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Abstract

The development of autonomous vehicle or self-driving car integrates with the wireless communication technology
which would be a forward step for road transportation in the near future. The autonomous crossing of an
intersection with an autonomous vehicle will play a crucial role in the future of intelligent transportation system
(ITS). The fundamental objectives of this work are to manage autonomous vehicles crossing an intersection with
no collisions, maintaining that a vehicle drives continuously, and to decrease the waiting time at an intersection.
In this paper, a discrete model of the one-way single intersection is designed. The vehicle-to-infrastructure (V2I)
communication is implemented to exchange information between a vehicle and an intersection manager which
is the roadside infrastructure. The safe trajectory of autonomous vehicles for the autonomous intersection
management is determined and presented by using discrete mathematics.
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1 Introduction

The vehicle technology has grown rapidly in the past
decade. Several systems have been installed into com-
mercial vehicles to assist the driver to provide a more
comfortable drive, including improving of the safety of
the driver, passenger, and the pedestrian or cyclist. Re-
cently, there has been a highly increased activity in the
development of the autonomous vehicle research, which
was initiated in 2005 by the first competition of autono-
mous vehicles. The Defense Advanced Research Projects
Agency (DARPA) Grand Challenge was organized. In
2007, the DARPA Urban Challenge showed the pro-
gression of the autonomous vehicle. Several teams suc-
cessfully developed a vehicle that has the ability to
drive itself and achieve the assigned task. As a result,
the self-driving car or autonomous vehicle is now suc-
cessfully developed by many research groups either in
universities or more recently by private companies
[1-3]. They proved the performance of driving in a real-
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traffic environment, autonomously with the capability
of safety. It showed that the use of this technology is
possible in the near future. Already, some cities in the
USA currently allow the autonomous vehicle to drive
on the same street as other vehicles, legally. Further-
more, the increased use of wireless communication
technology is making a huge contribution to applica-
tions with the cooperation of multiple robots. Many
multiple robots and cooperation researches were focus-
ing on the mobile robot application, e.g., robot soccer,
task allocation, area exploration, robot formation, and
swarm robotics [4-7]. With the existing technology of
wireless communication, the application of autonomous
intersection management (AIM) (Additional file 1) is
possible. The safety of driving is the first priority of
road transportation. An intersection, especially, is con-
sidered one of the high-risk places for accidents to
occur. In addition, traffic congestion is also very im-
portant and serves as the second objective of the traffic
management.
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There are two different approaches from previous re-
search studies that developed the collision avoidance at an
intersection: with and without communication. Without
communication, the stand-alone autonomous vehicle is
equipped with several sensors to measure its state, e.g.,
GPS, position, orientation, and velocity, which is now
in general use. Also used, an environment sensor to
measure the vehicle’s surrounding, e.g., the laser range
finder, radar, and camera, were used to locate the static
and dynamic obstacles around a vehicle and then plan a
collision free path by using the stop and go technique
[8,9]. With communication, [10] presented the latest
wireless communication standard for vehicle communi-
cation. The IEEE 802.11p with the spectrum of 5.9-
GHz band, dedicated short-range communications
(DSRC) is the standard that was developed for use only
with vehicle communication. The time scheduling
method by means of intelligent agents was introduced
in [11]. It determined the arrival time of a vehicle and
the time that a vehicle would stay at an intersection by
sharing the state information and then passing it back
to the following vehicle by using mobile ad hoc net-
works. Hafner et al. [12] presented the automated colli-
sion avoidance at an intersection between two vehicles,
using vehicle-to-vehicle communication (V2V). It used
V2V to share the state information of two vehicles to
find the potential collision area and then control the
longitudinal velocities of both vehicles to prevent them
from reaching the collision area at the same time. Simi-
larly, [13] proposed the method of sharing the state of
vehicle inertia to create the navigation function that
creates a safe and smooth path without fully stopping
at the intersection. Sheng et al. [14] propose the
method of intersection collision groups: each vehicle
broadcasts its collision situation based on the path se-
lection. When a vehicle reaches the communication
range, the collision free path was determined by com-
paring the initial member of collision group and of
another incoming vehicle. The driving speed was co-
operatively calculated for the safe crossing of the inter-
section. The proposed concept in [15] consists of
intersection geometry, to map the collision region by
using the first-come first-serve (FCES) principle to
manage a vehicle crossing an intersection. Another
method is using vehicle-to-infrastructure communica-
tion (V2I). Bruns and Tréichtler [16] and Bruns [17]
used the concept of network flow to model the inter-
section. The intersection was separated into small equal
connected sections. The incoming vehicle has to re-
serve nodes based on the selected route, and the safe
trajectory is determined by using dynamic program-
ming. This resulted in the centralized control principle.
Moreover, the extended study in [18] was considering
optimization of multiple objectives to improve driving
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efficiency. The fuel consumption and duration of a
journey were minimized by using the technique of
dynamic programming.

