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@ ABSTRACT
‘@ \ When roundabouts face congestion problems, the transition to signalised roundabouts is

considered a solution to the problem. The majority of studies have concentrated on how to
This work is licensed calculate the optimal cycle length and signal timing to minimise congestion at roundabouts.
under a Creative . . . . . ..
. To date, intelligence algorithms with multi-objectives such as queue length, number of stops,
Commons Attribution 4.0 . . . . . ..
International License delay time, capacity and so on are widely used for calculating signal timing. Although round-
about congestion can be generated by the weaving zone reducing roundabout capacity, there
Facalts of T ) have been minimal studies which take into account the density in the weaving zone. This
ar?;uTrZI%c Srjiipc(;rs study proposed a hybrid gravitational search algorithm — ABFO random forest regression
University of Zagreb with the following objectives: density, delay time and capacity to find the optimal cycle
length and green time in each phase of Changwon city hall roundabout in South Korea as a
case study. The optimal cycle length and green time were calculated in MATLAB and micro-
scopic simulation VISSIM sought the effectiveness of a signalised roundabout. The result of
the analysis demonstrated that signalised roundabouts with 102 seconds cycle length (phase
1 — 65 seconds of green time and phase 2 — 37 seconds of green time) can reduce density by
46.1%, delays by 32.8% and increase roundabout capacity by 14.8%.
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1. INTRODUCTION
1.1 Background

Traffic congestion, caused by the increased use of automobiles and limited land space, generating unnec-
essary time wasting and pollutant emissions from the use of fossil fuels has become a serious social problem
all over the world. Solving or minimising traffic congestion is a challenging task for traffic engineers and
scholars, particularly at intersections. Three types of intersections are signalised intersections, roundabouts
and stop/give-way intersections, which are used widely in the world. Increasingly, signalised intersections are
being replaced by roundabouts, modern versions of which were introduced in the UK in the 1960s [1]. This
trend is increasing because of their advantages which are derived from the operational principle provided by
their unique feature which is a central island, and have three main benefits, i.e. safety enhancement, decreased
pollutant emission and increased capacity [2].

Modern roundabouts have become more compact and circulating vehicles have priority, however, many
countries still use larger roundabouts as intersection control mechanisms. This is because roundabouts already
exist in that place and it is difficult to change the design due to the geometric features and conditions. More-
over, roundabouts are frequently city landmarks and they are sometimes necessary for dealing with complex
traffic movements composed of more than four approaches.

Roundabouts, however, also face congestion problems. Certain traffic conditions such as demand and un-
balanced traffic flows at roundabouts may reduce the gap between circulating vehicles, so entering vehicles
have difficulty obtaining enough gap time to enter the roundabouts [3]. Therefore, signalised roundabouts have
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been suggested as a countermeasure. In the roundabout design stage, signals are not generally considered and
are usually only added later due to operational inefficiency [4]. Signalised roundabouts are controlled by traffic
signals and can be managed based on traffic flow, signal operation time and approach control, as summarised
in Table 1 [5]. In general, indirect/part-time/partial control using a metering system can be used to shift from
unbalanced traffic flows to balanced traffic flows [6]. If roundabouts are under saturation flow, direct/full con-
trolled roundabouts are preferred to smooth vehicle movements [7].

Table 1 — Example of table caption

Classification ‘ Control type ‘ Description

. Entering traffic flow and circulatory traffic flows are
Direct control

Traffic flow control controlled by signals
Indirect control Only entering traffic flows are controlled by signals
Full-time control Signal is operated for 24 hours
Operation time
Part-time control Signal is activated by time of day or by detectors
Full control All approaches are controlled by signals

Number of approaches
controlled

Approaches are controlled by signals while the

Partial control o .
remaining approaches operate under give-way control

In recent years, several studies have attempted to maximise roundabout capacity through design changes or
by installing traffic signals [8—10]. In addition, many traffic signal control algorithms have been studied. The
majority of signalised roundabout studies, however, have focused on performance evaluation using a metering
system. In this case, delay time, queue length or the number of stops on only one or two major approaches
will be considered and analysed using traffic simulation tools, namely VISSIM, AIMSUN, Paramics and so
on. Furthermore, when it comes to direct controlled roundabouts, how to minimise or reduce congestion for
left-turning vehicles in the circulating lanes is the main task. Also, a variety of intelligent algorithms includ-
ing particle swarm optimisation, fuzzy, genetic algorithm or neural networks can be applied to calculate and
provide the optimal cycle length and phase durations for roundabouts. Despite of an increase in signalised
roundabout studies, few have attempted to address the issues of density minimisation in the weaving area and
questions related to cycle length and phase durations [11, 12].

