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MULTI AGENT INTERSECTION MANAGEMENT CONSIDERING
ENERGY CONSUMPTION

SUMMARY

Traffic congestion is one of the main reasons of increasing pollution and fuel
consumption in the cities. According to recent urban mobility reports, traffic
congestions cost up to $121 billion in USA every year due to productivity and time
loss. Approximately 38-40 hours are spent by an average citizen in the traffic.
Additionally, 25 billion kilograms of carbon dioxide is emitted due to congestions.
Increasing number of vehicles on the urban roads leads congestions at the
intersections. Traditional intersection management methods such as stop signs, traffic
officer control and traffic lights, are getting insufficient. Traffic light timing depending
on day time is a common application; however, it is not an adaptive method for
changing traffic flow density.

Traffic density can be measured by cameras, piezo and infrared sensors. Intelligent
traffic light timing can be achieved using the traffic information gathered from the
units integrated to the roads. Vehicle to vehicle and vehicle to infrastructure
communication technologies allow us to gather information directly from vehicles, and
analyze traffic congestion. Besides, vehicles can be informed about the traffic ahead
or can be conditioned to reduce effect of congestions. Intersections can be managed
by using information from the vehicles. One way to manage intersections is to
integration of an intersection manager unit. Vehicles request reservation from
intersection manager to pass the intersection. Another approach is interactive multi
agent intersection management by the help of autonomous vehicles.

Autonomous intersection management uses estimated trajectories provided by the
vehicles to detect any possible crash at the intersection. Estimated position of a vehicle
at a time can easily be simulated for a given velocity profile. Estimated position and
time information of vehicles are compared and estimated collisions are detected.
Possible collisions must be resolved before the vehicles arrive at the intersection. Most
common approach is the first come — first served method, which allows the first vehicle
that requests reservation first to pass the intersection, allocate the intersection. Other
vehicles’ trajectories must be adjusted to avoid the collision at the intersection. This
adjustment is done by assigning delay to the arrival time of the vehicles at the
intersection.

Giving the priority to the vehicle that requests reservation first may not always be the
most efficient decision in terms of total delay time. A method called look ahead
intersection control policy is explained in the next sections. Look ahead intersection
management policy assigns the priorities based on total delay time minimization. This
method aims to reduce consecutive effect when the head vehicle of a convoy is
delayed.

In this study, we proposed an intersection management method searching the passing
sequence from the collision point to minimize defined cost functions. First intersection
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model is explained to specify communication zone, velocity adjustment zone and grid
structure at the center of intersection. Communication protocols are given for the
communication zone. Crash detection and intersection management algorithm are
executed in communication zone by all vehicles. Vehicles’ estimated trajectories are
transformed into time — space occupation at the intersection using grids to easily isolate
possible collisions.

Passing sequences of the vehicle, which are estimated to pass the collision point, are
found. For each sequence, different vehicles’ arrival are delayed by different amount
of time. Therefore, each sequence results in different total delay time. Selection
between possible passing sequences is done by minimizing total delay time. Another
performance criterion is energy loss of the vehicle. Vehicle longitudinal dynamics are
explained for energy loss calculation. Delay time is realized by deceleration and
acceleration. Acceleration requires an increase in traction force, this leads energy loss
compared to the nominal state. Since vehicle dynamics are different for different
vehicles, the same velocity rate may result in different energy losses. Hence, each
passing sequence has a different energy loss value associated with it. This difference
is used to select the sequence with minimum energy loss. Energy loss and total delay
based costs are then combined in one cost function using a rating parameter.

After specifying cost functions, intersection management is simulated for different
cases. A simulation framework is created in MATLAB. Vehicle kinematic bicycle
model, which is used in the simulation environment, is explained. Vehicles with
different masses and paths are simulated in different case studies. The case studies
show that total delay based sequence selection distributes minimum delays to the
vehicles only aiming to resolve estimated crashes. On the other hand, energy loss based
method gives the priority to heavier vehicles to minimize energy loss. Thus, the total
delay time increases in energy loss based method. The combined cost based selection
method reduces energy loss of the total delay time based method. Similarly, it reduces
total delay time of the energy loss based method.

In this thesis, literature survey and motivation of the study is given. Then vehicle
models are explained for further use in the thesis. The intersection model including
communication protocols and crash detection are stated. Afterwards, the intersection
management algorithm is explained. The total delay time, energy loss and combined
cost functions are given. Finally, simulation environment is explained and results of
case studies are discussed.
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ENERJI TUKETIMINi GOZ ONUNDE BULUNDURAN COK ETMENLI
KAVSAK YONETIMI

OZET

Sehirlerdeki trafik sikisikligir yakit tiiketiminin ve kirliligin artmasindaki ana
sebeplerden biridir. Aragtirmalara gore trafik sikisikligi, her sene Amerika Birlesik
Devletleri’nde verimliligin diismesi ve zaman kaybindan dolay:r 121 milyar dolara
yakin maliyete sebep olmaktadir. Kisiler, ortalama 38-40 saatlerini trafikte
kaybetmektedirler. Bu da yaklasik haftalik calisma saati kadardir. Buna ek olarak,
trafik sikigiklig1 yilda 25 milyar kilogramlik karbondioksit salimina sebep olmaktadir.
Sehir ici yollardaki arac¢ sayisinin artmasi geleneksel trafik yonetimi sistemlerinin
yetersiz kalmasina yol agmaktadir. Trafik isaretler, trafik memurlarinin miidahaleleri
ve trafik 1siklar1 geleneksel ¢oziimler arasinda sayilabilir. Trafik 1siklarinin kontrolii
sabit zamanl olarak yapilmaktadir. Giiniin farkli saatlerinde olusabilecek tahmini
trafik sikisikligina gore trafik 15181 zamanlamasi yapilmaktadir. Ancak, bu yoéntem
degisen trafik yogunluguna gore giincelleme yapilmadigi i¢in yetersiz kalmaktadir. Bu
da trafikte gereksiz ve verimsiz beklemelere yol agmaktadir.

Trafik yogunlugu yollara kurulabilecek cesitli kamera ve sensOr sistemleriyle
Ol¢iilebilir. Yollara kurulan sistemlerden alman trafik bilgisi, akilli trafik 15181
sistemlerinin kurulmasi i¢in kullanilabilir. Boylece anlik trafik yogunluguna gore
trafik akisini arttiracak sekilde trafik 15181 zamanlamasi ayarlanabilir. Bunun yaninda
araglar aras1 ve araclar ile saha tniteleri aras1 haberlesme de trafik yogunlugunun
analizi i¢in kullanilabilir. Ara¢ haberlesmesi siiriiciiler ilerideki trafik yogunlugu
hakkinda bilgilendirilebilir. Bunun da ilerisinde, otonom araclar i¢in kavsak gecis
sistemleri olusturulabilir. Otonom araglar i¢in trafik 1siklarina ihtiyag duymadan
kavsak kontrolii saglanabilmesi i¢in ¢esitli yontemler sunulmustur. Bunlardan en
yaygin olani, araclarin gegis i¢in kavsakta bulunan bir kavsak yonetim sisteminden
rezervasyon istemelerine dayali ¢calismaktadir. Bunun yaninda araglarin birbirleri ile
haberleserek kavsak yonetimini gerceklestirmeleri de bagka bir yaklagimdir.

Otonom kavsak yonetim sistemleri araglarin kavsaktan tahimin rotalarmi kullanarak
muhtemek kazalar tespit eder. Glinlimiiz ara¢ kontrol tiniteleri ile araglarin verilen hiz
profilleri ile tahmini rotalar1 kolaylikla olusturululabilir. Araglarin kavsaktaki tahmini
bulunma anlar1 ve konumlari karsilastirilarak muhtemel kazalar tespit edilir. Araglar
kavsaga ulasmadan mumtemel kazalar ¢oztimlenmelidir. Kazalarin ¢6ziimlenmesi i¢in
kullanilan en yaygin yontem, basitce uygulanabilir olamasindan da dolayi, ilk gelen
alir prensibidir. Bu prensibe gore kavsaktan gecmek i¢in rezervasyon isteyen araglar
arasinda oncelik, ilk rezervasyon isteyene verilir. Daha diisiik 6ncelige sahip araglar
hizlarini belirli bir zaman gecikmesini saglamak iizere ayarlarlar.

Gegis Onceligini ilk rezervasyon isteyen araca vermek her zaman toplam zaman
gecikmesi anlaminda en verimli yontem olmayabilir. Ik gelen alir prensibine gére
daha verimli ¢alistig1 belirtilen ve ileriye bakan kavsak yonetimi oalrak adlandirilan
bir yontem sunulmustur. Bu yonteme gore kavsaktan gecis dnceliginin verilmesi diisiik
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oncelige sahip olacak araglarin lizerinde olusacak toplam zaman gecikmesini minimize
edecek sekilde yapilmaktadir. Konvoy halinde ilerleyen bir grup arag arasinda en
ondeki aracin geciktirilmesi onu takip eden araglarin da geciktirilmesi anlamina
geldigi icin, konvoyun tamami tek ara¢ olarak diisiiniilmiistiir. Béylece konvoydaki
ardisik gecikmenin azaltilmasi amaglanmustir.