Autonomous intersection management with the ‘call
ahead’ concept was presented by [19-21]. Every car
must send a reservation message to the intersection
manager, and it will check the availability of the re-
quested space. If the requested message is not in con-
flict with the intersection policy, a car is allowed to
pass through the intersection. Otherwise, the car has to
generate and send new request messages until it gets
the permission from the intersection manager or, in the
worst case, stop before entering the intersection. From
the sample research works, the common parameter in-
formation that is shared is mostly the state of the car.
Then, the possible collision event is computed and the
velocity is controlled, speeding up or slowing down, to
avoid the collision scenario.

In this paper, the authors propose the methodology of
planning the safe trajectory for crossing an intersection,
including improving the capacity of the intersection.
Aforementioned works proposed the methodology of
autonomous intersection management with the main
focus of using artificial intelligent, supervised rule-
based or machine-learning technique. On the other
hand, we presented the different concept for managing
vehicles crossing an intersection. The discrete time
event was implemented in order to determine the safe
trajectory so that the trajectory of each vehicle can be
computed deterministically, the position of a vehicle
can be controlled exactly to a particular time. The
discrete model of a single intersection was presented.
In addition, the idea of green wave, where a vehicle is
able to continuously drive through an intersection, was
investigated in the area of adaptive traffic light research.
We have applied this concept for our autonomous
intersection management. However, the traditional traf-
fic light will be replaced by the intersection manager.
Our approach relies on the exchange of information be-
tween an incoming car and the intersection manager.
To coordinate a car to the intersection manager, the
following message protocol has been designed: a vehicle
sends a message to the intersection manager to request
the state of intersection. The intersection manager will
check its state and whether it is occupied by a previous
vehicle. Then, it will update the time index and reserve
it for the incoming vehicle. It will then return the mes-
sage of the time index back to the incoming vehicle.
The management mechanism is able to express the
information as a personal, virtual traffic signal. Each
vehicle will get an individual identity time index in
which to occupy the intersection in order to then plan
the safe trajectory to reach each node within the
given time. The simulation of autonomous intersection
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management for a single intersection is developed. The
results show the improvement in velocity capacity and
the traffic flow rate of an intersection compared to the
traffic flow model.

2 Intersection model

In this work, the symmetrical four-way intersection with
a single lane for each incoming and outgoing street is
represented. The physical shape of this intersection is
composed of four connected streets. Every street shares
the common characteristic of driving direction. There
are three possible choices of driving routes for each
street that are composed of left, straight, and right direc-
tions. The model of the street and intersection is illus-
trated in Figure 1:

ry = {r1,r2,r3|1,2,3ex, xeR"} (1)

where r, is the number of possible routes of the four-
way intersection, x is the driving direction, r; is left dir-
ection, r, is straight direction, and r; is right direction.

The assumption is that every vehicle on each of the
four connected streets is able to select the route inde-
pendently. For this reason, there are 12 combination pat-
terns in total. The total combinations of route choices of
this intersection model can be expressed by the product
of route choices and the total number of streets:

Sm = {81,52,583,84]1,2,3,4em, meR"} (2)

Hp = {12]8,7 } (3)

np = {ny,na, ..., ny|femx} (4)
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Figure 1 Four-way intersection model.
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where s,, is the total number of street of an intersection,
m is street members of an intersection (North, East,
West, South), and #f is the total number of possible
routes.

For the simulation purpose, the vehicle’s dynamics
are configured based on the geometry of the intersec-
tion. The maximum allowance of driving velocity of a
vehicle is limited at 120 km/h, and the presumed aver-
age velocity is at 80 km/h and the minimum is set at 0.
The maximum acceleration is set at 2 m/s?. It assumed
based on the changing velocity from average to max-
imum in 5-s time interval. For deceleration, in the same
way, the decreasing of velocity from average to 0 is able
to set the value of deceleration at 4 m/s> In addition,
the flow input to the intersection from each side of the
street is limited at the maximum of 2,000 vehicles/h,
according to the traffic flow model in [22,23].

