ity of the ith segmented

DP, and ω1 and ω2 are the weights of position and velo
ity error. This 
ost is


alled the terminal 
ost.

Otherwise, for a node with Ni > 0, its 
ost is de�ned as

CNi,j =min({CNi−1,k + abs(aNi,k)|nNi−1,k ∈ CN(nNi,j)}) (5.16)

aNi,m =argmin({CNi−1,k + abs(aNi,k)}), (5.17)

where nNi−1,k is a 
hild-node of nNi,j, and aNi,j is the a
tion used to produ
e it.

The term abs(aNi,k) is de�ned as the 
ontrol 
ost.

By 
al
ulating the 
ost of the node at the initial state, an a
tion pro�le with

minimal 
umulated 
ontrol 
ost 
an be found whi
h 
an lead to a node having

small error to the target state. Then the a
tion pro�les of segmented DP are


onne
ted su

essively to generate vehi
le's traje
tory from t0 + δc to tenter,preced.

5.3.4.2 Without pre
eding vehi
le

Normally, this situation happens when the pre
eding vehi
le has entered the

interse
tion. Be
ause of the existen
e of the pre
eding vehi
le and the limited

a
tion set, a vehi
le may not rea
h the target state (ptarget, vtarget), so adjustment

should be done to 
at
h up with the entering window (tenter, venter). In this 
ase,

the vehi
le only needs to 
onsider the entering window be
ause the pre
eding

vehi
le's o

upan
y time is already 
onsidered in the window sear
hing pro
ess,

so there will not be any rear-end 
ollision.

A three-se
tion a

eleration template is designed to plan the vehi
le's traje
-

tory from tenter,preced to tenter. It is assumed that the traje
tory for this duration

has three se
tions: a

eleration, 
ruise and de
eleration, or de
eleration, 
ruise

and a

eleration. An uniform a

eleration is 
onsidered to simplify the planning
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Algorithm 6 Traje
tory planning in a segmentation using DP

Input:

Steps left Nleft, Nodes in this step N(P, V ), A
tion set A, Target state

(ptarget, vtarget), Speed limit vlimit, Position of the pre
eding vehi
le ppreced;
Output:

Nodes' a
tion pro�les AP (N, Nleft) and 
osts C(N, Nleft);
[AP,C] = dp_planning(Nleft,N,A, ptarget, vtarget, vlimit, ppreced)

1: if Nleft = 0 then
2: Cal
ulate the 
ost Ci for ∀ni ∈ N using 5.15;

/∗The nodes represent the final states ∗/
3: AP ←− ∅

4: else

5: Generate 
hild-nodes CN of N using a
tions in A;

/∗ Velo
ity Examination and Collision Examination ∗/
6: for cni(pi, vi) ∈ CN do

7: if pi has 
ollision with ppreced or vi > vlimit then

8: CN←− CN\cni;

9: end if

10: end for

11: if CN = ∅ then

12: No quali�ed 
hild-node, traje
tory planning failed;

13: else

14: S←− ∅;

15: for cni(pi, vi) ∈ CN do

16: if ∃cnj ∈ S, pi = pj and vi = vj then
17: Establish mapping between cni and cnj /∗ Overlapped

subproblems ∗/
18: else

19: Add cni in S;

20: end if

21: end for

22: Cal
ulate [AP (S, Nleft − 1), C(S, Nleft − 1)] = dp_planning(Nleft −
1, S,A, ptarget, vtarget, vlimit, ppreced)

23: Build AP (CN, Nleft−1) and C(CN, Nleft−1) using overlapped mapping;

24: Cal
ulate the 
ost Ci for ∀ni ∈ N using 5.16;

25: AP (N, Nleft)←− [a∗, AP (CN, Nleft − 1)
26: end if

27: end if

28: return AP , C
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pro
ess. The �rst and the third se
tion have the same value of a

eleration, and

the duration of the three se
tions are separately T1, T2 and T3. The a

eleration

value should be minimized in order to redu
e the fuel 
onsumption. Then the

traje
tory planning problem 
an be translated into solving the following opti-

mization program:

minimize |a| (5.18)

with 
onstraints

tenter,preced + T1 + T2 + T3 = tenter (5.19)

vfinal + a · (T1 − T3) = venter (5.20)

d(vfinal, a, T1) + d(vfinal + a · T1, 0, T2)

+d(vfinal + a · T1,−a, T3) = penter − pfinal (5.21)

0 ≤ vfinal + a · T1 ≤ vlimit (5.22)

−bmax ≤ a ≤ amax (5.23)

where (pfinal, vfinal) is the optimal �nal state given by the segmented DP, and

d(v, a, t) is the distan
e 
overed by the vehi
le with initial speed v and a

eleration

a, during time t. The 
onstraints (5.19), (5.20) and (5.21) are separately the


onstraints of time, velo
ity and position. (5.22) and (5.23) are the speed limit

and a

eleration limit.

If a value of a 
an be found within the 
onstraints, then the traje
tory from

t0 + δc to tenter is su

essfully planned, and the vehi
le 
an 
at
h up with the


urrent entering window. The vehi
le should send a 
on�rmation message to the

manager, and its related CZOT is stored. Otherwise, the vehi
le is not 
apable to

take advantage of the entering window, therefore it should enter the interse
tion

later. A ba
kup solution in its 
a
he is used to restart the traje
tory planning

pro
ess.

5.4 Simulation

5.4.1 Settings

In order to prove the e�e
tiveness of out TP-AIM proto
ol, simulations are per-

formed by using the same testbed setting in Chapter 4 
omposed of Matlab,
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S
enarios Arriving Rate λ
Right Lane Middle Lane Left Lane

S1 0.10 0.10 0.10

S2 0.20 0.20 0.15

S3 0.30 0.30 0.20

S4 0.40 0.40 0.25

S5 0.50 0.50 0.30

Table 5.1: Arriving rate in di�erent s
enarios.

SUMO and TraCI.