Bu caligmada, kavsaktan araglarin gecis siralamasini belirlenmis maliyet
fonksiyonlarina gore diizenleyen bir algoritma sunulmustur. Kavagkta tespit edilmis
muhtemel kaza noktasi lizerinden gegecek araglarin gegis siralamalari arag¢ sayisina
bagli permiitasyon olarak ortaya konur. Bunlardan gerceklesmesi muhtemel
olmayanlar elenir. Muhtemel gecis siralar1 arasindan bir maliyet fonksiyonuna gore
secim yapilir. Segilen siralamanin gerceklenmesi i¢in araclarin kavsaga varis siireleri
gecikmelerle ayarlanir. Bunun i¢in dncelikle kavsak modeli agiklanmistir. Kavsak dort
yoldan olusmaktadir ve haberlesme, yavaslama ve hizlanma olmak iizere {i¢ temel
boliime ayrilmistir. Haberlesme boliimiinde araglar birbileri ile haberleserek tahmini
rotalarini karigilatirir ve olasi kazalari tespit eder. Kazalarin tespitinin kolaylastirilmasi
icin kavsak merkezi 1zagara sistemi ile bolinmiistiir.

Her bir gecis siralamasi i¢in araglara farkli zaman gecikmeleri atanmaktadir.
Dolayistyla her bir siralama toplamda farkli bir gecikmeye sebep olmaktadir. Bu
toplam gecikme miktar1 gegis siralamalari arasindan minimum gecikmeye sebep
olanin segilebilmesi i¢in kullanilabilir. Bu yaklasim toplam zaman gecikmesine bagh
maliyet olarak belirtilmistir. Araclarin kavsaga gelis zamanlarinin arttirilmast,
yavaglama ve hizlanmalarla saglanmaktadir. Dinamik ara¢ modeli verilerek, hizlanma
sirasinda gerecek ekstra enerjinin hesaplanmasi anlatilmistir. Araglarin dinamik model
parametrelerinin birbirinden farkli oldugu durumlarda, araglar baglangigta esit hizlarla
hareket ediyor ve her birine atanan gecikme esit olsa bile gerekli yavaglama ve
hizlanmanin saglanmasi i¢in harcanacak enerji farkli olacaktir. Bu farkliliktan yola
cikarak her gecis siralamasi icin farkli bir enerji kayb1 hesaplanabilecegi sdylenebilir.
Olas1 gecis siralamalart arasindan, minimum enerji kaybina sebep olmast beklenen
siralamanin segilmesi ikinci bir yontem olarak sunulmustur. Bu se¢im kriteri enerji
kaybina bagli maliyet olarak adlandirilmistir. Sunulan iki maliyet hesabi, bir oran ile
birlestirilerek birlesik maliyet fonksiyonu ortaya konulmustur. Bu sayede, olas1 gecis
siralamalar1 arasindan se¢im yapilirken zaman gecikmesi ve enerji kaybinin ayni anda
g6z onilinde bulundurulabilmesi amaglanmistir.

Maliyet fonksiyonlarinin belirlenmesinden sonra MATLAB tabanli bir simiilasyon
ortami olusturularak kavsak yonetimi algoritmasi farkli 6rnek durumlar igin test
edilmistir. Araglarin hareketi, kinematik bisiklet modeli ve “pure pursuit” yol takip
algoritmasi verilerek agiklanmistir. Farkli kiitlelere ve yoriingelere sahip araglardan
olusan ornek durumlarin, daha onceden aciklanan ii¢ farkli maliyet fonksiyonuna
bagli, simiilasyonu incelenmistir. Simiilasyon sonuglarina gore toplam zaman
gecikmesine bagli gecis siralamasi se¢iminin, olasi ¢arpismalarin ¢éziimlenmesi i¢in
gereken en az gecikmeyi araglara atayarak kavsak yonetimini sagladig goriilmiistiir.
Ote yandan, enerji kaybina bagl gecis siralamasi segimi, gegis dnceligini daha agir
araclara vererek enerji kaybini azaltmaya calistigr gbézlenmistir. Birlesik maliyet
fonksiyonuna bagli kavsak yonetimi ile, toplam zaman gecikmesine bagli secime gore
daha fazla zaman kaybedilirken daha az enerji harcandig1 goriilmiistiir. Benzer sekilde,
enerji kaybina bagli segime gore de daha az zaman kaybedildigi goriilmiistiir.

Tezin ilerleyen bdliimlerinde Oncelikle literatiir arastirmast ve ¢alismanin
motivasyonu anlatilmaktadir. Daha sonra enerji kaybi hesabi ve ara¢ hareketi
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simiilasyonu i¢in kullanilmak {izere ara¢ modelleri verilmistir. Haberlersme
protokolleri ve kaza tespiti dahil olmak tizere kavsak modeli agiklanmistir. Daha sonra
kavsak yonetimi algoritmasi, toplam zaman gecikmesi, enerji kaybi ve birlesik maliyet
fonksiyonlart ile birlikte anlatilmistir. Simiilasyon ortaminin olusturulmasi agiklanip
farkli 6rnek durumlar i¢in kavsak yonetimi test edilmistir. Son olarak, simiilasyon
sonuglari agiklanip yorumlanmustir.
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1.INTRODUCTION

Traffic congestion is one of the main reasons of increasing pollution and fuel
consumption in the cities. In USA, $121 billion is lost every year depending on the
productivity and time loss because of the traffic congestions. Average time spent in
the traffic is 38-40 hours for an American citizen. Besides, 25 billion kilograms of

carbon dioxide emission is caused by the traffic congestion [1, 2].

Rapidly increasing vehicle numbers on the intercity roads leads traffic congestions in
the intersections; thus, traditional traffic management methods are getting less
sufficient to organize traffic flow. Stop signs, traffic lights and traffic officers can be
considered as traditional traffic regulation methods. Static traffic light scheduling may
cause unnecessary stops if the intersection is not crowded. Traffic light timing

adjustment for different times of the day is a common application.

Intelligent solutions for the traffic congestion are possible thanks to developments in
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) technologies. Cameras,
piezo and infrared sensors can be easily integrated to the roads to detect traffic. Data
gathered from these units can be analyzed. Siemens ACS Lite Adaptive Control
Solution technology is deployed in Tyler, Texas. With this software, all traffic data
gathered from different field units, are analyzed and quick response are generated to
such as adjusting speed limits, opening new lanes. 22% reduction in travel time, 49%
in traffic delays, $1,628,000 benefit is obtained by the smart traffic management
system in Texas [1]. Another application called Surtrac System is set up in Pittsburgh,
Pennsylvania. Surtrac is an artificial intelligence system that uses camera and radar
data to build a timing plan for traffic lights. Difference between the Surtrac and ACS
Lite is that Surtrac is decentralized method. Idling time in the intersection is reduced

by 40% with the Surtrac system [2].

In Germany, Adaptive and Cooperative Technologies for the Intelligent Traffic

(AKTIV) initiated a research in 2010, bringing together automobile manufacturers,



suppliers and research institutions. Developed in-vehicle cooperative-traffic-light

module channels the traffic optimally by providing individual supports to drivers [3].

In 2012 Volvo signed a Memorandum of Understanding with the CAR 2 CAR
Communication Consortium to implement V2V and V21 communication units in its
vehicles. They aim to connect vehicles and infrastructures in a predetermined radius.
Potential benefits of this initiation are stated by Volvo as green light optimum speed
advise, traffic jam or accident warning, road work warning [4]. They aim to inform the
driver to adjust the vehicle velocity according to an optimal trajectory so that the driver

could pass at the green light.

Figure 1.1 : Volvo’s Vehicle Communication [4].

Traffic light control can be considered as the first step of the autonomous intersection
management, since the intersections are currently managed by the traffic lights. There
are several works regarding intersection management with traffic light scheduling. An
optimal traffic light control for single intersection is given by B. De Schutter with
model derivation for the evolution of the queue lengths [5]. A fuzzy logic based traffic
light control method is proposed by J. Cai and B. M. Nair for an isolated intersection
including traffic abnormality such as road blocks and accidents [6]. They took the
number of vehicles arriving to the intersection and the number of vehicles waiting in
the queue at red light and calculated the green light timing. Lyapunov function-based
analysis and maximal weight matching algorithm are given for an isolated intersection

in[7]. X. H. Yuand A. R. Stubberud used Markovian decision control theory to control



traffic lights for an intersection [8]. A traffic signal management method with genetic
algorithm to reduce queue size at the intersections is presented in [9, 10]. D. Helbing
and S. Lammer proposed a self-organized traffic light control method calculating

optimum green light times based on dynamic priorities of queues [11].

Intersection managements method which are described above are based on controlling
already planted traffic lights. Another approach is to make the intersections traffic light
clear. In order to remove traffic lights completely, there may be a field unit at the
intersection to organize all on coming vehicles or all vehicles travel collaboratively to

maintain order.

