PersianGulf:*An Autonomous Combined Traffic
Signal Controller and Route Guidance System

Mohammad Khanjary !, Karim Faez **-2, Mohammad Reza Meybodi *

**3, Masoud Sabaei ***:4

* Department of Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran
** Electrical Engineering Department, Amirkabir University of Technology, Tehran, Iran

*skok

! khanjary@srbiau.ac.ir

Abstract— Traffic signal controllers and route guidance
systems are two major subsystems of Intelligent
Transportation Systems that influence each other directly.
Due to correlation between these subsystems, some research
has been done to combine them into an integrated system. In
this paper, PersianGulf - an autonomous combined traffic
signal controller and route guidance system - will be
proposed which has two unique features as compared to
similar research. First, it is totally distributed because
calculation of optimal routes are done independently in
traffic signal controllers of intersections and second, it is
totally autonomous because there is no need to
communicate/cooperate with either traffic supervisors such
as traffic management centers or the vehicles/drivers. Also,
Simulation results show that PersianGulf improve the
average speed of vehicles significantly in the simulated
scenarios.

L. INTRODUCTION

Route guidance systems (RGSs) are one of the major
components of Intelligent Transportation Systems (ITS)
and refer to all technologies which could be used by
drivers to find the best routes according to static and
dynamic parameters of traffic network before trips or en-
route. Several RGSs have been already proposed based
on different technologies such as agents (e.g. [1]),
VANET (e.g. [2]), cellular automata (e.g. [3]), P2P (e.g.
[4]), and wireless sensor networks (e.g. [5]).

Traffic Signal Controllers (TSCs) are another major
subsystem of ITS. The main role of TSCs is adjusting
traffic signal durations according to traffic flows. TSCs
have been widely studied and several TSCs have been
proposed so far base on different technologies such as
wireless sensor networks (e.g. [6]), fuzzy-neural
techniques (e.g. [7]), agents (e.g. [8]), fuzzy-genetic
algorithm (e.g. [9]), dynamic programming (e.g. [10])
and Petri-nets (e.g. [11]). TSCs approaches can be
categorized as follows [12]:

A. a) Global Strategies

1. Synchronized Strategies: In this approach, all
adjacent traffic signals switch synchronously to
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green/red.

2.  Green-wave Strategies: In this approach, adjacent
traffic signals switch after a predefined offset.

3. Random Strategies: In this approach, adjacent traffic
signals switch after a random offset.

%

b) Adaptive Strategies

1. Switching based on the queue length: In this
approach, a traffic signal switches to green if length
of vehicle queue behind the red light trespasses a
certain threshold.

2. Switching based on waiting time: In this approach,
the traffic signal switches from green to red if the
green light is not used by any vehicle for a certain
threshold.

3. Switching like a neural network: In this approach, the
number of passed vehicles is calculated and
determines the cycle times of a traffic signal by using
neural network.

The RGSs and TSCs influence each other directly: 1)
Most of RGSs only take into account the passing time of
roads and ignore the waiting times for passing the
intersections, whereas, the delay of passing intersections
are also important. 2) When the number of RGSs users
increases, traffic flow of traffic network will change.
Therefore, RGSs affect TSCs too [13]. Indeed, these
subsystems guide the traffic flow from temporal and
spatial aspects, respectively. Therefore, the integration of
these two subsystems could be very useful.

There are some researches to conceptually define the
structure and elements of a Combined Traffic Signal
Controller and Route Guidance (CTSCRG) system [14-
15], find the user equilibrium and mathematically model
it [16]. A complete review on user equilibrium and
proposed algorithms can be found in [16]. In [17-18], the
authors proposed a theoretical architecture to integrate
urban traffic control subsystem and route guidance
subsystem based on agents. In this system, an agent will
be set for traffic signal control and an agent will be set for
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dynamic route guidance. Since, in the future all
subsystems of ITS will be integrated as one system, this
system has been claimed as a good start to achieve this
goal.

In [3, 19], the authors proposed a centralized CTSCRG
based on hybrid genetic algorithm and cellular automata.
Roads are discretized by cellular automata and traffic
flow dynamics have been represented by cell
transmission model and signal setting is optimized by a
hybrid genetic algorithm. Due to centralized structure,
this system has single point of failure disadvantage.

Recently, we proposed an autonomous dynamic route
guidance system called UTOSPF based on wireless
sensor networks [5, 20]. In this system, street sensor
nodes estimate speed of passing vehicles and send it to
the intersection nodes. Then, intersection nodes calculate
the estimated time to pass all their surrounding streets
around them by using estimated speeds and exchange
them with other intersection nodes. After exchanging,
each intersection node will have the estimated time to
travel all streets and simply calculates the optimal routes
from it to other intersections. The main disadvantage of
this system is need to deployment of many sensor nodes
and access point all over the traffic network.