The interse
tion in simulation is same as the one shown in Fig. 5.3. The

length of ea
h in
oming street is 500m, and the V2I 
ommuni
ation range R of

the manager is set to 150m. Vlimit = 70km/h(19.44m/s) is set to be the speed

limit of all the in
oming streets. The appearan
e of vehi
les on ea
h street is

assumed to be a Poisson pro
ess with arriving rate λ. Five s
enarios are designed

for the simulation of whi
h the arriving rates of vehi
les for di�erent lanes are

given in TABLE 5.1. From s
enario S1 to S5, the arriving rates in
rease so that

the tra�
 be
omes in
reasingly heavy. The tra�
 �ows on ea
h lane is randomly

generated by following the arriving rate λ and the appearan
e probabilities of

�ve vehi
le types in
luding sedan, hat
hba
k, wagon, tru
k and bus, whi
h are

di�erent in lengths and a

eleration/de
eleration abilities. The �ows begins at

t = 0s and ends at t = 100s. The sample time of simulation is set as Ts = 0.2s.

The time bu�er tb = 0.2s.

For the window sear
hing algorithm, the lower limit of velo
ity inside the

interse
tion vlb is set to 10m/s, and 10 parti
les sear
h for the entering window

in 50 iterations using PSO. In traje
tory planning algorithm, ea
h segmented

DP 
an have at most Nmax = 4 steps, and the dimension of a vehi
le's a
tion

set ‖Ai‖ = 7. The simulation is exe
uted in Matlab 2013a on a 
omputer with

IntelCoreTM i5− 2410M 2.3GHz.

5.4.2 Results

Comparisons are made between the same interse
tion 
ontrolled separately by

�xed-period tra�
 lights, adaptive tra�
 lights (Priemer & Friedri
h (2009))

and our TP-AIM proto
ol in di�erent s
enarios. In the following, we use �Fixed
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Lights", �Adaptive Lights" and �TP-AIM" to represent these three methods. For

Fixed Lights, the length of green light for straight dire
tion and right turning

is 25s, for left turning is 20s, and the yellow light between two phases is 2s.

Therefore, the phase period of Fixed Lights is 98s. The generated tra�
 �ows for

these three methods are exa
tly the same. The performan
e of di�erent methods

are evaluated by the same 
riteria de�ned in se
tion 4.4.

In Fig. 5.7, it 
an be found that for the same s
enario, TP-AIM proto
ol


an always eva
uate all the vehi
les during the least time, and mu
h bigger im-

provement in eva
uation time 
an be seen in TP-AIM than in Adaptive Lights,

espe
ially under light and heavy tra�
 
onditions; as the tra�
 gets heavier,

eva
uation time using the three methods all in
reases; however, the in
rease for

TP-AIM (147.6s) is smaller than that for Fixed Lights (211.8s) and Adaptive

Lights (273.8s).

Fig. 5.8 shows the throughput of the interse
tion at t = 98s, the end of the �rst

signal period of Fixed Lights. The results show that TP-AIM always outperforms

Fixed Lights and Adaptive Lights with great advantage. A throughput around

70% 
an still be maintained under heavy tra�
 
onditions. For Adaptive Lights,

it 
an outperform Fixed Lights greatly under light tra�
 
onditions; however,

the advantage redu
es when the tra�
 gets heavier.

As for the delay 
omparison shown in Fig. 5.9, �rst of all, it 
an be noti
ed that

vehi
les 
ontrolled by TP-AIM have mu
h smaller delay in every s
enario, and

the median values of delay are only 20% ∼ 30% of Fixed Lights and 21% ∼ 42%

of Adaptive Lights. Then for Fixed Lights and Adaptive Lights, when more

vehi
les intend to get through the interse
tion, the maximum value and median

value of delay in
rease; while for TP-AIM, the median value of delay saturates

to around 18.3s. Under heavy tra�
 
onditions in s
enario S5, the delay of a

vehi
le 
an be as high as 345s if the interse
tion is 
ontrolled by Fixed Lights,

and the maximum delay 
an be redu
ed to 265s when Adaptive Lights is applied,

whereas if our TP-AIM proto
ol is implemented, the maximum delay 
an greatly

de
rease to less than 10% of these two values. When 
omparing the �rst two

sub-�gures in Fig. 5.9, it 
an be found that Adaptive Lights 
annot guarantee

to have lower maximum delays than Fixed Lights in light and medium tra�
,

however, the median values are always lower.
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S
enarios Attempt Times Max Average Average Average

CT CT CT(WS) CT(TP)

1 2 3 (s) (s) (s) (s)

S1 96.64% 2.52% 0.84% 2.21 1.26 0.98 0.28

S2 95.81% 3.38% 0.81% 2.56 1.70 1.38 0.32

S3 91.70% 7.30% 1.00% 2.59 1.68 1.33 0.34

S4 94.20% 5.50% 0.30% 2.45 1.92 1.45 0.47

S5 94.50% 4.72% 0.78% 2.60 1.88 1.43 0.45

Table 5.2: Attempt times and 
omputation time.

Simulation results show that Adaptive Lights have absolute advantage in eva
-

uation time and throughput 
ompared to Fixed Lights, while our TP-AIM pro-

to
ol 
onsiderably outperforms the other proto
ols in all the three 
riteria. For

tra�
 lights, �ows having interse
tion point in their traje
tories 
an not get into

the interse
tion simultaneously, so that vehi
les have to be held before the in-

terse
tion. Meanwhile this limit is broken through in TP-AIM, the interse
tion

is divided into smaller 
on�i
t zones, and vehi
les 
an be inside the interse
tion

at the same time if they don't take any 
on�i
t zone simultaneously. Thus the

interse
tion spa
e is used mu
h more e�
iently. Besides, vehi
les don't have to

stop only if ne
essary, therefore travel delay 
an be redu
ed.

In terms of 
omputation, as shown in TABLE 5.2, for all the simulation s
e-

narios, more than 90% of vehi
les 
an �nd a feasible traje
tory for the �rst given

entering window, and the others need to use ba
kup solutions in their 
a
he to

plan the traje
tory again. The results show that a vehi
le tries at most three

times to �nd a feasible traje
tory. By using the setup mentioned previously, it

takes at most 2.6s for a vehi
le to �nd entering windows and to plan a feasible

traje
tory. On average, the 
omputation time is less than 2s, of whi
h 78% is

spent on window sear
hing (WS), and the rest on traje
tory planning (TP). In

near future, when vehi
les have e�
ient on-board 
omputation ability, TP-AIM


an be implemented for real-time usage.