A multi agent reservation based intersection management method, called Autonomous
Intersection Management (AIM), is introduced by K. Dresner and P. Stone in [12, 13,
and 14]. In that method, vehicles approaching intersection send a reservation request
to a field unit as an intersection manager. Reservation request is evaluated by the
intersection manager. Reservation request includes the future path of the vehicle. Since
almost every vehicle is equipped with a Global Positioning System (GPS) and at least
one vehicle control unit, future position calculation can be conducted easily. The future
path is compared with the other requests by the intersection manager. If there is no
confliction, the request is approved. A reservation based approach for the situations
when autonomous vehicles meet human drivers is explained in [15]. They also stated
learning opportunities for the agents and the intersection manager with the basic
requirements to allow machine learning [16]. An application of AIM is also given for

multi — intersection system, which consists four intersections [17].

In case of confliction in the future paths of the vehicles which send a reservation
request to the intersection manager, a prioritization mechanism is executed. Most
common way to decide which request has the priority is First Come — First Served
(FCFS) principle. FCFS is introduced for AIM [12]. The request of the vehicle, which
is to pass the intersection area first, is approved, if more than one reservation are
requested at the same time. Besides the FCFS policy, predetermined priorities are used
to establish a passing sequence as described in [18, 19]. In case of existence of an
emergency vehicle such as ambulance or fire truck, highest priority can be assigned to

the emergency vehicle [20].



Q. Jin et al. proposed a platoon based multi agent intersection management method
[21]. Only the leader vehicle communicates with the intersection management agent.
Leader agent requests a reservation by sending the estimated arrival and clearance time
of the platoon to the intersection manager. Other vehicles of the platoon follow the
trajectories which are created by the leader. They also introduced an optimal traffic
scheduling method to reduce maximum total travel time of the agents in [22]. Some
other optimal control approaches for multi agent intersection management are given

in [23, 24, and 25].

G. Sharon and P. Stone proposed a protocol for connected vehicles and traditional
traffic lights [26]. Green lights are used as traditional way by allowing vehicles on the
green light given lane. When the light is red, only the vehicles with the reservation are
allowed to pass. M.A.S. Kalam et al. introduced a centralized intersection management
method with model predictive control (MPC) for fully automated vehicles by using

position and velocity and destination information of the vehicles [27].

A time based scheduling algorithm called Look-ahead Intersection Control is given by
M. Zhu et al [28]. In that method, vehicles are scheduled depending on the delay time
which they will cause during a safe travel through the intersection. In case of multiple
agents communicating at the same time to get permission to pass the intersection, there
are more than one permutation of scheduling. Each sequence causes different total
delay time for the vehicles. Selecting the sequence with the minimum total delay time

1s proposed as a decision method.

Intersection management can be considered as an upgrade for traffic light systems in
terms of reduction in CO, emission and fuel consumption. However, if it is desired to
design a traffic light free intersection, crash prevention is taken under consideration,
as well. In the related works, intersection is modelled with grids so that the possible
conflicts of the vehicles’ future positions can be isolated [12, 19, 28, and 29]. In order
to determine when V2I or V2V communication starts, communication boundary is
introduced in [22]. In addition to the communication boundary, velocity adjustment
boundaries are introduced in [29]. Since the vehicle with the lower priority is expected
to adjust its velocity to avoid possible collisions in the intersection. Vehicle velocities
are adjusted to arrive at the intersection with calculated average speed in [19]. Vehicles

are decelerated and accelerated to the initial speed to obtain delay time in [29].



Detecting collisions, making passing sequence decision to prevent crash and adjusting
speed profiles constitute the intersection management. In this thesis, we focused on
decision problem in terms of power consumption. Since the delay time is fulfilled with
velocity trajectory adjustment, power consumption loss is inevitable. Power loss varies
for the different vehicles, even the vehicles have the same delay time due to the vehicle
dynamic parameters. Power loss minimization approach is proposed to schedule
vehicles. Combination of the total delay time and power loss in one cost function is
also simulated and discussed. A simulation framework is designed using MATLAB to
simulate proposed method. According to following parts of the thesis, the first part
will cover the literature and market survey on the intelligent intersection management
problem. Afterwards, both longitudinal and lateral vehicle model, which are used in
the studies, will be introduced in the Section-2. In Section-3, intersection model,
communication policy and intersection management method will be presented. In
Section-4, intersection simulation frame work will be explained. Simulation results
will be discussed in Section-5. Finally, the conclusion and future study plans will be

given in the last section.






2.VEHICLE MODEL

In this section, the longitudinal and lateral vehicle models are explained. Lateral
dynamics are used for the simulation of the vehicle motion, while the longitudinal
dynamics are used to simulate required power for traction. Integration of the lateral
movement will be explained in the simulation framework section, and the longitudinal

dynamic equations will be referred for the proposed intersection management method.

2.1 Kinematic Bicycle Model

Kinematic vehicle model gives information about the position of the vehicle on a
Cartesian space depending on a speed and steering angle. Kinematic bicycle model
illustration is seen in Figure 2.1. Vehicle is represented with two wheels connected by
an axle through the center of gravity. Only the front wheel supports the steering as the

traditional vehicle architectures.

YA+ O

Y

-
X

Figure 2.1 : Kinematics of lateral vehicle motion for bicycle model [30].

Here, & is the front wheel angle which is the control input for the vehicle motion. Rear

wheel angle &, is set to zero, since it does not any effect on the steering. I; and [, are



the distances to the center of gravity from the front wheel and the rear wheel,
respectively. v and Y are the vehicle velocity and the steering angle of the vehicle.

represents the velocity angle to the longitudinal axis of the vehicle.

In the kinematic bicycle model, tire slip is neglected. Equations of the lateral motion

is given below [30]:
dx
¢ = veos(® + 5) (2.1)
dy _ .
¢ = vsin(@ + 5) (2.2)
dy v
T Esm(ﬁ) (2.3)
L
p =tan™! <lr yy tan(5f)) (2.4)

2.2 Longitudinal Dynamic Model

Longitudinal vehicle dynamics are interested in velocity and acceleration of the

vehicle contrary to vehicle kinematics. Forces acting on a vehicle are seen in Figure

2.2.

Figure 2.2 : Forces effecting vehicle movement [31].



Vehicle is affected by rolling resistance, aerodynamic drag and gravitational force.
The rolling resistance is caused by the contact between the tires and the surface.
Rolling resistance force is dependent on the vehicle weight and a rolling resistance
coefficient as described in equation 2.5. Rolling resistance coefficients for different

road and tire types are given in [31].

F. = Mgf; (2.5)

The rolling resistance is modified with the road slope as follows, since the normal

force acting on the wheels depending on the vehicle mass changes on a slope road.

F. = Mgf;, cos(a) (2.6)

Here, a denotes the road angle. M is the vehicle mass and g is the gravitational

acceleration. f, represents the rolling resistance coefficient.

Aerodynamic drag is the result of air pressure which effects on the vehicle during
motion; thus, it is a function of the vehicle speed. Aerodynamic drag equation is given

below:

1

Fy =5 pApcav® (2.7)

where, Ay denotes the frontal area of the vehicle. cg4 represents the drag coefficient,

which differs for different vehicle shapes. p is the air density.

Gravitational force, which is also called as grading resistance affects the vehicle on the
slope road. It is the only force which can support traction in case of negative road

gradient. Grading resistance is given below:
F, = Mgsin(a) (2.8)

Longitudinal dynamic equation for vehicle motion can be derived as seen in equation

2.9.

dv

M——=Fr = (F+F, + F) (2.9)



dv 1
ME = Fp — Mgf, cos(a) — EpAfcdvz — Mgsin(a) (2.10)

Here, Fr is the traction force, which is generated by the propulsion source of the
vehicle. Propulsion source can be internal combustion engine or electric motor.
Propulsion source dynamics and powertrain losses are not considered in the scope of
this thesis. It is assumed that the requested traction force can be supplied by the

propulsion sources.

Vehicle dynamic equation parameters are given in Table 2.1 [31]. A regular sedan type

vehicle frontal area value and asphalt road rolling resistance value are selected.

Table 2.1 : Vehicle dynamic equation parameters.

Parameter Value
Pair 1.24 kg/m®
cqg A 0.6m?

fr 0.0012
g 9.81 m/s?
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3.INTERSECTION MODEL

In this section, intersection model and vehicle communication policy are explained.
An intersection model is required to be defined before developing and applying an
intersection management algorithm. Addition to the physical structure of the

intersection, communication protocols for vehicles or field units should be identified.

An isolated cross road intersection is used for this study. Intersection area includes
specific length of the roads in both directions. Each section consists of 4 lanes; two for
one direction and two for the opposite direction. Turns are allowed in the intersection.

Intersection representation is seen in Figure 3.1.

Figure 3.1 : Intersection.
The intersection is separated in three main parts as seen in Figure 3.2:
= Zone [: Communication area
= Zone II: Deceleration area

= Zone III;: Acceleration area

11
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Figure 3.2 : Intersection parts.