In this paper, we are going to eliminate this
requirement by using information of traffic signal
controllers in a distributed manner. To do this, firstly we
adjust the traffic signal durations by a hierarchical fuzzy
system based on priority of streets and length of stopped
vehicle queue behind the intersections and then, we use
the information of traffic signal controllers to find the
optimal routes.

The rest of this paper is organized as follows. Section
II explains the PersianGulf structure. Section III explains
our simulation and presents its results and finally, section
IV concludes our paper.

II.  PERSIANGULF

A. Traffic Signal Controller

As [21], PersianGulf has three layers. At the first layer,
priority of each street is calculated for current time. At
the second layer, real speed of vehicles in streets is
calculated. Then, the estimated real speed will be
converted to cell movement and the cellular automata
which represent the situation of streets will be updated.
Finally, at the third layer, by using the priority of streets
and current situation in cellular automata, the traffic light
will be adjusted and also, by exchanging the real speed
between all traffic signal controllers, each controller
calculates the best routes from itself (this intersection) to
other controllers (intersections). The structure of
PersianGulf has been shown in Fig. 1.

1) First Layer
Pausing coefficient of vehicles in streets could be used

as a significant factor to determine priority of streets.
Streets with more stopped or paused vehicles have more

potential priority. Since, number of business centers is an
important factor to extract the potential paused vehicles
(clients) of one street, as [21], the pausing coefficient
have been classified to three main categories by using
fuzzy sets: a) sport clubs, leisure-time activities and
health centers (Fig. 2) b) official centers (Fig. 3) and c)
shopping/commercial centers (Fig. 4).

Layer 1: calculation of priority of streets momently

Sport clubs, leisure time
activities and health
centers

Shopping/Commercial

Official centers
centers

Layer 2: calculation of real speed of vehicles and updating the USCA

Maximum authorized

Density of vehicles el e

Priority of street

A 4

Layer 3: calculation of optimal routes and adjusting traffic lights
timing

Priority of streets Number of full traffic cells

Adjusting the Timing of Traffic Lights
&
Finding the Optimal Routes

Fig. 1. PersianGulf Structure.
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Fig. 2. Fuzzy sets for density of clients of sport clubs, leisure-time
activities and health centers. M1, M2, M3, M4, M5 fuzzy sets are
related to low, high, medium, high and medium densities, respectively.
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Fig. 3. Fuzzy sets for density of clients of official centers. L1, L2, L3
fuzzy sets are related to low, high and low densities, respectively.
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Fig. 4. Fuzzy Sets for density of clients of shopping/commercial centers.
K1, K2, K3, K4, K5 fuzzy sets are related to low, high, medium,
high and low densities, respectively.

According to the fuzzy sets of Fig. 2, 3 and 4, 26 fuzzy
rules could be defined among all rules (75 rules) as table



I. In table I, ymj, yj and yg; represent membership
functions of Mj, Lj and Kj fuzzy sets respectively, and
Awm, Ar, Ak represent the constant number of health and
commercial centers, official centers and shopping centers
in each street, respectively.

TABLE I
USED FUzzyY RULES ACCORDING TO DEFINED FUZZY SETS

No Rule

IF (x is M;) AND (x is L;) AND (x is K;) THEN
P = ([Av*(ym ) PTAC* -y )] [A*(L-yk)]) / (Av*AL* Ak

IF (x is M;) AND (x is L;) AND (x is K;) THEN
Po=([Av*(1-ym ) [AC*(1-yL) 1 *[Ax*vk 2]) / (Av*AL* Ak

IF (x is M) AND (x is L,) AND (x is K;) THEN
P3= ([Av*(1-ym ) [ACY L] *[Ac*(1-yk )]) / (Av*AL* Ak

IF (x is M) AND (x is L,) AND (x is K;) THEN
Py = ([Av*(1-ym )AL YL *[Ac vk 2]) / (Av*AL* Ak

IF (x is M;) AND (x is L») AND (x is Ks) THEN
Ps=([Av*(1-ym ) *[AL*YL ] [Ac* vk 3/2)]1) / (Am* AL * Ak

IF (x is M;) AND (x is L») AND (x is Ks) THEN
P = ([Av*(1-ymD)I*[AL* VL] *[Ax*ykal) / (Am*AL* Ak

IF (x is M) AND (x is L) AND (x is K;) THEN
P = ([Av*yma] *[ACYL ] *[Ac*(1-yk )]) / (Am*AL* Ak