5.5 Con
lusion

In this 
hapter, a traje
tory planning based autonomous interse
tion manage-

ment proto
ol (TP-AIM) is developed to 
ontrol an interse
tion under 
onne
ted
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autonomous vehi
les 
ontext in a safer and more e�
ient way.

The interse
tion is 
ontrolled by a manager whi
h is used to 
olle
t and dis-

tribute 
on�i
t zone o

upan
y information. When entering the V2I range, ve-

hi
le demands the o

upan
y time of its related 
on�i
t zone from the manager;

then the manager responses these demands in priority by dividing the vehi
les

into servi
e groups. After having got the response, a window sear
hing algorithm

is used in order to �nd an entering window whi
h 
an produ
e a 
ollision-free

traje
tory with minimal delay, as well as some other entering windows as ba
k-

ups. Then the vehi
le begins to plan its traje
tory using a segmented dynami


programming algorithm based on the de
ided entering window and the future mo-

tions of the pre
eding vehi
le. If the 
urrent traje
tory planning fails, a ba
kup

entering window is applied to restart the planning.

Simulation results prove that our V2X-based TP-AIM proto
ol is 
apable to

deal with di�erent tra�
 s
enarios, and all the design obje
tives are ful�lled.

Furthermore, TP-AIM 
an bring qualitative 
hange to the 
urrent interse
tion

management systems. For future resear
h, multiple interse
tions 
an be taken

into a

ount to learn the 
oordination of several managers.
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Con
lusions and Perspe
tives

This 
hapter is aiming at 
on
luding the thesis. The results of ea
h 
hapter is

summarized here, then some limits and drawba
ks in this work are analyzed, and

several ideas to improve and extend this resear
h are also proposed.

Con
lusions

This thesis is devoted to study the potential appli
ations of autonomous vehi
les

and V2X 
ommuni
ations to improve the safety and e�
ien
y of road transporta-

tion systems. This resear
h is a glan
e of the future in whi
h the transportation


ould be 
ompletely di�erent from nowadays: the vehi
les 
an drive themselves,

intera
t with ea
h other to avoid 
ollisions and to optimize their traje
tories to

arrive at destinations earlier; passengers 
an safely enjoy their journey on board.

In this thesis, we have been fo
used on designing algorithms to realize some

possible intera
tions between vehi
les and infrastru
tures in di�erent s
enarios.

We hope that our work 
ould be helpful and inspiring for future resear
h and

development of intelligent transportation systems.

The work has been presented as follows:

Chapter 1 mainly presents the motivation, history and state-of-art of the

development of intelligent transportation systems. Due to the drawba
ks like

a

idents, 
ongestions and pollution, people are trying to make the transporta-

tion safer, more e�
ient and environmentally friendly. Currently, autonomous

vehi
le is a very popular R&D domain, in whi
h people hope to develop arti�
ial

intelligen
e to repla
e human in driving, so that a

idents due to human error


an be redu
ed. In order to fa
ilitate information ex
hange between transporta-

tion parti
ipants, V2X 
ommuni
ations are developed. By forming vehi
ular ad
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ho
 networks, vehi
les 
an 
ommuni
ate with ea
h other and with infrastru
-

tures. As two main interests in our resear
h, 
ooperative adaptive 
ruise 
ontrol

(CACC) and autonomous interse
tion management (AIM) are reviewed in terms

of development path and mainstream te
hniques.

Chapter 2 presents a platoon 
ontrol algorithm. The vehi
ular kineti
 model

and platoon model we use are des
ribed; the 
ost fun
tion indi
ating safe spa
ing

and a

ordan
e of velo
ity and a

eleration in the platoon is established; a trail-

and-error method is used to integrate di�erent kinds of 
onstraints in the 
ost

fun
tion; the topology of 
ommuni
ation between vehi
les is des
ribed whi
h is a

fusion of information from the platoon leader and the pre
eding vehi
le; a bioni


parti
le swarm optimization (PSO) algorithm is used to �nd near-optimal solution

for following vehi
les; simulation results show that the platoon 
an be stabilized

with redu
ed tra
king errors, the in�uen
e from a

eleration/de
eleration of pla-

toon leader 
an be attenuated. The 
orresponding results 
an be found in (Liu

& El Kamel (2016e); Liu et al. (2016)).

Chapter 3 has established the CACC-VI algorithm. The algorithm is de-

signed to improve the throughput of a signal 
ontrolled interse
tion with the

help of V2X 
ommuni
ations and CACC te
hnology. CACC-VI is 
omposed of

two main parts: platoon reorganization and platoon 
ontrol. In the �rst part,

a traje
tory planning algorithm is designed to plan a fuel-saving traje
tory to

a

omplish desired motion within 
onstraints; a spa
e arrangement approa
h is

proposed to distribute the opportunity spa
e to vehi
les whi
h are 
apable to �nd

feasible solutions in traje
tory planning; the related 
ommuni
ation message and

vehi
les' behaviors are also des
ribed. In the se
ond part, the strategies of ve-

hi
les in di�erent 
ases are designed: the platoons leaders follow the preplanned

traje
tories; the following vehi
les are 
ontrolled by the PSO-based platoon 
on-

trol algorithm; the former platoons leaders applies both the two strategies with a

swit
h 
ondition between them. Simulation experiments show that our algorithm

is 
apable to reorganize the platoons safely a

ording to the opportunity spa
e

and vehi
les' dynami
al abilities; the throughput of interse
tion 
an be improved

and the reorganized platoons 
an be stabilized. The 
orresponding results have

been published in (Liu & El Kamel (2016e)).

Chapter 4 has fo
used on autonomous interse
tion 
ontrol in light tra�



onditions. The DAIC algorithm is developed to let vehi
les get through the

128



CONCLUSIONS AND PERSPECTIVES

interse
tion without full stop, so that the average delay of vehi
les 
an be re-

du
ed. The 
on
eption of 
on�i
t zone o

upan
y time (CZOT) is de�ned to

quantify the spa
e-time 
on�i
t inside the interse
tion. In order to redu
e the

dimension of solution spa
e, the vehi
les make their de
isions in a prioritized

way. A 
ost fun
tion representing the 
rossing 
ollision and the rear-end 
ollision

is established. Vehi
les must 
hoose the input from its a
tion set to minimize

the 
ost value, and they should keep adjusting their velo
ities until arriving at a


ollision-free value. A simulation testbed is designed using several fun
tional dia-

grams in UML and the testbed is established using Matlab and SUMO, an open

sour
e tra�
 simulator. Simulation results prove that DAIC algorithm overtakes

greatly traditional tra�
 lights in eva
uation time, delay and throughput under

light tra�
 
onditions. The 
orresponding results 
an be found in (Liu & El

Kamel (2016b,
)).

