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Abstract-In this paper, a hierarchical fuzzy logic traffic
controller is constructed for a real intersection of fourteen
vehicle lanes and two pedestrian crossings controlled by signals
with seven light phases. The hierarchical fuzzy controller has
seven inputs as queue lengths of the seven light phases, and one
output as green time of the selected phase. In the hierarchical
fuzzy controller, there are six layers of fuzzy sub-controllers
with two inputs and one output. The sub-controllers in the first
five layers have identical structure that has two inputs of queue
lengths and one output of combined queue length employed as
one input of next layer. The sub-controller in the last layer has
two inputs, combined queue length obtained from the fifth layer
and queue length of the selected phase, and one output as green
time of the selected phase. Using the developed fuzzy controller,
the best fuzzy rule base is obtained based on real traffic data of
the intersection by employing evolutionary algorithm. The
performance of this controller is simulated and compared to that
of a controller that is currently employing in the intersection.
The results show that the developed fuzzy controller shortens
more than 38% of the vehicle waiting time.

I.  INTRODUCTION

Enormous efforts have been made to develop fuzzy traffic
signal control. Traffic signal control is a complex problem
that has intensive characteristics, such as randomness, burst,
and uncertainty. In the past decades, considerable research
has been devoted to automatic or optimal signal control using
fuzzy logics [1-5]. Pappis [1] and Hong [5] used fuzzy
control into the urban traffic signal control. Chiu [3]
developed fuzzy decision rules to adjust cycle time, phase
split and offset for signal control and tested the model using a
traffic flow simulation model. Kelsey and Bisset [4]
simulated an isolated north-south and east-west intersection
using a fuzzy logic controller and a pre-timed controller.

For major of fuzzy systems, implicit assumptions limit the
application of fuzzy logic system with a few parameters. The
number of fuzzy rules is directly dependant on input
parameters of fuzzy controller. In order to reflect the real
traffic environment, many parameters need be considered in
fuzzy logic system. However, as the number of fuzzy input
parameters increase, the number of fuzzy rules of the system
grows exponentially [6]. Hence, an effective fuzzy system
with multiple inputs needs to be developed.

Hierarchical fuzzy controllers have been developed for
traffic signal control due to its effectiveness on multiple
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inputs parameters. Since Raju and Zhou [6] firstly introduced
hierarchical fuzzy systems, hierarchical control architectures
have been built in the applications of artificial intelligent in
traffic signal coordinated control in recent years. Choy and
Cheu [7] present a new hybrid approach to implement a
cooperative, hierarchical system for a real-time traffic signal
control by dividing the large system into various sub-
problems. Wei et al, [8] introduce a cellular automata model
of urban traffic signal control system, while the hierarchical
control architecture of traffic signal is constructed. By using
the hierarchical fuzzy logic architecture, number of fuzzy
rules in the system is reduced thereby reducing the
computational time while maintaining the systems robustness
and efficiency.

In this paper, a new hierarchical fuzzy controller is
constructed for a main traffic intersection which consists of
14 vehicle lanes and 2 pedestrian crossings controller by
signals with seven light-phases. The hierarchical fuzzy
controller has seven inputs as queue lengths of the seven light
phases, and one output as green time of the selected phase. In
the hierarchical fuzzy controller, there are six layers of fuzzy
sub-controllers with two inputs and one output. The sub-
controllers in the first five layers have an identical structure
that has two inputs of queue lengths and one output of
combined queue length employed as one input of next layer.
The sub-controller in the last layer has two inputs, combined
queue length obtained from the fifth layer and queue length of
the selected phase, and one output as green time length of the
selected phase. Using the developed fuzzy controller, the best
fuzzy rule base is obtained based on real traffic data of the
intersection by employing evolutionary algorithm. The
performance of this controller is simulated and compared to
that of a controller that is currently employing in the
intersection. The results show that the developed fuzzy
controller shortens more than 38% of the vehicle waiting
time.

II. TRAFFIC SIGNAL CONTROL

The considered intersection shown in Fig. 1 has. 2
pedestrian crossings, 14 lanes, in which 7 lanes are straight
lanes, 6 lanes are turns, and one lane is both a straight lane
and turn. These 14 lanes and 2 pedestrian crossings are
arranged in 10 groups controlled by 10 traffic lights. TABLE
I lists the lane group and corresponding lights. As lane 2 is
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Fig. 1. Intersection layout

both a straight and turning lane, the first three lanes are
controlled by light one. Lights 2, 4, 6, and 8 control turning
lanes. Lights 3, 5, and 7 control straight lanes. Lights 9 and
10 control the two pedestrian crossings.