Zone 1 is where a vehicle is taken under consideration for the first time. In this area,
vehicles communicate by transmitting information regarding their estimated
trajectories. Intersection management is conducted, and safe velocity trajectories are
assigned to the vehicles in this zone. Other parts of the intersection are Zone II and
Zone III, which are the deceleration and acceleration zone, respectively. Safe velocity
trajectories, which are defined in Zone I, are realized in Zone II and III by deceleration
and acceleration. Zone II and Zone III together can be named as trajectory adjustment

arca.

Section lengths are defined as 200m. Lane widths are set as 3m accoding to examples
in [34]. Since the intersection starts with Zone I, Zone I radius can be selected, such
that it surrounds whole intersection. Therefore, Zone I radius is defined as equal to the
summation of section length and width of two lanes 206m. Radius of Zone II and
Zone III are defined as 126m and 66m, respectively. Due to the fact that Zone II and
IIT are velocity adjustment areas, radius of Zone Il and Zone III are directly related to
the maximum deceleration, acceleration capability and velocity of the vehicles. The
maximum speed limit for urban roads changes between 50 — 60km/h. Under the
assumption that maximum speed limit shall not be exceeded by a vehicle entering an

intersection in urban roads, deceleration distance to stop from 60km/h (16.6m/s) is

12



given in equation 3.1. Maximum deceleration is selected as 2.4m/s? according to the
studies in [35].

v?  16.62

Xaecet = 5= = 558 57.4m (3.1)

Thus, required deceleration distance for full brake is rounded to 60m for simplicity.

Communication, deceleration and acceleration distances are seen in Figure 3.3.

200m

120m

60m

Communication Area
Deceleration Area

Center of Intersection

Acceleration Area 6m

Figure 3.3 : Lengths of intersection parts.
3.1 Crash Detection

Crash detection can be considered as the first step of the intersection management,
since possible collisions must be eliminated before concerning any other objectives.
Intersection model is created in such way to ease crash detection. Center of the
intersection is divided into grids as discussed in [28, 32]. Grid approach is used for

roundabouts in [33].

The possible collisions depending on the estimated positions of the vehicles can be
isolated with this approach. Processing exact location of a vehicle depending on time
increases computational burden by adding an extra step to collision detection. Position
information is not easy to be used directly in trajectory comparison. Even if the center
of gravity position on X — Y Cartesian space for two vehicles are not same or close
enough, vehicles might collide. Therefore, the border of the vehicles must be known,
as well. Besides, this information must be transmitted to the other vehicles or a central
intersection manager. In both cases, instead of transmitting too much data to indicate
the projection area of the vehicle, transmitting numbers indicating predefined areas is

simpler approach.
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Intersection is divided into different number of grids and results are compared in [28].
It is stated that reduced number of grids lead worse results in terms of average delay,
due to the inefficient space utilization. In this study, center of the intersection is divided
into 8 X 8 grids as shown in Figure 3.4. Two grids are dedicated for each lane as width

aiming to increase efficiency of space utilization during turns.

17|18 | 19|20 (21|22 |23 |24

Pl /2526272829303132
v

____________________________ P S 33(34|35(36|37(38|39 |40

---- et iettetietiet S el bbbt 41|42 |43 |44 |45 |46 | 47 | 48

[ 49 | 50 |51 |52 |53 |54 |55|56

| 57|58 |5%9|60|61|62)63 |64

Figure 3.4 : 8 X 8 grids at the intersection.

Possible collisions at the intersection center are detected by using the grid structure.
Vehicle paths are transformed into grid occupation. Only one vehicle must occupy a
cell at a time. As it is seen in Figure 3.5, estimated time — space of the vehicles are
compared and possible collision is detected. Instead of comparing whole trajectory of
the vehicles, comparison for time — space occupation depending on grid structure eases

the detection.

Trajectory of the vehicle approaching from north (blue path) overlaps the trajectory of
the vehicle approaching from west (yellow path). However, this overlap is not
important unless the cell occupation times conflict. In demonstrated case, vehicles

occupy the cells 51 and 52 at the same time; thus, a collision is detected.
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Figure 3.5 : Collision detection at the intersection.
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Due to the necessity of information about time and location together, vehicle

trajectories are stored in time — space matrices as discussed in [28]. Existence of the

vehicles in the intersection in terms of cell numbers are indicated in the time columns.

In Figure 3.6, combination of two time — space matrices is seen. Since there are two

vehicles in cell 51 and 52, number of the vehicles are set to 2 at t.

Cell\Time t-3T t-2T t-T t
27 1 1 1 1
28 1 1 1 1
35 0 1 1 1
36 0 1 1 1
43 0 0 1 1
a4 0 0 1 1
49 1 1 1 1
50 0 1 1 1
51 0 0 1 2
52 0 0 0 2
57 1 1 1 1
58 0 1 1 1
59 0 0 1 1
60 0 0 0 1

Figure 3.6 : Combined time — space matrix for two vehicles.
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3.2 V2V Communication

Intersection management is executed as decentralized by the connected agents; hence,
there is no central manager at the intersection. Communication between the agents is
the key step for the management. Due to the range limitations on wireless
communication, a field unit can be deployed to establish a communication area by
enhancing signal transmission. However, these units are not expected to involve

management process.

Communication of a vehicle with other vehicles starts when it enters Zone I, and it is
terminated when the vehicle enters Zone I1. Only the vehicles inside the Zone I are in
interaction. In this area, vehicles simulate their velocity profile with their path, and
generate an information about when they will be in the intersection. Intersection grid
occupation of each vehicle is shared among them. Hence, all interacting vehicles have

the same information about the occupation status of the intersection.

Flexibility of having the same information in multiple agents can be utilized to
improve safety for failure in intersection. In case an agent is hacked to transmit false
messages or malfunction, other agents can detect the failure. A different intersection
management policy can be executed with the knowledge of a failure. K. Dresner and
P. Stone introduced safety features for AIM [36]. They add safety information to the

messages transmitted from intersection manager to the vehicles.

Each vehicle in Zone I, computes crash detection which is discussed previously.
Possible collisions based on crash detection, are resolved by the intersection
management algorithm which is run by each vehicle. Intersection management
algorithm will be explained in the next section. Communication is done when a safe
travel sequence is created as an outcome of intersection management algorithm.
Communication starts again only if a new vehicle enters Zone I. In that case,
intersection management algorithm is run again to consider the information of the new

vehicle.

A vehicle is no longer part of the communication group if it leaves Zone I. Thus, an
on — coming vehicle cannot know any information about the off — going vehicle. In
that case, on — coming vehicle cannot calculate the same intersection management
result with the other vehicle traveling in the communication zone. Hence, the time —

space information of the exiting vehicle is considered as invariable. This situation is

16



also evaluated by the intersection management and it is defined as globally set time —
space. The vehicle entering Zone I is informed by the nearest vehicle about the global

intersection cell occupation.

The information, which a vehicle will be get in case of entering Zone I, can be

summarized as follows:
= Cell occupation by time from all vehicles in Zone I
= Global time — space information from the nearest vehicle in Zone I

An overall flow diagram for a vehicle entering intersection is given in Figure 3.7.

Enter Zone |

A 4

Communicate with other vehicles in Zone I

A 4

Collect data from other vehicles

b 4

Compute intersection management

h 4

Adjust velocity profile

h

Follow adjusted velocity profile

Figure 3.7 : Overall flow diagram for a vehicle approaching intersection.
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4.INTERSECTION MANAGEMENT

In this section, intersection management algorithms are explained. It is previously
stated that the crash detection is the first step for the intersection management. In case
of any estimated collisions, vehicles must be conditioned to avoid crash at the
intersection. After the crash detection, an intersection management algorithm is
executed. Output of the intersection management is delay on the vehicles’ arrival time
to the intersection. Basically, creating a window for a vehicle to pass the intersection
is achieved by delaying other vehicles. The problem, which must be solved here, is to
decide which vehicles are delayed. Order of priority must be constituted to make a
decision. Simplest approach for intersection management decision problem is FCFS.
First Come — First Served algorithm, gives the priority to the vehicle which requests
to pass the intersection first, as its name suggests. However, this method may not
provide the best decision all the time. In case a platoon approaches to the intersection
and a single vehicle is estimated to reach the intersection before head vehicle of the
platoon, delaying head vehicle results in delays on all vehicles in the convoy. On the
other hand, waiting passage of all vehicles costs too much delay on one vehicle. Too
much time delay may bring financial costs, as well. Delaying all vehicles in a convoy
or waiting all of them to pass can converge to traditional traffic light solutions.
Therefore, decisions can be made depending on a specified performance criterion.
Look — ahead intersection control policy is a total time delay dependent intersection

management algorithm.

4.1 LICP: Look — ahead Intersection Control Policy

As mentioned above, FCFS might be an insufficient solution in case existence of more
than two vehicles. It is stated that Look — ahead intersection control policy increases

efficiency of FCFS by 25% in terms of average intersection delay [28].

LICP searches for better passing sequences than the FCFS to reduce delay time. For
example, if two vehicles approach to the intersection and a collision is detected

depending on estimated paths, there are two solution for avoiding collision. Either
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arrival of vehicle 1 or arrival of vehicle 2 must be delayed. FCFS method delays the
vehicle with latest reservation; however, the other passing sequence might be more

efficient.