Chapter 5 has expounded the TP-AIM algorithm. This algorithm is de-

veloped to guarantee safety while improving e�
ien
y of an interse
tion under

di�erent tra�
 densities. The CZOT information is stored at the interse
tion

manager. When entering the V2I range, the vehi
le demands the related CZOT.

If multiple demands re
eived at the same time, the manager responses by fol-

lowing an improved servi
e priority arrangement method. After getting the re-

sponse, the vehi
le uses the window sear
hing algorithm to �nd possible entering

moments and velo
ities. In order to redu
e the 
omputation 
omplexity, the orig-

inal dynami
 programming pro
ess is divided into several smaller pro
esses linked

by intermediate goals. The vehi
le's traje
tory is planned by this segmented dy-

nami
 programming method based on the de
ided entering window and the future

motion of the pre
eding vehi
le. A ba
kup me
hanism is developed to improve

the robustness of the algorithm. Simulation results show that TP-AIM 
an deal

with even heavy tra�
 s
enarios. Besides, it 
an greatly redu
e vehi
les' delays

and improve the e�
ien
y of interse
tion, 
ompared to time-�xed tra�
 lights

and adaptive tra�
 lights. The 
orresponding 
ontributions 
an be found in (Liu

& El Kamel (2016a,d)).
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Perspe
tives

When developing the algorithms in this thesis, several assumptions have been

made. Therefore, when applying our method in realisti
 environment, there are

still some aspe
ts to work on. Based on the results of this thesis, some perspe
tive

remarks must be 
onsidered:

� In the TP-AIM, the traje
tories are planned for individual vehi
les. Maybe

the 
omputation 
ost 
an be redu
ed if we plan the traje
tories for vehi
-

ular platoons. The idea of platoon reorganization in CACC-VI 
ould be


ombined with window sear
hing algorithm in TP-AIM. Instead of simply

sear
hing for the existen
e of entering window, the windows' widths, indi-


ating the number of vehi
les whi
h 
an pro�t the window, 
ould also be

quanti�ed. Then the platoons 
an be reorganized a

ording to the widths

and vehi
les' dynami
al 
hara
teristi
s. Thus the following vehi
le does

not have to utilize traje
tory planning algorithms but the platoon 
ontrol

algorithm, whi
h is less 
omputationally expensive.

� When developing the algorithms, we have assumed that all the lane-
hanging

maneuvers have been a

omplished before entering the tra�
 manager's

range. So we have only 
onsidered the longitudinal intera
tion between ve-

hi
les. However, it is not the 
ase in reality: the headings of vehi
les in the

platoon may not be the same, so a vehi
le may need to depart from the


urrent platoon and joins a platoon on the lane nearby. Therefore, the pla-

toon reorganization should not only be longitudinal but also be lateral. For

example, in the platoon reorganization we designed in Chapter 3, vehi
le Vi

have to abandon joining in the a

elerating platoon be
ause its pre
eding

vehi
le Vj is not 
apable to �nd a feasible traje
tory; then Vj 
ould 
hange

to another lane nearby if possible to give way to Vi, so that the throughput


an be further improved.

� Currently, our algorithms are all developed for an isolated interse
tion.

Their performan
e when applied on multiple adja
ent interse
tions has not

been investigated. A 
oordination me
hanism among the interse
tion man-

agers might need to be developed to better use the road spa
e between two

interse
tions.
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� The 
ommuni
ation in our resear
h is assumed to be perfe
t with negligible

transmission delay, pa
ket loss, interferen
e, et
. In future work, the im-

pa
t of 
ommuni
ation quality should be studied, and ways to improve the

robustness when fa
ing delay and data loss should be found. The a
hieve-

ments of Dr. Tian ZHENG may help in the resear
h in this dire
tion (Zheng

et al. (2013)).

� Moreover, the penetration rate of autonomous vehi
les and V2X 
ommuni-


ation devi
es are assumed to be 100%; but we 
an not a
hieve this value in

one day, thus the impa
t of penetration rate on vehi
ular networks should

be investigated.

� In our resear
h, the vehi
les are modeled in a simple way. However, in

reality, a vehi
le is a quite 
ompli
ated system, so more 
omplete vehi
le

model 
an be used to better represent the vehi
le's behaviors. Besides, the

lo
ation system is assumed to be perfe
tly a

urate. In future work, the

errors in data a
quisition and transmission 
ould be taken into a

ount.

� The impa
ts of natural environment and road 
onditions on vehi
les and

how this in�uen
es the system performan
e should be studied. As there are

already some results on this aspe
t in our resear
h group (Luo et al. (2012);

Yu et al. (2013, 2014)), it will be better to integrate all the results on one

single platform.

� The surrounding vehi
les in the same street and the vehi
les 
oming from

other streets 
an be seen as moving obsta
les. Navigation algorithm 
an

designed to plan the vehi
le's traje
tory in real time to avoid 
ollisions with

these obsta
les and to a
hieve so
ial bene�t like minimal delay and minimal

energy 
onsumption. Ma
hine learning method 
an be used for traje
tory

planning and histori
al a
tions 
an be re
orded to serve as training exam-

ples to ameliorate future motions. When fa
ing unexpe
ted s
enarios, the

system 
ould also be 
apable to make right de
isions. Dr. Chen XIA's work

(Chen & EL KAMEL (2015); Xia & El Kamel (2016)) 
ould be inspiring

in this resear
h dire
tion.