This study, therefore, selected a direct and full control method and proposed a hybrid gravitational search
algorithm — random forest regression algorithm for the calculation of cycle length and phase durations to
minimise vehicle conflict in the weaving area on circulation lanes and maximise roundabout capacity. The
optimal signal timing will be calculated by the proposed model based on MATLAB and the signal timing will
then be validated by the microscopic simulation software VISSIM, which is widely used in micro-level traffic
engineering studies. Real-life data (directional traffic volumes on each approach) collected by detectors were
used for modelling based on the Changwon city hall roundabout, which is a non-signalised roundabout in
South Korea. Finally, the performance criteria between a normal roundabout and a signalised roundabout will
be compared.

1.2 Congestion problems at roundabouts

Roundabouts are operated by rules that require entering vehicles to give way to circulating vehicles that
may experience congestion issues under several patterns as illustrated in Figures 1-3. There are three colours and
two different types of lines representing basic vehicle movements at roundabouts. For example, a solid line in
red shows vehicle movements without problems, but a dashed line in red indicates movements that possibly
can be blocked by vehicle movements in green, while the blue line indicates only right-turn movements with
no conflict.

Figure la presents the delays on the south approach in red through unbalanced traffic flows from the north to
the east in green. In this case, metering roundabout where a traffic signal is installed on the north approach and
queue detectors are located on the south approach may be a solution. When the vehicles on the south approach
stay on the detectors for pre-scheduled time, the signal on the north approach is changed to red (see Figure 1b).
As a result, vehicles have a big enough gap on the dominant (south) approach and delays will be eliminated.
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Thus, studies on the investigation of a proper detector location are current and the main task is the application
of metering.

Detector
a) Congestion by unbalanced traffic b) Solution: metering system

Figure 1 — Possible congestion at compact roundabouts by unbalanced traffic

a) Congestion by lefi-turn traffic b) Solution: two-stop signal scheme
Figure 2 — Possible congestion at large roundabouts by lefi-turn traffic

4

VAR

l—

-7 [RARY
=& TTAARA
///"‘\:\\\\
o 7 S
2 S \\\\ —
E——— \\\\\ e
\
— \ /

a) Congestion by two straight vehicle movements b) Solution: indirect control
from adjacent approaches

Figure 3 — Possible congestion at large roundabouts by straight traffic
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Another congestion pattern caused by left-turning movement on the circulating lanes at multi-lane round-
abouts is illustrated in Figure 2a and vehicle movements from the south approach in red can be blocked by
left-turning vehicles from the north approach in green. In general, this pattern might be occurring at a large
roundabout and two-stop line control can be suggested as a countermeasure. In this case, two traffic signals are
necessary: one controls approaching traffic and the other one controls circulating traffic as depicted in Figure
2b. When the second signal is red, the left-turning vehicles will stop and vehicles from the south approach can
obtain enough gap time for smooth enter. Thus, an appropriate phase scheme and signal timing are required.

The last reason for roundabout congestion is the conflict between two straight vehicle movements from
adjacent approaches in the weaving area at multi-lane roundabouts as shown in Figure 3a. Mainly vehicles from
south to north in red and from west to east in green can conflict the circulating lanes in the weaving zone. Thus,
the congestion in the weaving zone may block vehicle movements from other approaches resulting in a de-
crease in capacity. Normally, this problem can occur at large roundabouts because the large central island has a
long weaving area. For this congestion pattern, few studies have attempted to address the issue and full control
may minimise vehicle delays in the weaving area with a decent signal timing plan as presented in Figure 3b.