IF (x is M) AND (x is L) AND (x is K») THEN
Py = ([Av*ymal *[AL*yL ] [Ac*yk 2]) / (Am™ AL * Ak

IF (x is M) AND (x is L) AND (x is Ky) THEN
Po= ([Av*ymal *[AL*yL ] *[Ac* (rk,3/2)]) / (An*AL* Ay

IF (x is M) AND (x is L) AND (x is Ks) THEN
P10 = ([Av*yma *[ALYL 2 *[Ax*yia]) / (Avm*AL* Ak

IF (x is M3) AND (x is L,) AND (x is K;) THEN
P = ([Av*Oms/2) I [ACYLa ¥ [Ac*(1-ye )]) / (Au* AL Ak

IF (x is M3) AND (x is L,) AND (x is K;) THEN
P = ([Av*Oma/2) I [AL vl *[Ax*yk2]) / (AM*AL*AK)

IF (x is M3) AND (x is L,) AND (x is K3) THEN
P 3= ([Av* s/ 2 [AL YL ¥ [Ac¥ 0k 3/2)]) / (Am*AL* Ak

IF (x is M3) AND (x is L,) AND (x is K4) THEN
P1y= ([Av* M3/ 2] ALyl *[Ax*yea]) / (Am*AL* A

IF (x is M) AND (x is L3) AND (x is K3) THEN

1571 P s = (At A () A O] | (Aw*Ac* Ak

IF (x is M) AND (x is L3) AND (x is K4) THEN

16
P16 = ([Av*yma *[AC* (1-yL3) [ *[Ac*ykal) / (Av*AL* Ak

IF (x is My) AND (x is Ls) AND (x is K5) THEN

71 P = (A iaa A () A1 o)) / (A Ac*Ag)

IF (x is M3) AND (x is Ls) AND (x is K5) THEN

B P s = (A Ony DT A (1) A0 /2]) / (A* A Ay

IF (x is M3) AND (x is Ls) AND (x is K4) THEN

91p 19 = ([AM* M/ 2] [AL*(1-y03)]*[Ac*ykal) / (Am*A* A

IF (x is M3) AND (x is Ls) AND (x is K5) THEN

200 p 20 = ([Av*Oma/ 2 [AC (L) [A* (10 5)]) / (Am*Ac* Ay

IF (x is My) AND (x is Ls) AND (x is K5) THEN

2 p 21 = ([Av*ymal *[AL* (v ) *[Ac* 0k /2)) / (Am*Ac* Ay

IF (x is My) AND (x is Ls) AND (x is K;) THEN

22
P = ([Av*ymal*[AL*(1-pL3) 1 *[Ac* vk a]) / (A AL*Agy

IF (x is My) AND (x is L3) AND (x is Ks) THEN

2 p 23 = ([Av*ymal *[AL* (v ) *[Ac* (1-yk5)]) / (Am*AL* Ak

IF (x is Ms) AND (x is L3) AND (x is K3) THEN

2#1p 2= ([A*Oms/ D [AC Ly ) *[Ax*(0x,3/2)]) / (Av*AL* Ak

IF (x is Ms) AND (x is L3) AND (x is K4) THEN

25 Pis= ([AM*(VM,5/2)]*[AL*(1-J’L.z)]*[AK*J’K,4]) / (AM*AL*AK)

IF (x is Ms) AND (x is L3) AND (x is Ks) THEN

261 P s = (A OmsDTIAF (1) M AC(55)]) / (Av*A*Ag)

After computing the fuzzy rules, the result of rules will
be defuzzified by using equation 1. In this equation, Py is
output of ith rule according to table I, n is the number of

rules with nonzero output and Pj; is priority of the street
between intersection i and j and output of first layer of
system.

26
5, P
P = % (1)

2) Second Layer

In this layer, Unidirectional Selective Cellular
Automata (USCA) [21] will be used to simulate the
situation of streets and estimate the real average speed of
vehicles in each street, momently. The USCA is a special
type of cellular automata which is suitable to simulate
traffic networks. There are two main differences between
classic Cellular Automata (CA) and USCA: a) In classic
CAs, next state of each cell is defined according to state
of its left and right neighbors but in USCA, the next state
is determined just based on neighbors of one side
(according to direction of motion in streets). Due to this
feature, the proposed CA is called “Unidirectional”. b) In
classic CAs, the next state of each cell only will be
determined based on the adjacent neighbors. But in
USCA, next state could be determined by some selected
neighbor cells (even with considerable distance). Due to
this feature, the proposed CA is called “Selective”.