3 Autonomous intersection management

The traditional traffic light system works on the
principle of centralized control, i.e., a vehicle must stop
when the light is red and it can go ahead when the light
is green. Drivers will plan trajectory based on their vis-
ual data. On the other hand, autonomous intersection
management is a fully autonomous system. Technically,
autonomous intersection management relies on the
communication between vehicles and the intersection
manager. It will replace the traffic light with the inter-
section manager as well as replacing the typical vehicle
with the autonomous vehicle. The intersection manager
has the ability to communicate wirelessly with every in-
coming vehicle. Likewise, the vehicle also has the same
feature, in order to transmit and receive information to
intersection manager. The responsibility of the intersec-
tion manager is that it will prioritize the timing index,
corresponding to the occupied space and tell a vehicle
when it can pass through the intersection, based on the
incoming, requested message from vehicles. In the
same way, an autonomous vehicle will follow the policy
from the intersection manager strictly and accurately.
The trajectory will be planned based on the returned,
available timing index from the intersection manager.
The management mechanism is similar to the personal,
virtual traffic signal. Every vehicle will get the personal
timing index from the intersection manager and drive
according to the received policy. The V2I communica-
tion is the tool in which the requested message from
vehicle to the intersection manager is delivered and
vice versa. The message protocol is defined in the sec-
tion below.

3.1 Crossing intersection problem
In order to cross an intersection, the nature of the prob-
lem is the resource sharing. In this case, the resource is
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concerned as a space and how vehicles use the limited
space together. Therefore, the problem will be dealing
with space and time. In practice, a vehicle is allowed to
drive over the intersection area following the traffic sig-
nal. That is, the method to manage several vehicles to
use the intersection area at different points of time. For
the sample scenario, there are two vehicles on the dif-
ferent streets. The red vehicle (no. 1.) drives on the
West Street and plans to go to the North Street. On the
other side, the green vehicle (no. 2.) drives on the East
street and the destination is the West street. The trajec-
tory of both vehicles is clearly crossed over. Therefore,
the collision can occur while vehicle no. 1. is turning
left and vehicle no. 2. goes straight and both vehicles
arrive at the confliction point at the same time. The
general scenario of crossing an intersection is illus-
trated in Figure 2a:

Pr = {x", y"[x1, x06x" A yy,9,€y" } (5)

where P’ is the coordinate of the confliction point, x~ is
the position in x direction, y  is the position in y direc-
tion, x; and x, are the x positions of vehicles no. 1 and
no. 2, respectively, and y; and y, are the positions of ve-
hicles no. 1 and no. 2, respectively.

3.2 Vehicle-to-infrastructure communication protocol

There are several works in vehicle inter-communication
by using wireless communication. In this work, we im-
plemented wireless communication between a vehicle
and an infrastructure by using the normal standard of
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wireless local area network (WLAN, IEEE 802.11) for
computer communication. User datagram protocol (UDP)
together with a broadcasting technique is used to commu-
nicate between a vehicle and the intersection manager.
In order to limit the number of vehicles communicat-
ing with the intersection manager, a vehicle will start
sending a message when it reaches the designated range
of communication. The communication region is set at
the radius of 100 m away from the center of the inter-
section as illustrated in Figure 2b. The intersection
manager will be polling the message and updating its
state every 0.1 s or with in10-Hz frequency. Then, it
returns the computed timing index, with the maximum
and minimum acceleration allowance back to the re-
quested vehicle. The requested message package from a
vehicle contains the following six information:

e Vehicle identification code (vehicle ID): it is used to
identify that a vehicle is present and to prevent the
wrong determining vehicle, the Internet protocol
(IP) address or the media access control (MACQC)
address can be used to represent a vehicle.

e Location: the position information integrates with
the digital map of the local street containing the
current street where a vehicle is located. It is used
to determine the approaching vector of a vehicle to
an intersection.

e Destination: the information containing the
expected street where a vehicle will drive to. The
direction of travel can be computed through
corresponding the current location.

North
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Figure 2 Crossing an intersection problem (a) and V2I communication range (b).
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e Distance to intersection: it is the distance between
the current position of a vehicle and an intersection.
Vehicle size: the length of a vehicle is usually taken
into account for determining the leaving time of
intersection. Different sizes of vehicles spend
different times to cross an intersection.