2. LITERATURE REVIEW

As mentioned earlier, many studies on signalised roundabouts have been conducted by scholars and en-
gineers to date. In terms of signalised roundabout studies, they can be divided roughly into three parts and
active research is ongoing as follows: first, a comparative study between normal roundabouts and signalised
roundabouts using traffic simulation software. Second, a study for the application of a metering system to re-
duce delays caused by unbalanced traffic conditions on one or two approaches. Lastly, a signalised roundabout
optimisation study through calculating and providing the optimal traffic signal timing based on traffic theory
to solve the congestion on the approaching and circulating lanes.

In [13], the application of a metering system was studied and SIDRA software was used for the analysis of
metered roundabouts. Vlahos also used SIDRA software for signalised roundabouts evaluation with different
entry volumes [14]. In [15-17], delay time, queuing length and capacity were compared between normal and
signalised roundabouts using Paramics, AIMSUN and SIDRA software. In [18], a new method for evaluating
signalised roundabouts with two signals and one detector was proposed using 4-nodes intersections in SIDRA.
These studies found that a metering system can increase roundabout capacity and that metered roundabouts
outperform the management of vehicle movements on the main approach under unbalanced traffic flow con-
ditions. Comparative studies of performance effectiveness, however, mainly deal with the situation when a
normal roundabout converts to a signalised roundabout, relying on software to analyse capacity, delays, travel
time and so on, and there has been no study of traffic signal timing calculation.

In terms of metered roundabout studies, Akgelik [6] studied how cycle length can affect delays and found
that a shorter cycle length could lead to better performance compared with a longer cycle length for round-
abouts with a metering system. The author [6] recommended that cycle lengths of 75 seconds, 86 seconds and
114 seconds are suitable for the entire entering volume of 1,500 vph, 1,800 vph and 2,100 vph, respectively.
Some other researchers [18-23] have conducted queuing length estimation studies, which is related to signal
timing plan, for one or two main approaches. A study of the estimation of queuing length was conducted by
Flannery [18] and the M/G/1 model was utilised based on a single-lane roundabout. In the study, critical gap,
follow-up headway and queue spacing were investigated using SIDRA software. Another researcher Mar-
tin-Gasulla [20] used VISSIM software to calculate the appropriate cycle length on a large roundabout, while
Hummer et al. [21] used VISSIM to compare metered and unmetered roundabouts to reduce delays. In [22],
formulated queuing length equations were applied to find the best detector locations with six major parameters
affecting queuing length on each approach. The author [23] further studied the estimation of queuing length
at metered roundabouts based on an adaptive neuro-fuzzy inference system to select the optimal detector
distance. Although many studies have tried to seek the optimal cycle length and phase durations following
real-time volumes, it is very difficult to set a proper signal timing plan. Thus, the majority of studies have con-
centrated on a fully actuated operation with detectors and traffic signals connected for solving congestions on
one or two approaches only, and it has a valuable benefit-cost ratio due to easy operation and a low installation
cost [13]. However, the drawback of these studies is that the analysis of roundabout performance only focused
on the dominant approach where mostly delays can occur and detectors need to be installed (Figure 1b). Thus,
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many studies related to the application of metering systems found that a shorter cycle length can help round-
about performance [6, 20].

Concerning signal timing studies, several researchers tried to enhance roundabout capacity by applying a
signal timing plan and adjusting the phase sequence [24-30]. In [24, 25], direct and full control method was
tested and a two-stop line roundabout was proposed to help left-turning vehicles. The research calculated the
best green time for straight traffic on each approach at the first stop line and vehicles turning left on the cir-
culating lanes at the second stop line [25]. From the research, it can be found that cycle length and island size
could affect the flow of left-turning vehicles on the circulating lanes. In [26], a dual-ring scheme and two-stop
line for left-turning vehicles were taken into account for the elimination of the conflict points at a round-
about. These studies concluded that a shorter cycle length is necessary to decrease vehicle delay and queue
at roundabouts when the left turn ratio is lower. This is because clearance time can determine the green time
for left-turn vehicles. In addition, if there is enough space before the second stop line, the vehicles turning left
and vehicles going straight can have the same green time together. Also, a shorter cycle length will eliminate
vehicle delays at the second stop line on the circulating lanes. Another study by Bie et al. [27] focused on signal
timing calculation at roundabouts based on two delay models and two queue length models under two-phase
schemes. This study selected indirect and full-time control and also tried to reduce delay time and queue length
on the circulating lanes incurred by left-turning vehicles only [27]. In [28], the optimal stop-line setback dis-
tance was conducted with a three-phase scheme to reduce the queues for right-turning vehicles. An adaptive
control algorithm was used with the concepts of the length of the waiting area and rule-based signal control
logic, and a case study was demonstrated by VISSIM. The authors concluded that the stop-line setback with a
proper signal timing plan can reduce vehicle delays by 18.3% [28]. However, the stop-line setback method was
recommended for one or two approaches because it is ineffective for all approaches. Another study performed
by Murat et al. [29] calculated the optimal cycle length for the signalised roundabout in Denizli, Turkey. This
study was performed based on the relationship between the space on the circulating lanes of central island and
the left-turning volume. In addition, the average delay time was selected as performance criteria. In [30], the
cycle length and effective green time were adjusted by GA for reducing the average delay time and it can be
concluded that a longer green phase duration can decrease roundabout congestion. This is because the study
only tested the situation when the total entering volume was less than 2,000 vph at the four-leg with a multi-
lane roundabout. Therefore, different from the previous studies on metering roundabouts and two-stop control
roundabouts, it is concluded that a longer cycle is more effective.