By using the priority of streets, density of vehicles and
maximum authorized speed of each street, estimated
average speed of vehicles in each street will be estimated
by equation 2 and the USCA will be updated.

Vi,]- = (1 - yi,j )(1 - Pi,j )MASI’] (2)

In equation 2, P is priority of the street (output of first
layer), MAS;; is maximum authorized speed of street
between intersection i and j, and Yi;j is density of the
street which will be obtained from equation 3. In this
equation, Nj;k is number of available vehicles in cell k of
the street and njj is number of cells in the street.

Eni'j Nijx
_ Zk=1"ij,
Yl,] - Mi,j (3)

In equation 3, Mjj is maximum possible number of
vehicles in the street which will be found by Mj; = (Wj; *
Lij)/A where Wi; and Lij are width and length of the
street, respectively and A is average required space for
each vehicle which is assumed to be 15 m’. Based on
estimated average speed of vehicles in each street (V),
transition rules of USCA are determined.

a) Cellular Automata Rules

For simplicity, estimated average speed of vehicles is
discretized to 5 Km/h intervals. Also, the length of each
cell has been assumed to be 10 m. Therefore, based on
defined speed intervals and length of cells, it takes 7.2
seconds for a vehicle to pass a cell. Fig. 5 shows the
transition function of USCA based on discretized speed
of vehicles. Cell transition (cell movement) of vehicles



means transition of vehicles from one cell to another one.
By using this transition function, the density of USCA
will be updated. for instance, if the estimated average
speed of vehicles in one street is 30 Km/h, according to
chart of Fig. 5, vehicles of each cell in this street moves 6
cells forward: C(j4+6)=C(j+6)+C(j) where C(j+6) is 6th
neighbor cell of C(j) in the direction of street.

Maximum possible number of vehicles in each cell is
computed as follows:

M¢ = (Wi,j * Hg)/ A 4)

In Equation 4, 4 is 15 m% Hc is height of cells which
assumed to be 10 m and Wi; is width of the street. If
number of available vehicles in a cell exceeds from
maximum possible number, the surplus will be
transferred to the previous cell.

Cell
Movement
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Fig. 5. Chart of cell transition (cell movement) of USCA [21].

3) Third Layer

Priority of streets and number of full cells behind the
intersection are inputs of third layer of TSC [21]. Since
high density in high-priority streets have more
undesirable effects, priority is selected as input for
adjusting the traffic signal. Also, the number of stopped
vehicles behind intersections is the main factor to set the
proper time for changing the status of traffic signals.
Therefore, this factor is also used as important factor to
control the traffic signal. The green light duration of
street between intersections i and j will be calculated by
equation 5. In this equation, NFCjj is integer number
which shows number of full cells behind intersections
and P2Tij = |Pi; * 9] + 1.

Gi,j = NFCI’] * PZTI'] (5)

The Gi; of streets around each intersection will be
calculated in 7.2 seconds intervals and then the street
with highest G actives its green light for G seconds. To
prevent starvation of other streets, equation 6 is
employed:

IF (GMaAx >= 2 * Gc) THEN Change Traffic light (6)

Gmax is maximum G in current 7.2 seconds interval
(among streets of an intersection) and G is updated value
of G for street which already activated its green light. In

the proposed TSC, green light is activated only for one of
the streets [21].

B. Route Guidance

As explained before, in second layer of TSC we
calculated the estimated average speed of vehicles in each
street. After calculation of estimated average speeds,
every TSC will calculate the Estimated Street Travel
Time (ESTT) of all streets which start from neighbor
intersections and ends to it by equation 7. In this
equation, Lengthj; is length of street which starts from
intersection i to intersection j, Vij is estimated average
speed of this street (calculated by equation 2) and ESTTi;
is the estimated time for passing this street. The ESTT is
a suitable parameter for calculation of optimal routes.

Length;;

Vi

Afterwards, every TSC creates a Street State
Advertisement (SSA) packet and puts its own calculated
ESTTs into it and broadcasts it. These packets also
contain the sender address and a sequence number.
Therefore, when a TSC receives an SSA packet, if it had
not received a SSA packet with equal or greater sequence
number from this sender before, it updates its own
database and then forwards the packet to its neighbor
TSCs except the sender. Otherwise drops it. As [5, 20],
The SSA packets will be sent every 30 seconds. The
structure of SSA packets has been shown in Fig. 6.

Type of Packet Serial Number

a . Adress of Sender TLC K Number of Streets

ESET[a][a']

ESSTIAlb]

ESSTIE][z]

Fig. 6. The structure of SSA packets, a is the address of sender TSC,
k is the number of its neighbor TSCs and ESST[a][i'] means
the ESST of street which starts from intersection ¢ and i'.