Potential collision of two vehicles and intersection occupation as time are seen in
Figure 4.1. If Vehicle 1 has the reservation according to FCFS, scenario (a) is selected.
Similarly, if the reservation is held by Vehicle 2, scenario (b) is selected. It is clearly
seen that delay time in scenario (a) is less that the delay time in scenario (b). According

to LCIP method, the scenario (a) is selected.
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Figure 4.1 : Passing scenarios of two vehicle.

There might be a consecutive effect, if there are other vehicles following delayed
vehicle and there is not enough distance between the vehicles to compensate

deceleration of the head vehicle. In such cases, number of passing sequences increase.
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There are two main criteria in LICP, which are the estimated delay time when the
current reservation request postponed (Dpostpone) and the estimated delay time when
the current reservation is approved (Dg;;ow)- If the estimated delay time for postponing
the reservation is greater than the estimated delay time for approval, then the

reservation request is postponed. Otherwise, the reservation request is approved.

Total time delay with the consecutive effect if the reservation request r is postponed,

is given in equation 4.1 [28].
Dpostpone(r) = (m + 1) X D(T) +t 4.1)

Here, m denotes the number of vehicles following vehicle i. D(r) is the delay time

assigned to the vehicle i. t denotes the starvation parameter.

t is calculated by a counter which increases when the reservation of vehicle i is
rejected, and reset when it is accepted. If Dyogepone () is greater than Dyy6,, (1), the
reservation is accepted. This prevents the starvation on passing sequence selection
depending on delay time. Since, if there are too many vehicles behind the vehicle i,

delay time due to consecutive effect might always be high enough to prevent passage.

Dau10w (1) calculation is given below. In order to calculate Dy;;,, (1), it is assumed that
the reservation request r is allowed, and postponing delays are calculated for each

conflicting reservartion requests.

L; =sort(L.,f;), fi€F,i€[1]|F]] 4.2)
n

Dallow,i = z Dpostpone(rj') , n= |Ll|,1’) (= Li (43)
j=1

. . 4.4
Daiow(r) = mln{Dallow,i |i€ [1, |F|]} 45
Here, L. denotes the reservation list which consists of approved reservations conflicted
with reservation r. F represents a set of sorting function for L. f; denotes the passing
order for the vehicles. Each passing order postponing delays are calculated and
summed. Minimum of the postponing delay summations is the approval delay for the

reservation 7.
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To summarize, according to LICP, if there is a new reservation request and confliction
on the requests, the delay time for postponing the new request and the delay time for
allowing the reservation are calculated. If the cost of postponing the reservation in
terms of time loss is greater than approving the reservation, the reservation is approved

and other vehicles’ reservations are rearranged.

4.2 Intersection Management Considering Energy Consumption

Proposed intersection management algorithm is run by each vehicle inside the
communication zone (Zone I). If there is only one vehicle in the communication zone,
execution of the algorithm is not required. Intersection management algorithm is
developed under the assumption that the each vehicle is equipped with the required

communication and GPS tools.

In case of a possible collision in the intersection, the vehicle with the lower priority is
delayed as mentioned before. Delaying a vehicle could cause a consecutive effect on
following vehicles. Proposed algorithm provides a solution for consecutive delay
effect. Every time a new vehicle enters Zone I, intersection management algorithm is
rerun. Instead of waiting request of a vehicle, conditions of all vehicles inside Zone I
are evaluated. Considering all vehicles allows usage of time gaps between consecutive
vehicles. Demonstration for an example case of possible collision of two vehicles with
follower vehicles is given in Figure 4.2. All vehicles are assumed to be inside the

communication zone.
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Figure 4.2 : Intersection management for 4 vehicles.
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Vehicle 1 (V1) and vehicle 3 (V3) are expected to collide. Vehicle 2 (V2) and vehicle
4 (V4) follows V1 and V2, respectively. In such case, V1 or V3 must be delayed to
prevent collision. However, if there is not enough gap between consecutive vehicles,
delaying head vehicles could necessitate delaying V2 or V4, as well. On the other
hand, if there is enough gap between consecutive vehicles, vehicles could interfere
convoys. Possible passing sequence through the collision point is limited to n!, where
n is the vehicle number. Since the following vehicles could not pass the collision point

before their head vehicles, some sequences can be eliminated as described below.
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After determination of all possible sequences, most efficient passing sequence is
selected. Advantage of this approach is that each vehicle can be treated individually,
compared to the LICP. In LICP, cost of delaying a convoy is evaluated in one function,
and same amount of delay time is assigned for each consecutive vehicle. In the
proposed method, flexibility of manipulating each vehicle separately allows us to
utilized time gaps between consecutive vehicles. Advantages can be summarized as

follows:
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» Time gaps between consecutive vehicles can be utilized, so that a vehicle could

pass between two vehicles

= Follower vehicles are not always required to be delayed with the same amount

of delay time, which is assigned to the head vehicle.

Selection among the possible passing sequences is based on cost functions. Cost of
each possible sequence is calculated, and a minimization strategy is maintained. Three

cost functions are examined for this study:
= Total delay time based cost function
* Energy loss based cost function

=  Combined cost function

4.2.1Delay time calculation

Arrival time for the vehicles to the intersection is adjusted, in order to obtain safe
passage according to each sequence. Visualization of two vehicles’ arrival to an

intersection is seen in Figure 4.3.

Vehicle 2

Vehicle 1

l1g lza Lia Time

Figure 4.3 : Delay time calculation.

Here, t;, is the arrival time for vehicle 1 to the collision point, and ¢, 4 is the departure
time. Similarly, t,, is the arrival time of vehicle 2. Delay time is calculated as given

below.

taelay = t1a — t2a 4.5)
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4.2.2 Velocity adjustment

Delay time fulfillment is accomplished by deceleration and acceleration on the
velocity profiles of the vehicles. The velocity profile is constructed based on delay
time with the assumption that all vehicles travel with constant velocity once they enter
the communication zone. Velocity profile adjustment is seen in Figure 4.4. A Similar

approach for velocity profile generation is given in [29, 37].
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Figure 4.4 : Velocity profile adjustment.

Deceleration starts at T;, when the vehicle enters Zone II. Acceleration starts at T,
when the vehicle enters Zone III. Finally, vehicle arrives at the intersection at T;.
Travel time spent in deceleration area equal to difference between T, and T;. Similarly,

time spent in acceleration area is equal to the difference between T;and Ts,.
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Deceleration and acceleration area durations are represented as t, and t,,, respectively.

Deceleration depending on the delay time is calculated as below.

tg, =1+ t, (4.6)
thh=tay 4.7)
%—%+hﬂ (4.8)
AS; =Vo-tg =51 (4.9)

_— 2AS;
x =0T (4.10)

Ve—Vo

a =—
decel tl (4-1 1)

Acceleration depending on the delay time is calculated as below.

tb = t3 + t4 (412)
ty = %2 +Ts-(1—-a)
b A d (4.13)
AS; =Voty =52 (4.14)
t, = Z(t a5 )
+ b Vo — 1, (4.15)
Vo — Vs
QAaccel = ty (4.16)

Here, T; denotes the delay time, which is calculated by the intersection management
algorithm. Distance between Zone III and Zone 11 is defined as S;. Similarly, distance

from Zone III to intersection is represented by S,.

a parameter is used to divide delay time over two velocity adjustment areas. This
parameter is selected depending on the intersection design and maximum/minimum
acceleration. Since area lengths are the same, and the velocity rate is equal for both

positive and negative values, « is selected as 0.5.
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y 1is a design parameter for deceleration part. It is used to specify deceleration and
constant velocity sections. y parameter is adjusted to change maximum allowed delay
time for a vehicle. Since the vehicles are not desired to stop at any time, a minimum
V, value is determined. Delay time is derived from the equations 4.7, 4.8 and 4.11 for
the predetermined minimum deceleration and minimum velocity values, as given in

equations 4.17 and 4.18.

VO B mein
|@min| = Tt (4.17)
(51+T )—VO_V"’""” 0<y<t

It is seen from the equation 4.19 that the delay time can be increased by decreasing .

4.2.3 Total delay time based cost function

Total delay time is the most common criterion for intersection management. Possible
passing sequence deduction is previously explained for an example case in Figure 4.2.
First vehicles of a sequence is not delayed. Other vehicles are delayed to avoid
collision. It is possible that a member of a sequence may not be delayed if there is
enough distance to the delayed front vehicle. Minimum delay for each vehicle is
calculated as described in Delay time calculation section. Summation of the individual
delays gives the delay time cost of the sequence. Total delay time is calculated for each

possible sequence as shown below.

1. 1 — 2 — 3 — 4 - Tdy
2.1 — 3 — 2 — 4 - Td,
3.1 — 3 — 4 — 2 - Tdj
4. 3 — 1 — 2 — 4 - Td,
5. 3 — 1 — 4 — 2 - Tds
6. 3 — 4 — 1 — 2 - Tdg
n
dezztdi ,J €L N] (4.19)
i=2
NTd = [le Td] TdN] (420)
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Here, n is the number of vehicles in the sequence j, and N represent the number of the

possible sequences. t;; denotes the delay of an individual vehicle i in a sequence. The

sequence with the minimum total delay is selected from the total delay time vector
Nr ;. Cost of the selection is given below.