There have been several studies related to signal timing research which found that signalised roundabouts
outperform normal roundabouts under special conditions. However, the majority of studies concentrated on
how to reduce queues, delays, number of stops and increase capacity according to signal phase time changes.
There have been minimal studies considering the minimisation of density in the weaving zone affecting round-
about capacity, which is a key factor in straight movements from two adjacent approaches. The above-men-
tioned studies were conducted on the condition that the total entering volume maintained less than 3,000 vph.
There is no study reported according to the author’s knowledge with the total entering volume greater than
5,000 vph at roundabouts.

3. RESEARCH METHODOLOGY
3.1 Design of phase scheme and weaving area

This study aims to minimise the number of conflicting vehicles in the weaving zone for roundabout capac-
ity enhancement. Thus, indirect (only entering traffic is controlled by traffic signals), part-time (traffic signals
operate only during peak times) and full control (all approaches are controlled) operation methods were select-
ed (7able 1). During off-peak times the roundabout will follow normal roundabout rules.

At signalised roundabouts, the design of a phase diagram is an essential step. For 4-leg intersections, a vari-
ety of signal phase schemes can be implemented, but this study adopts a two-phase for 4-leg multi-lane round-
about to eliminate conflicting vehicles in the weaving zone as shown in 7uble 2. This is because congestions
in the weaving area can occur by mainly straight movements between adjacent approaches, thus a two-phase
scheme can effectively separate the movements.
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Table 2 — Design of phase scheme

Phase 1 ‘ Phase 2
Vehicles from south and north can enter Vehicles from east and west can enter
the roundabout the roundabout

= = -b

In general, traffic from north to east and west to east try to exit through the east exit approach whereas en-
tering traffic from the south tends to move to the north (straight) and west (left-turn) exit approaches. Thus, the

weaving area can be defined as an area where circulating traffic and entering traffic meet together and weaving
zones are as presented in Figure 4.

The weaving zones can be explained as an example of zone 1, vehicles from approach 4 to approach 3 and
vehicles from approach 1 to approach 2 do not conflict with each other, therefore these are non-weaving vol-
umes. However, there is a conflict between vehicles from approach 4 to approach 3 and vehicles from approach
1 to approach 3 and 4 in the weaving zone, therefore these are weaving volumes. In addition, vehicles from
approaches 3 and 4 to approach 2 also should be regarded as weaving volumes as opposed to vehicles from
approach 4 to approach 3. These non-weaving and weaving volumes are also presented in Figure 2.

3

2 ><
Zone 2
¥ ouoyz

Zone 3 F
o i’i

Figure 4 — Weaving section at a roundabout

During phase 1, vehicles from approaches 1 and 3 can be blocked, so weaving volumes from approach 1
to approaches 3 and 4 and non-weaving volumes from approach 1 to approach 2 do not need to be considered.
In the case of phase 2, non-weaving volume from approach 4 to approach 3 also cannot enter the roundabout.
These concepts can be applied to calculate density in each zone following phase changes.