Velocity: the current longitudinal velocity of a
vehicle

The intersection manager extracts the message infor-
mation into the proposed parameters. The arrival time
to the intersection and the leaving time are determined
based on the provided information of the successor ve-
hicle and the predecessor vehicle. The intersection will
be updated and the new time slot will be transmitted to
the requested vehicle. The V21 communication mech-
anism is illustrated in Figure 3.

3.3 Discretizing intersection

Following the crossing-an-intersection problem, a way
to manage vehicles crossing intersection without using
traffic light control is to manage the time interval of
using an intersection space for incoming vehicles. This
problem is expressed with the discrete time event,
where the space and time can be solved deterministic-
ally. The reason is that the space of an intersection is
constant, and the required output is time of possession
corresponding to the specific reservation space. The
exact position of a vehicle can be calculated determinis-
tically at every time step by the given, inputted velocity.
Then, it is able to guarantee that the intersection space
will be reserved by only one vehicle at a time.
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As mentioned earlier, the nature of crossing an inter-
section is generally to manage multiple vehicles not
driving over the same area at the same moment of time.
If we can then calculate the exact time that a vehicle
can drive through the conflict area and a vehicle is able
to follow that policy, the collision will not occur. Then,
the problem of crossing an intersection can be modeled
as a discrete problem. With the proposed intersection
model, there are two processes of discretization, com-
posed of distance discretization and time discretization.

Distance discretization: the intersection is firstly dis-
cretized into a section of distance. And every section is
represented by each node of a discretized distance. It
contains position coordinates of each discretized dis-
tance. In addition, each node is connected with an edge
that is a discretized distance and the whole travelling
distance is equal to the summation of the total discre-
tized distances:

8i0 < il < Si2 < e Si ks 0< Sik < Slf

3ot = Sis )
Pix = {xi(six). i (six) b5 PixEPis (8)

where i is the index of a vehicle, k is the discretized step,
and fis the final step of the discretization. s, is the dis-
cretized distance of step k of the trajectory of a vehicle.
S;r is the total travelling distance of a vehicle. P is the
discrete position of a vehicle, and with respect to the
Cartesian coordinate, it is the function of each discre-
tized distance.

The desired trajectory of both vehicles in the proposed
scenario is able to discretize into a set of connected

(6)
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nodes. The problem of the space reservation will transfer
the location to the network of nodes. The illustration of
the intersection distance discretization is shown in the
Figure 4.

Concerning time discretization, if there were a timing
problem, an accident is able to occur if, and only if, the
vehicles meet each other at a specific point of the
intersection at the same time. To prevent that situ-
ation, time is discretized. The discretizing time step is
constant. Time will be discretized into small steps, and
the summation of the total discretized time will equal
to total travelling time. Time discretization criteria can
be written as the following equations:

v < lpmy < bk < gy < e ;tkSTf (9)

tro1—ty = Ak (10)

Y
> ootk =Tr (11)

where #; is the time step, Ty is the total travelling time,
and Ak is the discretizing time.

The time discretizing model corresponding with the
distance discretizing model for crossing an intersection
of both vehicles is illustrated in the Figure 5.

The trajectory of each vehicle is planned by the ve-
hicle itself based on the returned timing index from the
intersection manager. The possession time of each node
is calculated and accumulated from one discretized sec-
tion to the next discretized section. The process is so
that when a vehicle is reaching the designated commu-
nication region of the target intersection, it has to send
a requested message to the intersection manager by
wireless communication. From the V2I message proto-
col, the proposed information is extracted. This infor-
mation, along with the current state of intersection, is
then used to generate the trajectory of a vehicle. In
Figure 6, the discrete trajectory of two vehicles is
shown while they are crossing an intersection. The ve-
hicle’s trajectory was plotted together with the lateral
and longitudinal distance and time discretization.

Figure 4 lllustration of intersection distance discretization.
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Figure 5 The illustration of intersection distance and time
discretization.
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The process of reservation is made through iteratively
calculating the nodes parameters, coordinate data of
distance, and time of the incoming vehicle. The illustra-
tion of the node reservation is shown in Figure 7. The
horizontal axis is the discretized distance. The vertical
axis is the discretized time. The occupied nodes are
shown by red, cross circles, and the blue circles repre-
sent the free nodes. In this case, there is no reservation
of the current node from the predecessor, it means that
the state of intersection is free to reserve for that
period of time. The successor has the right to occupy
the required nodes by setting the time of possession to
the nodes based on its desired velocity.