131



CONCLUSIONS AND PERSPECTIVES

� It 
ould also be interesting to build physi
al testbed to evaluate the algo-

rithms in small s
ales, so that the work �ow of our algorithms 
an be tested

and potential problems in real time implementation 
ould be dis
overed.
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Résumé Étendu en Français

Introdu
tion

Cette thèse est 
onsa
rée à étudier des appli
ations potentielles des véhi
ules

autonomes et des 
ommuni
ations V2X pour améliorer la sé
urité et l'e�
a
ité

des systèmes de transport routier. Cette re
her
he est un 
oup d'÷il de l'avenir

dans lequel le transport pourrait être 
omplètement di�érent de nos jours: les

véhi
ules peuvent 
onduire eux-mêmes, d'interagir les uns ave
 les autres pour

éviter les 
ollisions et d'optimiser leurs traje
toires pour arriver aux destinations

plus t�t; les passagers peuvent pro�ter en toute sé
urité leur voyage à bord.

Dans 
ette thèse, nous sommes atta
hés sur la 
on
eption des algorithmes pour

réaliser les intera
tions entre les véhi
ules et les infrastru
tures dans les di�érents

situations. Nous espérons que notre travail pourrait être utile et inspirant pour

la re
her
he et le développement futur des systèmes de transport intelligents.

Motivation de la re
her
he

L'é
onomie mondiale est fortement dépendante de la sé
urité et l'e�
a
ité des

systèmes de transport pour dépla
er des passagers et des mar
handises entre les

origines et les destinations multiples. En arrivant à un endroit en toute sé
urité

dans une 
ertaine période est l'exigen
e fondamentale de transport. Cependant,

le transport routier d'aujourd'hui est loin d'être parfait.

Comportements de 
onduite in
orre
ts 
omme l'al
ool au volant, la fatigue au

volant et la vitesse sont 
onsidérés 
omme les 
auses prin
ipales des a

idents de

la route qui, d'une part 
ausent des blessures, la mort et des dommages matériels,

d'autre part rendent les véhi
ules garder plus grande distan
e entre eux, don
 la


apa
ité de la route n'est pas utilisé 
omplètement. En outre, les 
ongestions
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ausés par des 
omportements de 
onduite in
orre
tes, les a

idents, la noti�-


aitons de tra�
 in
onvenantes sont devenues un phénomène mondial qui 
ause

des e�ets négatifs au niveau de l'é
onomique et de l'é
oligique, de sorte que les

gens doivent passer plus de temps sur la route et plus de 
arburant est 
onsommé,


e qui 
onduit à plus de pollution. Fa
e à tous 
es in
onvénients des systèmes de

transport routier a
tuels, améliorations au niveau du système et de l'individuel

doivent être étudiées.

Dans 
e 
ontexte, la 
on
ept �Systèmes de transport intelligents (STI)� est

proposée. Les STI peuvent être largement dé�nis 
omme l'appli
ation des te
h-

nologies de pointe, telles que les 
ommuni
ations, les 
apteurs, et l'informatique,

aux systèmes de transport, a�n de fournir des informations en temps réel pour

améliorer la sé
urité, l'e�
a
ité et le 
onfort, en même temps de réduire l'impa
t

sur l'environnement.

Systèmes Autonomes dans STI

L'idée prin
ipale des systèmes autonomes est d'utiliser les appli
ations autonomes

pour aider/rempla
er les man÷uvres et les dé
isions humaines. Les systèmes

avan
és d'assistan
e au 
ondu
teur (ADAS) sont 
onçus pour aider les 
ondu
-

teurs en les alertant lorsque le danger (par exemple, la tenue de voie, alerte de


ollision avant), en a
quérant plus d'information pour la prise de dé
ision (par

exemple, planni�
ation de l'itin'enaire et évitement d'en
ombrement) et en les

libérant de manoeuvres répétitives et astu
e (par exemple, régulateur de vitesse

adaptatif, stationnement automatique). Dans les systèmes semi-automatiques, le

pro
essus de 
onduite a en
ore besoin de l'intervention du 
ondu
teur humain

: le 
ondu
teur doit régler 
ertains paramètres dans le système, et il/elle peut

dé
ider de suivre l'assistan
e 
onsultative ou non.

Ré
emment, ave
 l'amélioration de la te
hnologie de déte
tion et de l'intelligen
e

arti�
ielle, les entreprises et les instituts ont été 
ommis à la re
her
he et le

développement de la 
onduite autonome (Figure 1). Dans 
ertains s
énarios (par

exemple les autoroutes et les routes prin
ipales), ave
 l'aide de 
apteurs pré
is

et la 
arte de haute pré
ision, la 
onduite sans intervention humaine seraient at-

teinte. L'élimination de l'erreur humaine rendra le transport routier beau
oup
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Figure 1: La voiture sans 
ondu
teur �Bubble� de Google

plus sûr, et une meilleure utilisation de l'espa
e permettra de mieux pro�ter la 
a-

pa
ité routière. Cependant, les voitures autonomes doivent en
ore l'anti
ipation

du 
ondu
teur dans 
ertains s
énarios ave
 la situation du tra�
 
ompliqué ou

ave
 les informations limitées. La disposition intérieure des voitures autonomes

ne serait pas très di�érent des voitures a
tuelles, par
e que le volant et les pé-

dales sont en
ore né
essaires. La pro
haine étape de la 
onduite autonome est

la 
onduite sans 
ondu
teur, dans laquelle la voiture est totalement dirigée par

elle-même. Le siège dédié pour le 
ondu
teur disparaîtrait et les personnes à

bord se 
on
entraient sur leur propre travail. L'é
onomie auto-partage basée sur

les voitures sans 
ondu
teur serait énorme: à l'avenir, les gens préfèrent appeler

une voiture sans 
ondu
teur lorsqu'il est né
essaire à posséder une voiture privée.

Ainsi les 
ongestions et les pollutions pourraient être soulagées.