3.2 Objectives and constraint

This study focuses on the roundabout capacity enhancement by minimising density in the weaving zone
and delays on each approach by providing the optimal cycle length and phase time. Thus, density, delays and
capacity can be objectives for calculating the signal timing and hybrid gravitational search algorithm — random
forest regression is used for optimising the roundabout performance.
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In addition, to reflect roundabout geometry, one-sided weaving segments will be applied for the calculation
of density, which can be expressed as [31]

J
D,=4YD, ()
1

where D, is the average density of roundabout in phase i (pc/km/In) and 4, is the green ratio of phase i. The
density of each zone will be calculated following signal phase changes.

14
_N
Dj—? ()

where D, is the density of zone j (pc/kmy/In), N is the number of lanes within the weaving section, S is the av-
erage speed of all vehicles within the weaving section and V is total demand flow rate in the weaving section
(pc/h).
For the vehicle delay model at intersections, the Webster model is most widely used by traffic engineers and
designers [32] and the model is described in Equation 3
_(C-4) N X?
t20-4X) 2v(1-X)

c !l
- 0.65(v—2)3 X0 (3)

where d, is average vehicle delay (s) in phase 7, C is cycle length (s), X is the volume-to-capacity ratio and v is
arriving volume (veh/h).

The capacity of the intersection is the maximum flow ratio of approach in each phase as expressed in Equa-

tion 4
0-0 @)

where Q is the total traffic capacity at the intersection.

Q=S54 &)
where Q. is capacity in phase i and S is the traffic saturation flow rate in phase i.

To reflect the actual traffic environment and get more accurate results, several constraints (i.e. cycle length,
effective green time) need to be considered. If the cycle length is too short, not enough vehicles on the ap-
proach can pass through the intersection which is leading to delays. Whereas, if the cycle is too long, other
approaches will possibly face delays. Thus, a decent cycle length needs to be calculated and provided and the
constraint of cycle length is presented in Equation 6. C, . can be 30 seconds and C, _will be 160 seconds.

Cmin S C S Cmax (6)

where C is the minimum cycle length (s), C is the cycle length (s) and C| _is the maximum cycle length (s).

Another constraint of cycle length is that the total cycle length should be the same as the sum of the green
time and the lost time in each phase. It can be written as Equation 7

i(g,-JfLi):C (7)

where g is the effective green time in phase i (s), and L, is the total loss time in phase i (start-up lost time +
clearance lost time).

Therefore, the objective function to minimise density and delay and maximize capacity can be expressed
in Equation 8

d Qmax

where multi-objective weight factor @ = 0.4, a,= 0.3, a,= 0.3.

f(x)=min| g, DDi +a, 9, +a, [1 —iJ (8)
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3.3 Proposed algorithm
Bacterial foraging algorithm

The basic principle of this algorithm is to complete the information exchange according to the interaction
between the cilia of Escherichia coli itself and the bacteria and make the bacteria up to the higher nutrient
concentration through chemotaxis, replication and migration operations to find the optimal solution of the
parameters. The bacterial foraging (BFO) algorithm has been widely used in engineering practice because of
its simple principle, easy programming, fast convergence and strong searchability. Studies have shown that
the standard BFO algorithm uses a fixed step size and random flip direction, which reduces the directionality
of the algorithm optimisation and can quickly find the optimal solution [33]. After several steps of chemotaxis
and replication, the food where the bacteria are located is partially consumed, and the bacteria can choose to
continue being in place or find a new food source. The bacterial foraging algorithm designs a migration rate.
For each bacterium, a random number between 0 and 1 is generated. When the random number is less than
the preset migration probability, the bacterium will be randomly migrated to other locations. Otherwise, the
bacteria continue to the next operation with the current position. To prevent the population from losing the
optimal solution due to the migration operation, each randomly initialised parameter can be compared with the
objective function value of the original parameter before the migration position replaces the original position,
and only the bacteria with better performance will proceed to the next iteration [34].