The fuzzy traffic light system is controlled in light phases.
7 light phases with maximum compatible lanes are arranged
as listed in TABLE II. The 7 light phases cover all 10 sets of
traffic lights. The first three phases consist only vehicle lanes
and the last four phases include vehicle lanes and pedestrian
crossings.

Time sequences of each light phase are arranged as late
start, green, yellow, and all red as shown in Fig. 2 [9]. Late
start and all red are arranged for clearing safety at the end of
red light. The late start and all red time for each phase are
listed in TABLE II. During later start, all lights are red except
the lights that are green in both the last phase and the current
phase. At the beginning of the green phase, the controller will
turn on all green lights and calculate the green light time
length using the fuzzy controller. Once the green light
finishes, the phase that has the maximum vehicles will be
selected as the next phase. If the next phase is still the current
phase, the light state remains unchanged until a different
phase is selected. Once a different phase from the current
phase is determined, the yellow lights turn on. If a green light
in the current phase is still a green light in the next phase, the
green light will stay green all the way from the yellow light
of the current phase to end of green light of the next phase.
After 5 seconds of yellow light, all the yellow lights will turn
red. After all red and late start, the green lights of the next
phase will commence.

TABLEI
LINE GROUPS AND CORRESPONDING LIGHTS
Group Light Lanes Group | Light No| Lanes

No No No

1 1 1,23 6 6 10

2 2 4 7 7 11,12
3 3 5,6 8 8 13,14
4 4 7 9 9 P1

5 5 89 10 10 P2

TABLE I
LIGHT PHASES AND LANE GROUPS

Phase Lights Lanes Late All Red(s)
No. Start(s)

1 3,78 5,6,11--14 2 2.5

2 6,7,8 10,11—14 2 2.5

3 1,8 1,2,3,13,14 3 2.5

4 2,39 4,5,6,P1 3 2.5

5 48,10 7,13,14,P2 0 2.5

6 4,59,10 2,6,P1,P2 0 3.5

7 7,8,9,10 4,10,P1 3 2.5

Current Phase Next Phase

T 2 s[4 1] >

1: Late Start, 2: Green, 3: Yellow, 4: All red
Fig. 2. Time sequences of a light phase

III. TRAFFIC AND PEDESTRIAN SIMULATION

As the best fuzzy rule base need evaluated from real
statistic data using evolutionary algorithm, traffic and
pedestrian simulation have to be carried out.

Vehicles facing a red signal, as well as, vehicles facing a
yellow signal that cannot safely pass through the intersection,
decelerate and stop according to Equation (1). This group of
vehicles are simulated by the deceleration model developed in
this study.

0.2(v,, —v(1)), Ax(1) > d,, (1),
a(t) =40, d, ()= Ax(t)>d (1), (1)
—4.5, Ax(1) < d (1),

in which all the distances are defined as

Ax(t) = x,(t) = x(1),
d (1) =1+ L (1) =vi (D)), @
d,(t)=15+2max(d (1), 0).

In this model, movement of a vehicle is dependent on the
vehicle immediately ahead. The vehicle will accelerate if the
distance Ax between the two vehicles is longer than the safe
acceleration distanced,, ; the safe acceleration distance is
assumed to be twice as large as the safe brake distance or
zero, which ever is the larger. The vehicle will keep its
original speed if the distance is shorter than the safe
acceleration distance but longer than the safe break
distance d, ; the vehicle will decelerate if the distance is
shorter than the safe break distance. In this study, the
breaking acceleration is assumed a constant value of
4.5m/s* for simplicity. After the acceleration is determined,
the velocity and position of the vehicle can be calculated
forward using Equations
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v(t+ Ar) = v(t)+a(t)At’ 3)

x(t+ At) = x(t) +v() At + La(t) At @

When the vehicle velocity decreases, two adjacent vehicles
become very close. The velocity of the following vehicle is
mainly dependent on the velocity of the front vehicle. To
mimic reality, another relation is assumed,

v(t+A)=v (1), a(t) =0,
v(t) =0,

if Ax <1.0m, v(f) < 0.2m/s
if v(1) <0.

"(5)

Thus, all the vehicles in the queue keep a spacing of about
1 metre. In the simulation of the car flow, the front car
position and velocity of the leading car is the position of the
stop line and zero.