Systèmes Coopératifs dans STI

Il est évident que les noti�
ations de transport routier a
tuels sont 
onçus pour

les 
ondu
teurs humains, tels que les feux de 
ir
ulation, les 
lignotants et les

panneaux le long de la route. Les véhi
ules autonomes a
tuels sont équipés de


améras dédiées à déte
ter 
es signes. Cependant, les noti�
ations 
onçus pour

les humains ne sont pas su�samment e�
a
es pour les véhi
ules autonomes,
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par
e que l'utilisation des 
améras est limitée par la distan
e et de la visibilité,

et les algorithmes doivent être mis en ÷uvre pour re
onnaître 
es signes. Si

l'intera
tion entre les véhi
ules et l'environnement est a
tivée, les noti�
ations

peuvent être livrées via les 
ommuni
ations V2X (Figure 2), don
 les véhi
ules

peuvent être remarqué dans une plus grande distan
e même en dehors de la

vue, et l'information originale est plus pré
ise que les informations déte
tées par

des 
apteurs. Lorsque le taux de pénétration des voitures sans 
ondu
teur est

su�samment élevé, il ne serait pas né
essaire d'avoir des feux et des panneaux

de signalisation physiques. Le signe personnel virtuel de la 
ir
ulation peut être


ommuniqué aux véhi
ules individuels par le gestionnaire de tra�
. Dans les

systèmes 
oopératifs, un individu n'a pas besoin d'a
quérir l'information tout

par ses propres 
apteurs, mais ave
 l'aide des autres via la 
ommuni
ation. Par


onséquent, l'intelligen
e autonome peut être étendue en intelligen
e 
oopérative.

Figure 2: Réseaux ad ho
 des véhi
ules au voisinage d'une interse
tion

La re
her
he présentée dans 
ette thèse se 
on
entre sur le développement

d'appli
ations pour améliorer la sé
urité et l'e�
a
ité des systèmes de transport

intelligents dans le 
ontexte des véhi
ules autonomes et des 
ommuni
ations V2X.

Ainsi, 
ette re
her
he est dans le domaine des systèmes 
oopératifs. Stratégie de


ontr�le sont 
onçus pour dé�nir la façon dont les véhi
ules interagissent les uns

ave
 les autres et ave
 les infrastru
tures.
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Contr�le Dé
entralisé de Caravane

Le système du régulateur de vitesse adaptatif (ACC), qui est disponible dans le

mar
hé, vise à maintenir automatiquement une vitesse 
onstante ou une distan
e

de sé
urité au véhi
ule pré
édent. A
tuellement, le système ACC est prin
ipale-

ment basé sur des 
apteurs de télémètre, par exemple, les radars et les lasers,

qui sont 
apables de mesurer la distan
e et son taux de variation. En règle

générale, le système ACC peut dégager les 
ondu
teurs de réaliser des tâ
hes

répétitives et ennuyeuses 
omme réglage de la vitesse et la distan
e au véhi
ule

pré
édent sur l'autoroute. Cependant, les systèmes d'ACC a
tuels ont en
ore des

in
onvénients, 
omme l'in
apa
ité à des s
énarios plus 
omplexes et les 
apa
ités

limités d'anti
ipation à man÷uvre brusque du véhi
ule pré
édent.

Grâ
e à la te
hnologie V2X, ACC peut être étendu à ACC 
oopérative (CACC).

Véhi
ule équipé de V2X peut non seulement obtenir des informations du véhi
ule

pré
édent 
omme dans le système ACC, mais aussi les véhi
ules avant la pré
é-

dente, même dehors la vue. CACC est 
onsidéré hautement potentiel d'améliorer

la 
apa
ité d'é
oulement et la dou
eur du tra�
 et de réduire les 
ongestions.

Figure 3: La topologie de 
ommuni
ation dans la 
aravane

Dans 
ette thèse, un algorithme de 
ontr�le de 
aravane basé sur l'optimisation

par essaim de parti
ules (PSO) est dé
rit. A 
haque pas de temps, un véhi
ule


her
he les l'entrée de 
ommande optimale pour réduire les trois erreurs de suivi

dans la 
aravane, selon les informations provenant du leader de 
aravane et le

véhi
ule pré
édent le plus pro
he via les 
ommuni
ations V2V. Les 
apa
ités dy-

namiques des véhi
ules et le 
onfort des passagers sont également pris en 
ompte

dans 
et algorithme.

Les résultats de simulation montrent que notre algorithme est e�
a
e pour


ontr�ler les véhi
ules dans la 
aravane. La 
aravane peut être stabilisée ave
 des
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erreurs de suivi réduites et l'in�uen
e de l'a

élération/dé
élération du premier

véhi
ule au reste de la 
aravane peut être éliminée.

Amélioration de l'e�
a
ité d'interse
tion via V2X

et CACC

Ensuite, nous avons designé un algorithme : régulateur de vitesse adaptatif


oopératif au voisinage d'interse
tion (CACC-VI) , qui vise à augmenter le débit

d'une interse
tion sous 
ontr�le des feux de 
ir
ulation (Figure 4). Il est supposé

que les 
aravanes de véhi
ules sont déjà formées avant d'arriver à l'interse
tion.

Un gestionnaire est installé à l'interse
tion qui peut 
ommuniquer ave
 les 
ara-

vanes via V2I.

Figure 4: L'apperçu de l'algorithme CACC-VI

Dans un premier temps, le gestionnaire d'interse
tion di�use le réglage du

temp du feu aux véhi
ules dans la voie, tandis que les 
aravanes envoient ses

positions et ses vitesses a
tuelles au gestionnaire; alors l'espa
e d'opportunité

est 
al
ulé et distribué aux véhi
ules en utilisant l'appro
he d'aménagement de

l'espa
e et de l'algorithme de plani�
ation de traje
toire; s'il y a un véhi
ule
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dans la 
aravane a

élérante qui ne peut pas trouver un pro�l d'entrée, le dernier

véhi
ule est réorganisé dans la 
aravane dé
élérante; alors le pro
essus est lan
é

à nouveau jusqu'à tous les véhi
ules dans la 
aravane a

élérante peut trouver

une solution. En 
e moment-là, le pro
essus de réorganisation du peloton est

terminé. Les 
aravanes nouvellement réorganisées sont 
ontr�lées par des straté-

gies di�érentes: les leaders de 
aravane sont 
ontr�lés en suivant les traje
toires

préétablies; les leaders pré
édents, qui sont fusionnés dans une nouvelle 
aravane,

sont 
ontr�lés par une stratégie de 
ontr�le mixte. Les autres véhi
ules sont


ontr�lés par l'algorithme de 
ontr�le de 
aravane basé sur PSO.