After exchanging SSA packets between TSCs, every
TSC will have the picture of whole traffic network as
well as ESTT metric of each street. Every TSC calculates
optimal routes from itself to other intersections by
Dijkstra's shortest path algorithm [22]. Then, the drivers
will be informed about optimal routes by variable
message signs or by special transceivers which will be
installed on vehicles. As [5, 20], partitioning can be used
to increase convergence speed. Also, some repeaters may
be needed for long streets to relay the SSA packets from
one TSC to another one.

In PersianGulf, since all TSCs have whole picture of
traffic network the ESTT metric of each street, a few
TSCs could be connected to some places such as 1)
Traffic Management Center: to collect statistics and
detect failure of TSCs 2) Emergency Services e.g.



ambulance, firehouse and police stations: to report strict
and long-time congestions 3) some websites: to put real-
time traffic information of traffic network on them for
further use of online users or other TSCs (e.g. this
information can be used by TSCs in other areas or cities
to increase the scalability of PersianGulf even to several
cities).

The PersianGulf is a totally distributed system because
the optimal routes calculations are done in TSC nodes
independently and it is totally autonomous because
cooperation with either traffic supervisors such as traffic
management center or the drivers does not influence
system execution. Indeed, the system will work
regardless to existing of any traffic supervisor or even
any vehicles in the streets.

III. SIMULATION

To simulate PersianGulf, as [5, 20], we used a real
report of input traffic to a station in Japan which has been
presented in [23]. The traffic network that was used for
simulation has been shown in Fig. 7 and the chart of
traffic input to point (3,1) of Fig. 7 has been shown in
Fig. 8.

[ Fukuyama Station [—] — [ 1 [ 1 [ ]

Fig. 7. Fukuyama station [23].
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Fig. 8. Input traffic to point (3,1) in a [23].

As [5, 20], in our simulation point (1,4) in Fig. 7 has
been selected as the destination point and Period Average
Speed (PAS) has been used to show the results clearly.
PASt is the average speed of all vehicles which reached
the destination in 15-minutes period t. Equation 8 shows
calculation of PAS. In this equation, nt is the number of
vehicles which reached the destination in period t, and
Aiy is the average speed of ith vehicle reached the
destination in period t.

ng x
— EizlA,t

n¢

PAS; ®)

We simulated seven scenarios to compare the results:
random routes with 30-second 2-state traffic signals,
random routes with 45-second 2-state traffic signals,
random routes with 30-second 4-state traffic signals,
random routes with 45-second 4-state traffic signals,
random routes with 240-second 8-state traffic signals, the
UTOSPF [5] routes with 240-second 8-state traffic
signals and PersianGulf routes. 2-state traffic signal
means that in green light durations, vehicles in two
opposite directions are permitted to pass the intersection
as it has been shown in Fig. 9 and 4-state traffic signal
means that every direction has its own green light
duration as it has been shown in Fig. 10. But, in 8-states
traffic signals, more complex model of states will be used
as it has been shown in Fig. 11.

Phase 1 Phase 2

Fig. 9. The two-phase state transition model [20].

Phase 1

- )
= ‘/}\

Phase 2

Phase 4 Phase 3

Fig. 10. The four-phase state transition model [20].

Fig. 11. The eight-phase state transition model [20].



The simulation results have been shown in Fig. 12. As
seen the proposed system improved the PAS up to 42%
as compared to random routes with 30-seconds 2-states
traffic signals, up to 62% as compared to random routes
with 45-seconds 2-states traffic signals, up to 101% as
compared to random routes with 30-seconds 4-states
traffic signals, up to 141% as compared to random routes
with 45-seconds 4-states traffic signals, up to 192% as
compared to random routes with 8-states traffic signals
and up to 17% as compared to UTOSFP routes with 240-
second 8-states traffic signals.
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Fig. 12. The simulation results.

IV. CONCLUSION

In this paper, a distributed autonomous combined
traffic signal controller and route guidance system has
been proposed. The traffic signal controller is a three
layers fuzzy controller which takes into the account the
priority of street as well as the queue length of stopped
vehicles behind intersections. The route guidance uses the
estimated average speed of vehicles in streets which
calculated in second layer of traffic signal controller and
calculate the estimated street travel time for each street.
Then traffic signal controllers exchange their metrics with
each other and will find the optimal routes from
themselves to all other intersections by Dijkstra's shortest
path algorithm. The simulation results showed that
proposed system improves the average speed of vehicles
significantly as compared to random routes with different
4-state traffic signals.
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