Sk+1

hd

*
ti-1

Figure 6 The illustration of discrete vehicle’s trajectory
together with intersection distance and time discretization.
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Figure 7 The illustration of node reservation.

The distance discretization process will divide the total
travelling distance (ss) into small connected sections (s,
Sk4 15 - Sk i| VY 8k € 5¢), and the required set of nodes will
be determined based on the received information from
a requesting vehicle. The reservation nodes are ob-
tained with the information of time and distance (N[s;
o tixl). Integrating with the information of the current
velocity of a vehicle, the average travelling time () to
the destination can be determined by the relationship
of the linear motion principle. In addition, the discreti-
zation of time into equally small timing steps (4k) is
applied to assign the timing index of each node to the
corresponding discrete distance. The size of a vehicle is
taken into account, when computing the number of
nodes to be used and reserved.

On the other hand, the incoming vehicle is not
allowed to reserve a node which has already been re-
served for the previous vehicle. In order to make a suc-
cessful reservation, the timing index for the specific
node for the successor is shifted. The time is increased
with respect to the predecessor timing index by the dis-
cretized time step, until the node is free to reserve. The
cost of node is defined as the function of the accumu-
lated time given by a specific node and the relative time
between successor and predecessor. Generally speaking,
the cost of node indicates the absolute value of time
until the node will be released or it means until a ve-
hicle has already left the intersection.

The time of possession of the successor is dependant
on the situation of the predecessor. In the same way,
the system determines the successor state based on the
predecessor state. Then, it is able to consider the sys-
tem as the first order system. According to the first
order system property, the forward Euler method is
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used to update the timing index of the successor node.
The term of the prior time is defined by the progression
of the possession time which depends on the velocity of
the predecessor itself. The time of possession of the
predecessor is counting down along the increasing of
accumulated distance until it is vanished when a vehicle
has already passed the occupied node and the state of
the node will be changed from an occupied node to a
free node. Comparing to the predecessor state, the rela-
tive time between the predecessor and the successor is
determined at the same reference distance after the
message of the successor was received. Therefore, the
absolute possession time of each node is iteratively up-
dated until the predecessor vehicle has left the intersec-
tion. The time update can be written as the following
equations:

() = tx (i) + Ak; (12)

2 = 3% (13)
— v(0)

Ta(j) = ts=0(j)~ts=0(i) (14)

te(j) = 6 ()=Ta(j) (15)

where i is the predecessor node, j is the successor
node, t; is the prior timing index of the successor, £
is the posterior timing index of the successor, Ak; is
the accumulative time step of the predecessor node, si
is the discretized distance, v is the average velocity,
and T, is relative time between the predecessor and
the successor determined from a reference distance.

The recursive determination is required to find a so-
lution of this discrete problem. The tool that we used
to implement for the node reservation is dynamic pro-
gramming (DP). Dynamic programming is frequently
used for solving complex problems by breaking them
down into several sub problems. It then solves each sub
problem, part by part, and combines those solutions.
Similarly, dynamic programming can deliver the opti-
mal solution. It looks into all possible solutions of the
problem and will select the best solution, e.g., finding
the shortest path between two points is the most popu-
lar application of DP.

Therefore, dynamic programming is appropriate for
solving the proposed discrete problem. It is used to find
the trajectory of a vehicle at every discretized time step.
Shown in the presented scenario, is the classic problem
of crossing an intersection. The node reservation method
is able to provide the safe trajectory of vehicles while
crossing an intersection. The pseudo algorithm of node
reservation for intersection management is calculated
by using dynamic programming which is provided in
the Algorithm 3.1.



Wuthishuwong et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:33

Algorithm 3.1: Node reservation

/IN[i] state of the predecessor node;
/IN[J] state of the successor node;
/T 4 (]') relative time at referent distance Sg—=g;
//c(i, J) cost of node;
k=0;
While (53, << s¢)
For (Distance discretizing, S & Sf)
Sp+1 = Sp T AK;
For (Time discretizing, £; & &p)
Td(j) =1ts=0 (]—) — =0 (i),
c@,j) = f(s:@, Ta(j))
If (Check all node € s55)
If (Nl + (@, j) < N[j]
N[jl1= NI[jl;
Else
NIjl = NI+ c(i,j);
Update state N[i] = NI[j]
k++
Return

The management mechanism relies on the communi-
cation between vehicles and the intersection manager.
To prevent the message crashing, the principle of FCFS
is implemented for ordering the message queue. The
intersection manager will make a service based on the
sequence of the received message from vehicle.