En utilisant l'algorithme CACC-VI, le débit d'interse
tion peut être amélioré

en pro�tant la 
apa
ité redondantes de la route; et le mouvement des 
aravanes

est 
ontr�lé ave
 des 
omportements stabilisés en 
onsidération de la 
onsomma-

tion de 
arburant, les 
ara
téristiques hétérogènes des véhi
ules et le 
onfort des

passagers.

Plani�
ation de Traje
toire pour la Gestion Au-

tonome d'Interse
tion

Dans le 
ontexte des véhi
ules autonomes 
onne
tés, 
omme les noti�
ations des

feux peuvent être 
ommuniquées via V2I 
ommuni
ations, s'il n'y a pas de pas-

sages piétons qui traversent la rue, les feux physiques pourraient disparus. Don


les interse
tions sans feu ni panneau pourraient être réalisées, et les véhi
ules au

voisinage d'interse
tion seraient 
onduits dans une façon 
oopérative.

Dans la 
onduite 
oopérative, le gestionnaire d'interse
tion reçoit les deman-

des des véhi
ules pour traverser l'interse
tion et donne à 
haque véhi
ule les


onseils d'un itinéraire optimal en tenant 
ompte de leur 
apa
ité d'a
tion dy-

namique pour assurer qu'au
un a

ident ne se produit, en même temps, minimiser

le retard d'interse
tion et de la 
onsommation de 
arburant. Une 
aravane de-

vient �exible, un véhi
ule peut rejoindre ou quitter une 
aravane déjà formée; et

plusieurs véhi
ules peuvent également 
hoisir d'en former une nouvelle.

Un proto
ole de gestion autonome d'interse
tion fondé sur la plani�
ation de

traje
toire (TP-AIM) est développé a�n de garantir la sé
urité tout et d'améliorer

l'e�
a
ité d'une interse
tion dans le 
ontexte des véhi
ules autonomes 
onne
tés.

Une vue d'ensemble du proto
ole TP-AIM est donnée dans la Figure 5.
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Figure 5: Le diagramme de TP-AIM

En s'appro
hant une interse
tion, avant d'entrer dans le rayon de V2I, un

véhi
ule 
ir
ule selon son algorithme auto-
onduite mis en ÷uvre; après être entré

à l'intérieur du rayon, le véhi
ule demande au gestionnaire d'interse
tion le temps

d'o

upation de la zone de 
on�it (CZOT). Le gestionnaire traite 
es demandes

dans un ordre dé
idé: les véhi
ules qui ont proposé la demande sont divisés en

groupes de servi
es, dont la priorité est donnée par les types de véhi
ules, les di-

re
tions et les distan
es à l'interse
tion. Un véhi
ule ne peut obtenir l'information

CZOT après ses véhi
ules asso
iés dans le groupe pré
édent, qui partage des zones

de 
on�it ave
 lui, ont terminé le pro
essus de plani�
ation de la traje
toire.

Etant donné le CZOT asso
ié, le véhi
ule doit utiliser l'algorithme de fenêtre

re
her
he pour trouver un moment d'entrée et une vitesse optimale qui 
onduit à

une traje
toire sans 
ollision à l'intérieur de l'interse
tion ave
 le retard minimal,

ainsi que des solutions de sauvegarde qui sont également sans 
ollision, mais

possèdent de plus grands retards. Il est supposé que les véhi
ules 
ir
ulent à des

vitesses 
onstantes dans l'interse
tion.

Ensuite, le véhi
ule doit plani�er sa propre traje
toire en fon
tion de sa po-

sition a
tuelle, de la vitesse et de sa 
apa
ité d'a

élération / dé
élération pour
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entrer dans l'interse
tion, au moment d'entrée dé
idé à la vitesse d'entrée 
or-

re
te. D'une part, si le véhi
ule dispose a
tuellement d'un véhi
ule pré
édent

sur la même voie, le premier devrait demander à 
ette dernière pour les motions

futures qui ont été prévues; puis un algorithme de programmation dynamique

segmenté est utilisé pour plani�er des a
tions a�n d'atteindre les obje
tifs in-

termédiaires et pour éviter d'heurter le véhi
ule pré
édent. D'un autre part, si

le véhi
ule est le premier sur sa voie, il faut utiliser un modèle d'a

élération

à trois se
tions pour plani�er sa traje
toire. Si la traje
toire plani�
ation réus-

site, le véhi
ule doit envoyer un message au gestionnaire et le CZOT qu'il veut

réserver est formellement déterminé. Si la plani�
ation de traje
toire n'a pas pu

trouver les entrées possibles dans les limites dynamiques du véhi
ule, en d'autres

termes, le véhi
ule ne peut pas pro�ter de la fenêtre d'entrer a
tuelle, il devrait

don
 entrer plus tard. Ainsi, le CZOT qu'il prévoit doit être annulé et une solu-

tion de sauvegarde de fenêtre re
her
he est utilisée pour relan
er le pro
essus de

plani�
ation de traje
toire.

Con
lusions et Perspe
tives

Cette thèse est 
onsa
rée à étudier les appli
ations potentielles de véhi
ules au

tonomes et 
ommuni
ations V2X pour 
onstruire les systèmes de transport in-

telligents. Tous les algorithmes 
onçus sont testés et véri�és ave
 su

ès par des

simulations dans s
énarios di�érents.

Contributions

� Premièrement, le 
omportement de 
aravane dans un environnement de

véhi
ule 
onne
té est étudié. Un algorithme de 
ommande de 
aravane est


onçu pour obtenir l'espa
ement sé
uritaire ainsi que la 
onformité de la

vitesse et de l'a

élération.

� Deuxièmement, à plus grande é
helle, les 
aravanes autour d'une interse
-

tion sont 
onsidérées. Le débit pendant une période de signal de tra�
 peut

être améliorée en pro�tant la 
apa
ité redondante de la route. Dans di-

verses 
ontraintes, les véhi
ules peuvent 
hoisir d'a

élérer à se joindre à la


aravane pré
édente ou à dé
élérer de déroger à l'a
tuel.
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RÉSUMÉ ÉTENDU EN FRANÇAIS

� Troisièmement, une interse
tion sans signalisation en VANET est 
onsid-

érée. Dans des 
onditions de faible tra�
, les véhi
ules peuvent réguler leur

vitesse avant d'arriver à l'interse
tion en fon
tion du temps d'o

upation

de la zone de 
on�it (TOZC) sto
ké au niveau du gestionnaire, a�n qu'ils

puissent traverser l'interse
tion sans 
ollision ni arrêt. Le délai peut être

réduit en 
onséquen
e.