Jra = pinNry 421)

4.2.4Energy loss based cost function

In this section we propose an energy loss based cost function for passing sequence
selection. In order to obtain a safe travel through the intersection, arrival times of the
vehicles with lower priority are delayed. Delay time is fulfilled by deceleration and
acceleration as explained before. During acceleration, required traction force for the
vehicle to follow a speed reference is increased as seen in equation 4.22, which is
derived from equation 2.10. For constant speed the derivative term for the speed is

equal to zero; however, during acceleration, it produces a counter force for movement.
dv 1 5 ]
Fr = ME + Mgf, cos(a) + EPAdeV + Mgsin(a) (4.22)

Before the acceleration, a deceleration period must take place. Energy can be
regenerated during deceleration by regenerative braking. This is called recuperation,
and it is a sub-function of hybrid and electric vehicles. Recuperation is based on
generation of energy from the kinetic energy of the vehicle. Regenerative braking
requires existence of an electric motor. Energy regeneration is directly related to the
capability of electric motor. In order to fully recover braking energy, electric motor
must be capable enough to produce all braking force. However, mechanical braking
systems are required in order to reduce braking distance. Braking force is mostly
produced by both regenerative braking and mechanical braking for the hybrid and
electric vehicles on the market. Percentage of available regenerative braking energy to
total braking energy is given approximately 50% for typical urban driving cycles in
[31]. Therefore, acceleration and deceleration are rated by a parameter 7 as given in
equation 4.23. Regeneration torque of electric motor is derated for low speed, as well.

This characteristic of electric motor is neglected.
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dv 1
Fr = UME + Mgf, cos(a) + EpAfcdvz + Mgsin(a) (4.23)
1, Ty
_ ’ dt
n= dv (4.24)
0.5, — <0
dt

Required traction power and energy is calculated as below.

P(t) = Fr(t) - v(t) (4.25)

ty
E =ft P(t)dt (4.26)

0

Vehicle longitudinal dynamics are modelled in MATLAB/Simulink, and a PID
controller is used to accomplish velocity reference tracking. Velocity reference
tracking results and required force for two identical vehicles are seen in Figure 4.5 and
4.6. Velocity profile of vehicle 1 includes acceleration and deceleration parts, while

vehicle 2 follow a constant velocity profile.
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Figure 4.5 : Velocity and required force calculation for vehicle 1.
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Figure 4.6 : Velocity and traction force calculation for vehicle 2.

Required force is used to calculate actual power request. As it is seen from Figure 4.5,
braking force is reduced before power calculation, since the brake force is not fully
used for energy recovery during deceleration. It is also seen that, the traction force is
increased to follow velocity profile during acceleration. As it is seen from Figure 4.6,
required force is constant since the vehicle follows a constant velocity profile. Actual
power consumption of both vehicles are seen in Figure 4.7. Energy is recovered from
braking between 35 — 60 seconds for vehicle 1; however, more energy is consumed

during the acceleration than the generated energy during the deceleration.
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Figure 4.7 : Actual power comparison for two vehicles.
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Assuming that both vehicles are equidistant from the collision point at the beginning
of the simulation, total consumed energy is compared based on the positions of the
vehicles. Vehicle 2 is considered to reach the collision point in the intersection at 80"
second, which corresponds to 1070m. Vehicle 1 travels the same distance in 100

seconds. Total consumed energy when the vehicles arrive at the intersection is seen in

Figure 4.8.
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Figure 4.8 : Energy consumption of two vehicles.

As it is seen from Figure 4.8, vehicle 1 consumes 70.02 Wh energy during its travel,
while vehicle 2 consumes 57.25 Wh energy for the demonstrated case. Energy
consumption of the accelerating vehicle is greater than the energy consumption of the

vehicle traveling with constant velocity.

Here, vehicle with the constant velocity represents the nominal behavior of a vehicle.
In case of velocity adjustment due to delay time, vehicle wastes energy despite the

energy regeneration during deceleration.

Energy loss can be used as an intersection management performance criteria. Since the

vehicles are not identical, vehicle dynamic parameters are different. Therefore, energy
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loss is expected to be different for different vehicle, even if the velocity trajectories

are the same.

Some vehicles are delayed to resolve estimated collision for each possible passing
sequence as explained for total delay time calculation. Estimated required energy can
be calculated by using adjusted velocity profiles based on delay time and vehicle
longitudinal dynamic model. Estimated energy loss is equal to difference between
required energy for tracking adjusted velocity profile and required energy for tracking
nominal velocity profile. Summation of energy losses for individual vehicles in a
sequence gives the total energy loss for a passing sequence. Corresponding total
energy loss is calculated for each possible sequence as shown below for the example

given in Figure 4.2.

1. 1 - 2 - 3 — 4 - Ed
2.1 — 3 — 2 — 4 - Ed,
3.1 — 3 — 4 — 2 - Ed;
4, 3 — 1 - 2 — 4 - Ed,
5. 3 — 1 — 4 — 2 - Eds
6. 3 — 4 — 1 — 2 - Edg
n
Edj=zedi ,J €[1L,N] (4.27)
=2
NEd=[Ed1 Edj EdN] (4.28)

Here, n is the number of vehicles in the sequence j, and N denotes the number of the
possible sequences. eg; is the energy loss of an individual vehicle i in a sequence. The
sequence with the minimum total energy loss is selected from the total energy loss
vector Ng ;. Cost of the selection is given below.

Jea = Fa; N, (4.29)

4.2.5Combined cost function

Combined cost function is constructed as summation of both total delay time and total
energy loss with a ratio. As discussed before, same delay time and velocity profile may
not result the same energy consumption for different vehicles to track the velocity

profile. Total delay time based passing sequence selection is greedy in terms of energy
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consumption, since it tries to clear the intersection as soon as possible regardless of
vehicle dynamics. However, vehicles may pass the intersection with less energy cost
but slight increase on delay time. Similar scenario may occur with only energy loss
dependent cost. Therefore, a trade off parameter is used to combine two cost. In order

to combine two costs with different units, percentage loss is calculated as follows.

Eq—Eq4,
Epetg = 100 (== (4.30)
Ty
Teeg = 100+ 4.31)

Here, E; and T, are total energy loss based on adjusted velocity profile and total delay
time, respectively. E;, and Ty, are total energy loss based on nominal velocity profile
and estimated total nominal arrival time of the vehicles. Combine cost function is given

in equation 4.32.
J=a Tpeg+ A —a) Epey ,a€01] (4.32)

Here, a is the trade off parameter between total delay time and total energy loss for a
passing sequence. This parameter can be adjusted separately for each vehicle in the

sequence as below.

tpctgl €pctgy

J=lo - an]-| e |+ [A—ar) (1_a1v)]'[

tpctg )

] (4.33)

€pctg

Here, N is the number of vehicle in a sequence. t,4, and €pctg; Tepresets the

percentage delay time and energy loss for vehicle i in the sequence. The rating value

is selected as equal and 0.5 for each vehicle in this study.

Overall intersection management algorithm flow chart is given in Figure 4.9.
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Figure 4.9 : Intersection management algorithm flow diagram.
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5.SIMULATION ENVIRONMENT

A simulation framework is designed in MATLAB to simulate and test the intersection

management algorithm. Cross road intersection model with two lane for each way is

seen in Figure 5.1.

./

4 Zone 11 PR
/ ,-//

’ 7

/ /" Zone Il

Figure 5.1 : Simulation framework.

Vehicles are defined with initial position, orientation, velocity, length, width,

longitudinal dynamic parameter values, path and identification number (ID). Vehicle

position is given as the center of the rear axle. Vehicle frame is constructed around the

initial position (xg, ¥o) and rotated by orientation using rotation matrix.

_ [cos(6)
R(®) = [sin(@)

—sin(6)
cos(0) .1
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Vehicle representation in the framework is given in Figure 5.2

Front Axle

v

Initial vehicle position (xg, ¥5)

Figure 5.2 : Vehicle representation in framework.

Here, L and W denotes the length and width of the vehicle, repectively. 6 is the
orientation of the vehicle. 8 variable is updated depending on the steering of the
vehicle during the simulation. Steering is provided by pure pursuit path tracking
algorithm. Pure pursuit algorithm is one of the most common path tracking algorithms
due to the simplicity of its application. Geometrical representation of pure pursuit

algorithm is given in Figure 5.3.

Vehicle position (xg, ¥o)

Figure 5.3 : Pure pursuit path tracking visualization.
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Here, L, is the distance between center of rear axle and look ahead point. Look ahead
point is the target of the vehicle on the path. Algorithm is implemented for a bicycle
model, which is explained in the vehicle model section. Geometric derivation of the

steering angle to turn the vehicle towards the target is given below [38].

L
§ =tan™! (E) (5.1)
L (5.2)
5(t) = tan™? <2L ST(“@)))
d

Simulation result of the path tracking algorithm is seen in Figure 5.4.