Vehicles in the front of green lights and vehicles, which
can safely pass the stop line when the yellow light is on, will
accelerate to speed-limit of the road. This group of vehicles
are simulated using the acceleration model developed in this
study. The accelerating vehicles can be divided into two
groups according to their movement state. The first group is
the front waiting vehicles characterized by v(z) <v,(t). This
group of vehicles accelerates one after another. The second
group of vehicles characterized by v(r)>v,(r) is the later
approaching vehicles coming forward with high speed behind
the first group of vehicles.

Movement of the first group of vehicles is simulated by:

Ax(t)<3.7m and v(¢) <2 m/s,

0
a(t):{ ’
0.2(v,,, —v(r) —exp(12.4—-22.4Ax(r)/d,,, (1)),

other wise

(©)

free

Where the safe clearance d ., is determined from testing data
as:

d. (@) :3.7+0.1v(t). 7

For the waiting or low speed cars, a safe clearance distance
is needed to start accelerating. The acceleration has two terms
for each case. The acceleration in Equation (6) has two parts.
The second part is a deceleration term to maintain safe
clearance from the front car. When the distance between two
adjacent cars is equal to or greater than the safe clearance,
d,, (), the acceleration term is close to zero. When the
distance is smaller than d,,(r), the term decreases
exponentially as the distance decreases, and reaches
-32ms™ when the distance is half of d,_,(r). Thus the
second part of acceleration takes effect only when the two
cars are too close. The first term is acceleration to increase
the speed of the car. After the acceleration of the vehicle is
determined, its velocity and location is calculated using
Equation (3) and (4).

The second group of vehicles are simulated by the
deceleration model until v(r) <v,(r) condition is met.

Fig. 3. Structure of hierarchical fuzzy controller
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Fig. 4. Input and output membership functions
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Fig. 5. Output membership functions for sub-controller C

As speed of vehicles near the intersection is below 60
km/h, it was assumed that radii of curves have no effect on
vehicle movements.

Pedestrian is simulated by constant speed movement. When
the pedestrian green lights are on, pedestrian will move at a
constant speed of 3m/s. when pedestrian red light is on, or
there is no enough time left to pass when the yellow lights
turn on, the pedestrian will stop and wait in the front of lights.

Iv. HIERARCHICAL Fuzzy LOGIC CONTROLLER

A hierarchical fuzzy logic traffic controller is constructed
to determine green time of selected phase. Traffic lanes are
controlled in light phase. When green light of the current
phase finishes, the phases with maximum vehicles will be
selected as the next phase. The fuzzy controller will calculate
green time for the selected phase when its green lights turn
on.

As shown in Fig. 3, the fuzzy controller has seven inputs as
queue length of the seven phases, and one output as the green
time of the selected phase. The queue length of each phase is
defined as the maximum queue length among vehicle lanes in
the light phase. In the hierarchical fuzzy controller, there are
six layers of fuzzy sub-controllers, C1 to C6. The output of
last layer servers as one input of the next layer. The first five
sub-controllers have an identical structure, which has two
inputs as queue lengths, and one output as combined queue
length. Sub-controller C6 has two inputs as queue lengths and
one output of green time. Queue length of the selected phase,
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QL ., is employed as one input of the sub-controller C6, as it
has direct effect on the green time of the phase, GT; . The rest
queue lengths of other phases are used as inputs of sub-
controllers of up levels as shown in Fig. 3.

All inputs of the hierarchical fuzzy controller and outputs
of sub-controllers C1 to C5 are set five linguistic values: very
short, short, medium, long, and very long, whose membership
functions are shown in Fig. 4. When vehicle number is more
than 12, the queue is considered very high. The output of sub-
controller C6 is also set 5 linguistic values, very short, short,
medium, long, and very long, whose membership functions
are shown in Fig. 5. From the road test and simulation [10],
the time for 20 waiting vehicles passing through a stop line is
34.7 seconds. So, the maximum value of output variable is set
to 35 seconds. Each sub-controller has 25 rules, thus there are
total 150 rules for the hierarchical controller.

If the current light phase has P1 calls, the minimum green
light duration is 6 seconds, if it hasP2, or P1 and P2 calls, the
minimum green light duration is 10 seconds.

The fuzzy rule base for the hierarchical fuzzy controller is
evaluated as the best rule base found by an evolutionary
algorithm using test data.

V. FITNESS FUNCTION AND EVOLUTIONARY ALGORITHM

To evaluate the best fuzzy rule base, a fitness function is
defined as the following to characterize performance of the
fuzzy controller:

1 N T
Fitness = T, = *ZZATJJ

I ®)

It is the averaged waiting time over the whole simulation
time T and all vehicles. The waiting time is defined as:

Viimit — V(2) At
AT, =91 Vimit
0, V(1) 2 0.8Vjjmic» 9)

V() < 0.8Vimie»

in which both the geometry delay and queuing delay of the
intersection are considered.