Gravitational search algorithm

Gravitational search algorithm (GSA) is a heuristic algorithm inspired by Newton’s basic law of gravity,
which states that “the attraction between each individual in the universe is proportional to the product of its
mass and inversely proportional to the square of the distance” [35]. In GSA, individuals are considered objects
that are attracted to each other by gravity. Each individual consists of position, mass, and active and passive
gravitational mass and can be defined as [36]:

Vi :(yil,in,m,y;i,m,yin ©
where the position of the 7 individual in the d-th dimension is in the y dimensional search space; in a set of N
individuals, the position of the i-th individual (i =1, 2, ..., N).
The gravitational force acting on the i-th individual by the j-th individual at the #-th iteration is defined as:
Mpi(t) 'Maj(t)
R . +¢

)

d d d
Fi () =G(@) (Vi (O =y (D) (10)
where M, is active gravitational mass associated with individual j; M, is passive gravitational mass associated
with individual ; ¢ is a very small constant; R is the Euclidean between two individuals i and / distance.

The velocity and position update equations for the i-th individual in ¢ iterations in the d-th dimension are
given below:

v (t+1)=rand, - v (t)+acc! () (11)
v+ =y O+ e+ (12)

where v/ (¢), v/ (¢t +1) and y? (¢), ¥ (¢ +1) are the velocity and position of individual y, in d-dimension at time
tand t+1.

Hybrid GSA-ABFO algorithm

In this study, a combination of the optimisation strategy of the gravitational search algorithm and adaptive
bacterial foraging algorithm (GSA-ABFO) is proposed to find the optimal cycle length and green time in each
phase. Using the GSA-ABFO algorithm, we can redefine the health degree and location evaluation method of
bacteria, which ensures the random search characteristics of the algorithm. Using the random flip direction of
bacteria, the learning coefficient of bacteria on the historical optimal position information is introduced, and
the reinforcement learning direction is proposed in combination with the concept of global optimisation of
GSA to reduce the blindness of the simple random flip method.
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The reinforcement learning direction calculation is:
A, ()=(0.-0,)0 R, (13)
where A, (i) is the reinforcement learning direction of bacteria; 6, is the current bacterial position; 6, is the
optimal bacterial position after the previous chemotaxis; 6 is the reinforcement learning coefficient; R, is a
random number. The chemotaxis direction AM(i) of bacteria is as follows:
A (D) =A0) - A, () (14)
We can identify the real-time record and update the position information of the optimal individual in the
group and adjust the bacterial swimming step length according to the positional relationship between the cur-
rent individual and the optimal individual in the group to improve the optimisation accuracy of the algorithm.
The bacterial location is updated as

@A, @)
Ay (DA, ()
where 0(i,j,k,[) represents the location coordinates of the bacteria, and j, k£ and / represent the chemotaxis, rep-

lication and migration times where the bacteria are currently located, respectively; C(i) is the swimming step
length of bacteria 7, and its value will be appropriately changed according to the actual situation.

03, j+1,k,1)=060,j,k,0)+ (15)

To improve the convergence speed, when updating the fitness of bacteria, the influencing factors between
bacteria are added and determined according to the positional relationship between bacteria and other bacteria,
that s,

. —w D? —w.D?
Jh =—h e he (16)

where Jé;” are the influencing factors of the current bacteria and other bacteria; 2 , w , h and w_is the number
of attractants, the release rate of attractants, the number of repellants and the release rate of repellants, reflect-
ing the information exchange between bacteria.

After each chemotaxis cycle, the standard ABFO takes the sum of the previous fitness of bacteria as the
bacterial activity (health degree) and based on this, the replication and elimination of bacteria are carried out. It
is easy to cover up and lose the historical optimum of bacteria information if the algorithm does not converge
fast enough.

To improve the speed of the algorithm, the optimal historical fitness of bacteria is directly used as the health
degree of bacteria and the bacteria are sorted according to the health degree, and the bacteria are copied and
eliminated to keep the total number of bacteria unchanged.

Iy =min(J (G, 1: N_ k1)) (17)
N

ed’
respectively, and J(i,1:N k) is the fitness of the i-th bacterium, and its size is used to evaluate the pros and

cons of candidate solutions.

where the maximum number of bacterial chemotaxis, replication and migration operations are N, N

re

The process of the traffic signal timing optimisation model is described in Figure 5. The proposed scheme
for optimising the density, delay time and capacity for the Changwon city hall roundabout is based on hybrid
GSA-ABFO algorithm.

The main steps of the algorithm are as follows.