Figure 5.4 : Pure pursuit path tracking simulation result.

37






6. CASE STUDIES

In this section, proposed intersection management algorithm is simulated for different
cases and results are discussed. Vehicles are assumed to travel with constant velocity
when they enter Zone I if there is no assigned delay. Effective frontal area, drag
coefficient and rolling resistance coefficient are set as the same by the given values in
longitudinal dynamic model section. Additionally, recuperation is allowed for each
vehicles. Simulation cases are constructed by different number of vehicles with
different path, mass and initial velocity. All cases are simulated with total delay time,
energy loss and combined cost function. Cost function dependent variations are named

as Configuration 1, Configuration 2 and Configuration 3, respectively.

6.1 Case 1

10 vehicles are simulated for the case 1. Path of the vehicles, initial velocity and mass
values are given in Table 6.1. A convoy with 5 vehicles approaches to the intersection
from west to east. Two heavier vehicles travel from north to south with lower velocity.
Two vehicles approach from west and turn to south. Vehicles are started at outside of

the intersection.

Table 6.1 : Vehicle parameters for Case 1.

Vehicle ID Path Velocity (m/s) Mass (kg)
Vehicle 1 West to East 10 1500
Vehicle 2 West to East 10 1500
Vehicle 3 West to East 10 1500
Vehicle 4 West to East 10 1500
Vehicle 5 West to East 10 1500
Vehicle 6 West to East 10 1500
Vehicle 7 North to South 9.2 4500
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Table 6.2 : Vehicle parameters for Case 1 (cont’d).

Vehicle ID Path Velocity (m/s) Mass (kg)
Vehicle 8 North to South 9.2 4500
Vehicle 9 East to South 11 1200

Vehicle 10 East to South 10 1200

Simulation results for different configurations are seen in Table 6.2. Results are given

as delay time on each vehicle.

Table 6.3 : Case 1 simulation results.

Vehicle ID Configuration 1 Configuration 2 Configuration 3
Delay (s) Delay (s) Delay (s)
Vehicle 1 0 0 0
Vehicle 2 0.3 3.75 0.3
Vehicle 3 1.2 3.2 2.75
Vehicle 4 0.65 2.65 2.2
Vehicle 5 0.1 2.1 1.65
Vehicle 6 1.05 1.55 1.1
Vehicle 7 1.1 0 1.1
Vehicle 8 53 0 1
Vehicle 9 0 0 0
Vehicle 10 0 0 0

Simulation results show that zero delay time are assigned to Vehicle 7 and Vehicle 8
in Configuration 2. Due to their high mass, energy loss is expected to be high compared
to other vehicles. Therefore, total energy based sequence selection algorithm gives the
priority to Vehicle 7 and Vehicle 8. Vehicle 1 to 6 have less delay in Configuration 1
than in Configuration 2; since delaying the head of a convoy result in delay on the
following vehicles due to the consecutive effect. Therefore, total delay time based
selection algorithm gives the priority to convoy for reducing total delay. Overall results

is seen in Table 6.3.
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Table 6.4 : Case 1 overall simulation results.

Configuration 1 Configuration 2 Configuration 3
Total Delay (s) 9.7 13.25 10.10
Total Energy
Loss (%) 4.7 3.06 4.04

As it is seen from Table 6.3, total delay in Configuration 1 is lower than the total delay
in Configuration 2. Similarly, total energy loss in Configuration 2 is lower than the
total energy loss in Configuration 1. It is seen that the total delay increases in
Configuration 3, while energy loss decreases compared to Configuration 1. Similary,
Total energy loss increases in Configuration 3, while total delay decreases compared
to Configuration 2. It can be said that combined cost function based algorithm
improves total delay based algorithm in terms of energy loss. Similary, it improves
energy loss based algorithm in terms of total delay. Visualization of Case 1 for

Configuration 1 is seen in Figure 6.1.

Figure 6.1 : Intersection management for Case 1.
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6.2 Case 2

In case 2, 14 vehicles are simulated. Path of the vehicles, initial velocity and mass
values are given in Table 6.4. Simulation consists of 4 convoys on each section. 4
vehicles approach from west, and 4 vehicles with higher mass approach from north.
Three vehicles travel from east to west, while three vehicles travel from south to north

with higher mass and lower speed.

Table 6.5 : Vehicle parameters for Case 2.

Vehicle ID Path Velocity (m/s) Mass (kg)
Vehicle 1 West to East 10 1500
Vehicle 2 West to East 10 1500
Vehicle 3 West to East 10 1500
Vehicle 4 West to East 10 1500
Vehicle 5 North to South 9.2 4500
Vehicle 6 North to South 9.2 4500
Vehicle 7 North to South 9.2 4500
Vehicle 8 North to South 9.2 4500
Vehicle 9 East to West 10 1500

Vehicle 10 East to West 10 1500

Vehicle 11 East to West 9.2 1500

Vehicle 12 South to North 9.2 2000

Vehicle 13 South to North 9.2 2000

Vehicle 14 South to North 9 2000

Simulation results for three configurations are given in Table 6.5. In Configuration 2,
it is seen that the more delay accumulated on the vehicles traveling from west due to
their low mass. Delays on the heavy vehicles are reduced to reduce energy loss by
comparison with Configuration 1. In Configuration 1, delays are distributed regardless
of vehicle parameters. It is seen that the delays on the vehicles traveling form west are

decreased, while the delays on the vehicles traveling from north increase.
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Table 6.6 : Case 2 simulation results.

Vehicle ID Configuration 1 Configuration 2 Configuration 3
Delay (s) Delay (s) Delay (s)
Vehicle 1 0 0 0
Vehicle 2 0.95 245 2.45
Vehicle 3 0.4 6 4.9
Vehicle 4 1.3 5.45 4.35
Vehicle 5 3.2 0 0
Vehicle 6 3.95 1.1 1.1
Vehicle 7 33 0.45 0.45
Vehicle 8 2.65 3.8 2.95
Vehicle 9 0 0 0
Vehicle 10 1.9 9 8.15
Vehicle 11 6.35 7.5 6.65
Vehicle 12 1.85 1.85 1.85
Vehicle 13 3.5 0.65 0.65
Vehicle 14 3.05 2.8 0.2

As it is seen from Table 6.6, total delay in Configuration 1 is lower than the total delay
in Configuration 2; as, the total energy loss in Configuration 2 is lower than the total
energy loss in Configuration 1. It is seen that the total delay increases in Configuration
3, while energy loss decreases compared to Configuration 1. Energy loss based
algorithm is improved in terms of total delay by combined cost function. However it
is observed that eenregy loss is aslo slightly reduced. This is an expected situation,
since the intersection management algorithm is executed among the communicating
vehicles in Zone 1. Every new decision is made upon the previously made decision,
since the decision for the vehicles, which leaves Zone I, is permanently set. Since the
number of vehicles, which will travel through the intersection, is not known in
advance, result of any configuration is not always global minimum in terms of

corresponding cost functions.
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Table 6.7 : Case 2 overall simulation results.

Configuration 1 Configuration 2 Configuration 3
Total Delay (s) 324 41.05 33.7
Total Energy
Loss (%) 8.35 5.75 52

Visualization of Case 2 for Configuration 1 is seen in Figure 6.2.

Figure 6.2 : Intersection management for Case 2.

6.3 Case 3

In Case 3, intersection management algorithm is simulated for 15 vehicles. Path of the
vehicles, initial velocity and mass values are given in Table 6.7. There are two convoys

approaching intersection from west and east. Mass of those vehicles are relatively less
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than the vehicles approaching from north. Additionally, one vehicle involves from

south.
Table 6.8 : Vehicle parameters for Case 3.

Vehicle ID Path Velocity (m/s) Mass (kg)
Vehicle 1 West to East 10 1500
Vehicle 2 West to East 10 1500
Vehicle 3 West to East 10 1500
Vehicle 4 West to East 10 1500
Vehicle 5 West to East 10 1500
Vehicle 6 West to East 10 1500
Vehicle 7 North to South 9.2 4500
Vehicle 8 North to South 9.2 4500
Vehicle 9 East to South 11 1500

Vehicle 10 East to South 10 1200

Vehicle 11 East to West 10 1200

Vehicle 12 East to West 10 1200

Vehicle 13 East to West 10 1200

Vehicle 14 North to South 9.2 4500

Vehicle 15 South to North 9.2 1200

As seen in Table 6.8, simulation results show that delay times assigned to the vehicles
approaching from west and east in Configration 1 are lower than delays assigned in
Configuration 2. Opposite distribution is seen on the vehicles approaching form north
in Configuration 2 compared to Configuration 1. This trade off is the result of selection
between time and energy based cost functions. Due to their heavy mass, vehicles 7, 8
and 14 are allowed to follow their initial velocity profiles in Configuration 2. Similary,
less delay is distributed on the convoys in Configuration 1. In Configuration 3, delays
on the heavier vehicles are increased compared to Configuration 2, in order to find a

solution with less total delay.

45



Table 6.9 : Case 3 simulation results.