The discretization of distance and time combined with
the node reservation allows the possession time of re-
quired nodes to be calculated and then reserved. The
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state of an intersection is updated and waits for the
next iteration from the next vehicle’s request. The
intersection state was reserved by the predecessor ve-
hicle, and the time of possession was registered. The
following vehicle is allowed to reserve the node after
the possession time of the predecessor vehicle has ex-
pired. For this reason, both vehicles are at different
places or nodes at the same time. The result of the ve-
hicle’s trajectories while crossing an intersection which
are computed by using DP is illustrated in Figure 8. It
is a time-distance plot. The horizontal axis indicates
the discretized distance, and the vertical axis indicates
the discretized time. The node reservation of a vehicle
is illustrated. The trajectory of the first vehicle is
showed in red and the following vehicle is showed in
green. Gray represents the predecessor vehicle that has
already left the intersection.

4 Simulation results

According to the focus of this work, the cooperative tra-
jectory planning algorithm, the simulation is imple-
mented based on the proposed method, regardless the
technique of communication. Since the communication
mediums are considered as tools to exchange the infor-
mation between vehicle and infrastructure, any commu-
nication standard, which provides the fit qualification,
can be applied to autonomous intersection management.
In this work, the Internet protocol has been used for
communicating between vehicle and infrastructure. The
wireless local area network with UDP protocol is imple-
mented. In general, a computer is set as the vehicle ser-
ver in order to generate the requested messages and
send to the intersection manager over the WiFi, IP ad-
dress. Meanwhile, another computer is the intersection
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Figure 8 Projection of vehicle’s trajectory between distance and time.
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manager for simulating the autonomous crossing. How-
ever, the option of the local host IP address 127.0.0.1
with different broadcast communication ports is used
for communication in this simulation to run a simula-
tion on a stand-alone computer, four communication
ports for vehicles from each single street and another
port for the intersection manager. The communication
will be updated every 0.1-s time interval or in 10-Hz
frequency.

The four-way intersection with a single lane of incom-
ing and outgoing traffic is used as the reference model
in the simulation scenario. The traffic flow rate is able to
configure from the minimum 1 vehicle/h up to the max-
imum 3,000 vehicles/h. The maximum velocity is allowed
at 100 km/h, and the minimum is set at 0 km/h. The
range of communication is set at 100 m, radius from the
center of the intersection. The parameters in this simula-
tion are set through the following configuration. The
traffic flow rate in this simulation is assumed to be
homogeneous. The balance of the traffic flow is pre-
sumed by setting the same amount of flow rate to every
incoming street. The inputted flow rate from each in-
coming street is configured at 1,500 vehicles/h. There-
fore, the estimated gross flow rate, number of vehicles
that will cross an intersection, will be equal to 6,000 ve-
hicles/h. However, there is no fixed configuration of the
route plan. Every vehicle on each street is able to select
its own route randomly. The intersection manager only
determines the priority of crossing an intersection with-
out forcing to change the original route plan from the
vehicles.

On the assumption that the communication between
vehicles and intersection manager is performed by using
host IP address, for this reason, the communication time
between them is considered very small and it can be
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neglected. In addition, assuming that there is no incom-
plete data in transmitting and receiving, thus, the package
loss throughout the communication is not investigated.
In this simulation, the safe trajectory of vehicles while
crossing an intersection is the main interest. The re-
sulted trajectories are collected from vehicles on each
street drive throughout an intersection. The communi-
cation radius is the initial distance of the vehicle trajec-
tory. The intersection border is represented by the red
line. The plot shows that the safe trajectory is guaran-
teed, even though vehicles are entering the intersection
at the different times. The resulted plot of trajectories,
of vehicles, while crossing an intersection is shown in
Figure 9.

The second observed parameter is the average driving
velocity of vehicles. The data was collected from a total
of 40 vehicles that crossed intersection. Ten vehicles
from each street were sampled, and their velocity data
was collected. The average velocity is determined by
arithmetic mean of the whole data from start to the end
of travelling. From the data, the average velocity of vehi-
cles on the North street is 82.9 km/h, on East street is
82.3 km/h, on West street is 76.4 km/h, and on the
South street is 85.6 km/h. Then, the average velocity for
crossing the intersection with four incoming streets is
equal to average of the average velocity of each street,
which is 81.8 km/h.