� En�n, un algorithme de gestion d'interse
tion autonome universelle, qui

peut fon
tionner même ave
 le tra�
 lourd, est développé. Le véhi
ule


her
he des fenêtres sé
uritaires d'entrée dans le TOZC. Ensuite, sur la

base des fenêtres trouvées et le mouvement du véhi
ule qui pré
ède, les

traje
toires des véhi
ules peuvent être plani�ées en utilisant une méthode

de programmation dynamique segmentée.

Perspe
tives

� Lors de l'élaboration des algorithmes, nous avons supposé que toutes les

manoeuvres de 
hangement de voie ont été a

omplies avant d'entrer dans

le rayon du gestionnaire de tra�
. Don
, nous avons seulement 
onsidéré


omme l'intera
tion longitudinale entre les véhi
ules. Meilleurs résultats

pourraient être obtenus, si nous a
tivions les man÷uvres latérales.

� A
tuellement, nos algorithmes sont tous développés pour une interse
tion

isolée. Leur performan
e lorsqu'ils sont appliqués sur plusieurs interse
tions

adja
entes n'a pas été étudiée. Un mé
anisme de 
oordination entre les ges-

tionnaires d'interse
tion pourrait avoir besoin d'être développé pour mieux

utiliser l'espa
e routier entre deux interse
tions.

� En outre, le taux de pénétration des véhi
ules autonomes et des dispositifs

de 
ommuni
ation V2X sont supposés d'être 100%; mais nous ne pouvons

pas atteindre 
ette valeur en un jour, don
 il est né
essaire d'étudier l'impa
t

du taux de pénétration sur les réseaux de véhi
ules.
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Contr�le et Optimisation des Systèmes de Transport Intelligents dans le

Voisinage des Interse
tions

Résumé: Cette thèse est 
onsa
rée à étudier les appli
ations potentielles de véhi
ules

autonomes et 
ommuni
ations V2X pour 
onstruire les systèmes de transport intelligents. Pre-

mièrement, le 
omportement de 
aravane dans un environnement de véhi
ule 
onne
té est

étudié. Un algorithme de 
ommande de 
aravane est 
onçu pour obtenir l'espa
ement sé
u-

ritaire ainsi que la 
onformité de la vitesse et de l'a

élération. Deuxièmement, à plus grande

é
helle, les 
aravanes autour d'une interse
tion sont 
onsidérées. Le débit pendant une période

de signal de tra�
 peut être améliorée en tirant pro�t de la 
apa
ité redondante de la route.

Dans diverses 
ontraintes, les véhi
ules peuvent 
hoisir d'a

élérer à se joindre à la 
aravane

pré
édente ou à dé
élérer de déroger à l'a
tuel. Troisièmement, une interse
tion sans signal-

isation en VANET est 
onsidérée. Dans des 
onditions de faible tra�
, les véhi
ules peuvent

réguler leur vitesse avant d'arriver à l'interse
tion en fon
tion du temps d'o

upation de la zone

de 
on�it (TOZC) sto
ké au niveau du gestionnaire, a�n qu'ils puissent traverser l'interse
tion

sans 
ollision ni arrêt. Le délai peut être réduit en 
onséquen
e. En�n, un algorithme de ges-

tion d'interse
tion autonome universelle, qui peut fon
tionner même ave
 le tra�
 lourd, est

développé. Le véhi
ule 
her
he sé
urité fenêtres entrant dans le TOZC. Ensuite, sur la base des

fenêtres trouvées et le mouvement du véhi
ule qui pré
ède, les traje
toires des véhi
ules peu-

vent être plani�ées en utilisant une méthode de programmation dynamique segmentée. Tous

les algorithmes 
onçus sont testés et véri�és ave
 su

ès par des simulations dans s
énarios

di�érents.

Mots-
lés: Système de Transport Intelligents, Véhi
ules Autonomes, Réseau Ad-ho
 de

Véhi
ules, Régulateur de Vitesse Adaptatif Coopératif, Gestion Autonome d'Interse
tion, Op-

timisation sous Contrainte.

Control and Optimization for Intelligent Transportation Systems in

Vi
inity of Interse
tions

Abstra
t: This thesis is devoted to study the potential appli
ations of autonomous vehi
les

and V2X 
ommuni
ations to 
ontribute to the 
onstru
tion of intelligent transportation systems.

Firstly, the behavior of platoon in 
onne
ted vehi
le environment is studied. A platoon 
ontrol

algorithm is designed to obtain safe spa
ing as well as a

ordan
e of velo
ity and a

eleration

for vehi
les in the same lane. Se
ondly, in larger s
ale, the platoons around the interse
tion

are 
onsidered. The interse
tion's throughput in a tra�
 signal period 
an be improved by

taking advantage of the redundant road 
apa
ity while respe
ting diverse 
onstraints. Vehi
les


an 
hoose to a

elerate to join in the pre
eding platoon or to de
elerate to depart from the


urrent one. Thirdly, an unsignalized interse
tion in VANET is 
onsidered. In light tra�



onditions, vehi
les 
an regulate their velo
ities before arriving at the interse
tion a

ording to

the 
on�i
t zone o

upan
y time (CZOT) stored at the manager, so that they 
ould get through

the interse
tion without 
ollision or stop. The delay 
an be redu
ed a

ordingly. Finally, an

universal autonomous interse
tion management algorithm, whi
h 
an work even with heavy

tra�
, is developed. The vehi
le sear
hes for safe entering windows in the CZOT. Then based

on the found windows and the motion of pre
eding vehi
le, the traje
tories of vehi
les 
an be

planned within short time using a segmented dynami
 programming method. All the designed

algorithms are su

essfully tested and veri�ed by simulations in various s
enarios.

Keywords: Intelligent Transportation Systems, Autonomous Vehi
les, Vehi
ular Ad ho


Network (VANET), Cooperative Adaptive Cruise Control, Autonomous Interse
tion Manage-

ment, Constrained Optimization.
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