Vehicle ID Configuration 1 Configuration 2 Configuration 3
Delay (s) Delay (s) Delay (s)

Vehicle 1 0 0 0
Vehicle 2 2.1 5.35 0.3
Vehicle 3 1.55 4.8 4.25
Vehicle 4 1 4.25 3.7
Vehicle 5 0.45 3.7 3.15
Vehicle 6 1.4 3.15 2.6
Vehicle 7 0 0 1.1
Vehicle 8 5.65 0 1
Vehicle 9 0 0 0
Vehicle 10 0 0 0
Vehicle 11 1.35 3.85 4.75
Vehicle 12 0.8 33 4.2
Vehicle 13 0.25 2.75 3.65
Vehicle 14 6.95 0 0.9
Vehicle 15 0.1 1.65 1.95

As itis seen from Table 6.9, total delay in Configuration 2 is higher than the total delay
in Configuration 1; as, the total energy loss in Configuration 1 is higher than the total
energy loss in Configuration 2. It is seen that the total delay slightly decreases in
Configuration 3, while energy loss increases compared to Configuration 2. Besides,

energy loss is reduced in Configuration 3 compared to Configuration 1.

Table 6.10 : Case 3 overall simulation results.

Configuration 1 Configuration 2 Configuration 3
Total Delay (s) 21.6 32.8 31.55
Total Energy
Loss (%) 5.53 3.84 5.27
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Visualization of Case 3 for Configuration 3 is seen in Figure 6.3.

Figure 6.3 : Intersection management for Case 3.

6.4 Case 4

16 vehicles are simulated in Case 4. Path of the vehicles, initial velocity and mass
values are given in Table 6.10. Mass of the vehicles are varied and one more vehicle

is added to the path from south to north addition to Case 3.

Table 6.11 : Vehicle parameters for Case 4.

Vehicle ID Path Velocity (m/s) Mass (kg)
Vehicle 1 West to East 10 1500
Vehicle 2 West to East 10 1500
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Table 6.10 : Vehicle parameters for Case 4 (cont’d).

Vehicle ID Path Velocity (m/s) Mass (kg)
Vehicle 3 West to East 10 1500
Vehicle 4 West to East 10 1800
Vehicle 5 West to East 10 1500
Vehicle 6 West to East 10 1800
Vehicle 7 North to South 9.2 4500
Vehicle 8 North to South 9.2 4500
Vehicle 9 East to South 11 1500

Vehicle 10 East to South 10 1200

Vehicle 11 East to West 10 1200

Vehicle 12 East to West 10 1200

Vehicle 13 East to West 10 1200

Vehicle 14 North to South 9.2 4500

Vehicle 15 South to North 9.2 1200

Vehicle 16 South to North 9.2 1600

Simulation results are given in Table 6.11. As it is seen, delays in Configuration lare
less than in Configuration 2 and 3; since any criteria other than reducing travel time is
not concerned. Contrary, delays are distributed mostly on the relatively lighter vehicles

to reduce energy loss.

Table 6.12 : Case 4 simulation results.

Vehicle ID Configuration 1 Configuration 2 Configuration 3
Delay (s) Delay (s) Delay (s)
Vehicle 1 0 0 0
Vehicle 2 2.1 5.35 5.35
Vehicle 3 1.55 4.8 4.8
Vehicle 4 1 4.25 4.25
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Table 6.11 : Case 4 simulation results (cont’d).

Vehicle ID Configuration 1 Configuration 2 Configuration 3
Delay (s) Delay (s) Delay (s)

Vehicle 5 3.35 3.7 3.7
Vehicle 6 2.8 4.6 3.15
Vehicle 7 0 0 0
Vehicle 8 4.9 0 0
Vehicle 9 0 0 0
Vehicle 10 0 0 0
Vehicle 11 1.35 3.85 3.85
Vehicle 12 0.8 33 33
Vehicle 13 0.25 2.75 2.75
Vehicle 14 8.35 0 0
Vehicle 15 0.1 11.35 0.1
Vehicle 16 4.85 11 9.55

Overall simulation results are seen in Table 6.12. It is seen that the total delay time in
Configuration is less than delay time in Configuration 2. Similarly, energy loss in
Configuration 2 is less than energy loss in Configuration 1. It is seen from the
comparison of Configuration 1 and 3 that the reduction in energy loss is dramatic
compared to the increase in total delay. Additionally, energy loss reduction based

configuration is improved in terms of total delay by Configuration 3.

Table 6.13 : Case 4 overall simulation results.

Configuration 1 Configuration 2 Configuration 3
Total Delay (s) 314 54.95 40.8
Total Energy
Loss (%) 5.97 3.73 3.68

It is also observed by comparing Configuration 2 and 3 that there is a slight

improvement in energy loss. This situation is the result of cause and effect relation in
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the algorithm. Former decisions effect the later decision, since number of vehicles
which will pass the intersection cannot be known. Intersection management is only
executed by the vehicles in communication zone. Visualization of Case 4 for

Configuration 1 is seen in Figure 6.4.

Figure 6.4 : Intersection management for Case 4.
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7. CONCLUSION AND DISCUSSION

A multi agent intersection management algorithm for autonomous vehicles is proposed
based on time delay and energy loss cost functions. Intersection model is explained
with the communication protocols and crash detection. Passing sequence calculation
for the vehicles, which are estimated to collide at the intersection, is explained after
crash detection. Passing sequence selection is conducted based on cost functions. Total
delay time, energy loss and combined cost functions are given. Vehicle longitudinal
model is used for energy loss calculation. Performance of algorithm is tested in
simulation framework, which is designed in MATLAB. Vehicle kinematic bicycle
model is used for simulation of vehicle movements. Simulation results are explained

in detail.

Intersection management includes communication, crash detection and vehicle
conditioning processes. Vehicle to vehicle communication is established without
existence of a field unit. Vehicles communicate with each other when they are inside
the communication zone. Intersection is divided into three main parts, which are

communication zone, deceleration zone and acceleration zone.

During communication, intersection management algorithm is executed. Vehicles
simulate their planned trajectory, and determine the time — space to specify occupation
of intersection. Vehicles’ time — space occupations at the intersection are compared to

detect any possible crash depending on estimated trajectories.

Output of the intersection management is delay on the vehicles’ arrival time at the
intersection. First Come — First Served algorithm is most common method to resolve
estimated crash due to its simplicity. It basically gives the priority to the vehicle which
request a reservation first. Look Ahead Intersection Control Policy, which is stated
that it improves FCFS by 25% in terms of total delay time, is explained. Consecutive
effect of delaying a vehicle, which is followed by other vehicles, is taken in
consideration by LICP. Consecutive vehicles are considered as a group. Reservations
of the vehicles are accepted depending on the total delay time, which they cause if the

reservation is accepted.

51



Passing sequence selection is proposed in this study. Passing sequence is the
permutation of the vehicles, which are estimated to pass the estimated collision point
at the intersection. Each passing sequence results in total delay time. Selection between

sequences is conducted based on minimization of delay time.

Another cost for sequence selection is total energy loss. Delay time on the vehicle
trajectory is fulfilled by deceleration and acceleration. Acceleration requires additional
traction force for a vehicle. In order to calculate required traction force, longitudinal
vehicle dynamics are given. Increase in the required traction torque results in
additional energy consumption, compared to the nominal trajectory even if there is
energy regeneration from deceleration. Energy loss is calculated for each passing
sequence. Even the delays are equal, energy loss may not be equal since the vehicle

dynamic parameters are different. Sequence with minimum energy loss is selected.

After introducing total delay and energy loss dependent cost functions, a combined
cost function is explained. Two costs are combined as percentage with a rating
parameter. It is aimed to construct a selection criteria considering time and energy loss

together.

Simulation results for different cases are given and explained. It is seen that the total
delay time based selection method gives the passing priority to the convoys by
assigning less delay time to reduce consecutive effect. Energy loss dependent method
allows the heavier vehicles travel with their nominal velocity profiles as much as
possible, since the required energy is high for acceleration of a heavy vehicle. It is
observed that total delay based method is improved in terms of energy loss by the
combined cost approach. Similarly, energy loss based method is improved in terms of

total delay time by the combine cost method.

It is also observed for some cases that energy loss is also reduced with combined cost
function compared to the energy loss based method. Reason of this situation is that
there is a cause and effect relation in the proposed intersection management.
Intersection management algorithm is executed by the vehicles inside the
communication zone. A decision is made among the communicating vehicles. A new
crash situation might be estimated over the decision. Another intersection management
decision is made according to new situation. Therefore, a decision effects the next

decisions. Besides, number of the vehicles, which will pass the intersection, is not
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known in advance. Thus, convergence to global minimum is not expected to be

possible.

This thesis is summarized in a conference paper and will be presented at the 10"
ELECO 10th International Conference on Electrical and Electronics Engineering in

TURKEY which is technically sponsored by IEEE Turkey Section.

In this study, vehicles are assumed to travel with constant velocity once they enter the
communication area. For the future work, delay time fulfillment with deceleration and
acceleration can be improved to cover inconstant velocity profiles. Multi intersection
structures can be established to reduce time and energy loss by using the information

from other intersections.
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