In using the evolutionary algorithm, it is necessary to
encode the fuzzy rule base as an individual in the population.
By numbering the output fuzzy sets, very short, short,
medium, long, and very long by integers 1, 2, 3, 4 and 5
respectively, a rule base can be encoded as a decimal number
string with 150 bits.

The evolutionary algorithm employed in this paper is as
follows: Given two initial individuals whose corresponding
entries in the rule bases are generated randomly, one point
crossover is used to generate 500 individuals. Then 4% of the
individuals are randomly chosen to take mutation at one
random point. At the mutation point, the corresponding
element in the string is set to a random integer in the range 1
to 5. During the traffic simulation, the fitness of each
individual is calculated. Based on the fitness, two new
individuals are selected to generate the new population by
crossover and mutation using the same procedure that is used

to generate the initial population. These two individuals are
chosen to be the best individual and the next best individual
based on ranking of the fitness function. After repeating the
procedure for 50 generations, the individual with the best
fitness value is obtained as the best rule base.

VI. SIMULATION RESULTS

Traffic simulations are carried out using two light
controllers. The first is the pre-cycle controller that is
currently being used by the Department of Main Roads at the
intersection. The second is the fuzzy controller constructed
above. The first controller has four phases (A, B, C, and D) as
listed in TABLE III. The sequence is fixed as A, B, C and D.
Phase C has three different choices depending on certain
conditions. The green light duration for each phase is fixed at
20 seconds. The pre-cycle controller is non-responsive to
real-time fluctuations in traffic demand. This controller can
not select next phase according to the traffic volume like
fuzzy controller because of the fixed phase sequence.

The real statistic vehicle data of the intersection is provided
by the Department of Main Roads. The total traffic volume is
shown in Fig. 6. The traffic has two peak hour periods at 9am
and 5pm and trough hour at 4 am. The maximum and
minimum traffic density is about 3000 and 100 vehicles/hour.

The time average queue lengths over the 14 lanes of the
intersection are shown in Fig. 7. The time variations in queue
length for the two controllers have the same shape as that of
the traffic volume shown in Fig. 6. When traffic density is
low, the queue lengths are shorter. When traffic density is
high, the queue lengths are longer. The average queue length
of the fuzzy controller is much shorter than that of the pre-
cycle controller. At the peak hour of 9 am, these queue
lengths for the two controllers are 1.5 and 2.5, respectively.

The average waiting time for each hour are shown in Fig.
8. The waiting time of the fuzzy controller is shorter than that
of the pre-cycle controller through the whole day. At peak
hours, the average waiting time of fuzzy controller are 21 and
23 seconds, which shortens 45%, 38% of that for the pre-
cycle controller (38 and 37 seconds). During non-peak hours,
the fuzzy controller has further better performance. For
example, the waiting time at lam is 6 second, which is four
times shorter than that of the pre-cycle controller (32
seconds).

The average pedestrian waiting time from the two
controllers are shown in Fig. 9. Similar to the results found
from vehicle waiting time, the pedestrian waiting time of
fuzzy controller is shorter than that of the pre-cycle During
peak hours, the average waiting time of fuzzy controller is
around half of that of the pre-cycle controller.
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TABLE III

FOUR PRE-CYCLE LIGHT PHASES

Phase Light No. Lane
A 1,8 1,2,3,13,14
B 4,5 78,9
C0 2,6 4,10
Cl 2,3 45,6
C2 6,7,8 10—14
D 7.8 11--14

Average Queue Length (car)

Average Waiting Time (sec)

1 3 5 7 9 11 13 15 17 19 21 23

Time (hour)

Fig. 6. Traffic volume against time
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Fig. 7. Average queues for two controllers
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Fig. 8. Average waiting time for two controllers
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Fig. 9. Average pedestrian waiting time for two controllers

VII. CONCLUSIONS

In this paper, a hierarchical fuzzy traffic controller is
constructed for a real intersection. Traffic simulation is
carried out using vehicle acceleration and deceleration
movement models developed in this study. The best fuzzy
rule base is obtained using evolutionary algorithm from real
statistic data of the intersection.

From simulation results, it is found that the developed
fuzzy controller had better performance than the pre-cycle
controller which is currently using in the intersection. It
produces shorter average queue length than that of pre-cycle
controller, and shortens more than 38% of vehicle average
waiting time of the pre-cycle controller.
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