From the result, vehicles on each street can drive with
nearly the same level of average velocity. On the other
hand, it can be interpreted in the terms of total travel-
ling time. When the total travelling distance is equal and
vehicle drive is close to the average velocity, the average
total travelling time will be nearly the same. The average
velocity of vehicles on four streets, North, East, West,
and South, are plotted in Figure 10.
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Trajectories of vehicles while crossing an intersection
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Figure 9 Trajectory of vehicles while crossing an intersection.
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Figure 10 The average velocity of vehicles on each street.

The third observed parameter is the crossing intersec-
tion time. The crossing time is defined as the time the
vehicle took to drive from the initial distance until fin-
ished crossing an intersection. The data was collected by
the intersection manager. From the data, the maximum
crossing time is 6.76 s, minimum is 5.26 s, and the aver-
age crossing time is 6 s. The result showed that vehicles
spent almost the same time in crossing the intersection.
The number of stops at the intersection was not found.
All vehicles crossed the intersection continuously without
stop at the configured level of traffic flow. The average
crossing time at the intersection is shown in Figure 11.

The relationship between traffic flow rate and average
velocity is shown in Figure 12. The data was plotted be-
tween flow rate in horizontal axis and average velocity in
vertical axis. The flow rate was determined based on the

traffic flow theory using traffic density data that was col-
lected by counting the number of incoming messages of
the requested vehicles. According to the traffic flow
model [22,23], the average velocity will decrease when
the flow rate is increasing before the density will reach
the critical value. In general, after the flow rate of 3,000
vehicles/h, average velocity will gradually decrease. How-
ever, the result showed that all vehicles still can maintain
the higher velocity in the higher flow rate zone. In short,
it can be expressed that the throughput of the system is
increased because vehicles can use the higher velocity
compared to the traffic flow model.

5 Conclusions
The fully autonomous intersection management system
is not widely implemented due to several factors. The
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Figure 11 The average crossing time at the intersection.
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first obvious factor is that the autonomous vehicle itself
is not ready for operation on real roads. However, the
development of autonomous vehicles is progressing
very well and it has recently been approved for use on
public roads. In addition, the wireless communication
for vehicles is not currently installed in the commercial
vehicle. Most of the research in traffic management has
been working on intelligent traffic signal control be-
cause the traffic light infrastructure system already ex-
ists. It focuses on increasing the performance of the
traffic light system by adapting the timing of light sig-
nal. The period of red and green light timing is adapted
based on the current traffic. Another approach has
been working on the improvement for traffic safety,
collision avoidance system, for example.

On the other hand, in this work, we try to develop a
completely autonomous system for the concept of fu-
ture, intelligent transportation. The primary objective
of this work is to build a system that guarantees the
collision-free crossing of an intersection and, as a sec-
ondary purpose, alleviates the traffic congestion. The
standard of wireless communication for a vehicle has
been recently introduced [8]. We implemented the
methodology for an autonomous intersection manage-
ment through the use of V2I communication. The
communication protocol is designed, and the node res-
ervation algorithm is implemented. The concept of vir-
tual personal traffic signal is introduced. Each vehicle
will get an individual, given time from the intersection
manager. The discrete mathematics is applied to model
the crossing intersection problem, and dynamic pro-
gramming is used to calculate the trajectory of a ve-
hicle. The simulation program for a single intersection
is developed based on the proposed methodology. The
result shows the successful cross of an intersection,

without a collision. Furthermore, all vehicles are driven
continuously. It can be expressed that the waiting time
at an intersection is decreased compared to the trad-
itional traffic light. The limitation of this work is that
the simulation is able to simulate only a single intersec-
tion. We will extend this work to multiple intersections
in the future work.

5.1 Future work

In the real environment of the road traffic, there is not
only a single intersection. A lot of connected intersec-
tions cause the road networks to be very complex. The
traffic management for multiple intersections is neces-
sary for studying the traffic behavior at the microscopic
level. To manage the traffic flow of multiple intersec-
tions, the coordination between neighborhood intersec-
tions, infrastructure-to-infrastructure communication (I12I)
will be implemented in future work. Furthermore, the
traffic flow theory will be investigated to observe the
macroscopic traffic behavior.

6 Additional file
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