1) Parameter initialization. Set parameters such as S, p, N, N

» N, etc.; initialize the bacterial position and
calculate the fitness to find the initial optimal position.
2) When [=1: N,, go to step 3; when k=1: N_, go to step 4; when j=1: N, go to step 5.

3) Calculate the initial fitness of the population. For different bacteria, calculate the final fitness of the super-
imposed influence factors:

J (i, ok, D)= TG, j kD) + T2 G kD) (18)
4) Calculate the chemotaxis direction and swimming step length of bacteria.

5) Update the bacterial position according to Equation 15 and calculate the fitness J_(i,j,k,) under the new po-
sition.
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6) Determine whether the fitness has been improved in the new position, if so, continue to mass forward in the
same direction to update the position and fitness; if the fitness is worse or reaches the set maximum num-
ber of swimming steps, the bacteria stop continuing to mass, retain the location information of the current
bacteria and then enter the chemotaxis of the next bacteria.

7) All bacterial chemotaxis operations are completed in one round, the bacterial information of the optimal
position is judged and the chemotaxis cycle ends.

8) For each bacterium in the population, take the optimal fitness value in the chemotaxis process as the health
degree of the bacterium, sort by health degree, half of the bacteria with better fitness, and eliminate the
bacteria with poor fitness. The operation is over and the migration operation is entered.

9) For each bacterium, a random number is generated between 0 and 1, and the random number is used to
compare with a specific probability (usually 0.25). The bacterium migrates when the random number is

lower; otherwise, it remains in position.

‘ Parameter initialisation, set S,p,N,N,

e Vre |

| k=k+1 |47

Operation

No

— k=k+1 | f

Yes
Update the each group »
fitness and gain the No
optimum health status |

and new breeding l J=jt1

No
| |

i=i+l

Calculate the corresponding reinforcement, learning direction
and adaptive step size based on current position of bacteria and
the optimal individual position and coordination

!

Calculate the steps and update the position of bacteria, M = 1

'

Calculate of the new location factor fitness

New location fitness improvement?

Force to the maximum number
of swimming steps

Addition of swimming steps numbers

Yes
No

Figure 5 — The process of traffic signal optimisation using the hybrid GSA-ABFO algorithm
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4. DATA COLLECTION

As mentioned earlier, to find the optimal cycle length and phase time, Changwon city hall roundabout was
selected as the study site. In front of Changwon city hall, there is a large roundabout (diameter is 200 meters),
and it is a 4-leg multi-lane roundabout, currently operated as a normal roundabout as shown in Figure 6a. The
geometric features of the roundabout are quite complicated. Approach 1 (East-North) and 4 (East-South) have
three entering lanes whereas approaches 2 (West-North) and 3 (West-South) have four entering lanes. Howev-
er, approach 1 has four lanes for exiting while the other approaches have five exit lanes. Moreover, six lanes
are circulating between approaches 1 and 2 and there are five circulating lanes on the others, and approaches 2
and 3 both have a slip lane for turning right.

7-15-2020 6:12:39pm

A.‘k s : 4
a) Approach number b) Traffic on the circulating lanes

Figure 6 — Changwon city hall roundabout

Volume data were collected on 15 July 2020. A feature of this roundabout is that in the afternoon peak ap-
proximately 5,500 vehicles pass through the roundabout and every minute the arriving volume is changing as
presented in Figure 7. Approaches 2 and 4 have almost double volumes compared with the other two approaches.
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40 -

—e— Approach 1 —e— Approach2 —e— Approach3 —e— Approach 3

Figure 7 — Traffic volume in every minute in the afternoon peak

The problem with this roundabout is the conflict between two straight movements because from approach 2
to approach 4 and from approach 4 to approach 2 there are more than 1,100 vph blocking vehicle movements
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from approaches 1 and 3, respectively. Also, due to the conflict, the vehicles moving straight from the two ap-
proaches cannot exit properly from the roundabout, in particular at approach 1 where the delay time is longer.
Thus, congestion can be generated on the circulating lanes resulting in a reduction of roundabout capacity as
shown in Figure 6b. In addition, 52.5 seconds, 10.5 seconds, 22.0 seconds and 35.0 seconds of average delay
time during peak hour were observed on approaches 1, 2, 3 and 4, respectively. This average delay time will
be used for VISSIM calibration.

5. ANALYSIS AND RESULTS
5.1 Cycle length and phase duration study

The proposed algorithm attempts to find the green time for phases 1 and 2 to maximise roundabout effi-
ciency. Figure § shows the number of iterations and after 36 iterations the algorithm converges stably with 102
seconds of cycle length. Consequently, the green time for phase 1 has 65 seconds and 3 seconds of yellow time
and phase 2 is composed of 37 seconds of green time and 3 seconds of yellow time for the roundabout signal
timing, which optimised density, delay and capacity on Changwon city hall roundabout.
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Figure 8 — Number of iterations
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Figure 9 — Average density comparison between the normal and signalised roundabout
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The density on each weaving zone is variable according to real-time traffic and it can be calculated with
a cycle length for peak hour as depicted in Figure 9. In addition, the density on the weaving zone cannot be
calculated using microscopic simulation VISSIM software, therefore the density on each zone was calculated
by MATLAB software to check how much difference arose between the before and after study. Generally, the
density on each weaving zone without a signal is higher than the density with a signal scheme, which is thus
able to minimise the vehicle conflict between two straight movements. With normal roundabout conditions,
density in zone 1, zone 2, zone 3 and zone 4 were 36.5 pc/km/In, 31.4 pc/km/In, 38.8 pc/km/In and 24.7 pc/km/
In, respectively. It means the average density at Changwon city hall roundabout was 32.8 pc/km/In. However,
after the application of a two-phase signal scheme, the densities of 16.7 pc/km/In, 14.7 pc/km/In, 16.5 pc/km/
In and 10.9 pc/km/In were calculated in zone 1, zone 2, zone 3 and zone 4, respectively, representing the con-
centration of reduced density by 46.1% or 14.7 pc/km/In for entire zones.

5.2 Delay and capacity analysis in VISSIM

To validate the proposed model and solution algorithm for Changwon city hall roundabout signal timing
optimisation, a computational experiment was conducted. Specifically, the cycle length and green time for
phases 1 and 2 by MATLAB were applied to VISSIM microscopic simulation where the network of the round-
about is utilised for the experiment as shown in Figure 10.

e

Figure 10 — Changwon city hall roundabout in VISSIM
The existing traffic circumstances, including network layout, traffic volumes and driver behaviour were
represented in VISSIM. Furthermore, to match the delay time on each approach using the field data, key pa-

rameters were calibrated as summarised in 7able 3.

Table 3 — Adjusted parameters in VISSIM

Parameters | Default value | Adjusted value
Minimum 0 120
Look ahead distance [m] Maximum 250 500
Number of observed vehicles 4 5
Minimum 0 50
B Look back distance [m]
g Maximum 150 155
% Average standstill distance [m] 2 1.35
§ W1edemann 74 car Additive part of safety distance 3 0.25
2 following model
% Multiplicative part of safety distance 3 0.35
o Waiting time before diffusion [s] 60 50
R= Lane change
= Minimum headway [min] 0.5 0.2
a
Desired position at free flow Middle Any
Observe adjacent lane [s] No Yes
Lateral behaviour
Diamond shaped queuing No Yes
Consider next turn No Yes
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The delay time on each approach was compared with VISSIM results and the Geoff E. Havers statistic
(GEH), which is a Chi-squared type statistic to verify the fitness of the model. This test has widely been
employed in transportation engineering and modelling for model output and observation comparisons [37].
Five-minute interval statistical test results of the delay time on each approach are depicted in 7Zable 4. All the
GEH results are less than five and the maximum value is measured at 1.03 on approach 3, which means that
model outputs fit with field data properly and are well-calibrated.

Table 4 — Results of statistical test

Delay time [s]

Approach 1 Approach 2 Approach 3 Approach 4

VISSIM VISSIM VISSIM VISSIM
17:50-17:55 53.1 51.8 9.2 9.8 20.6 24.8 33.6 31.8
17:55-18:00 53.7 524 10.3 11.6 25.6 32.1 38.6 36.4
18:00-18:05 47.2 56.4 10.2 13.5 22.7 31.1 374 30.4
18:05-18:10 50.1 50.3 9.7 16.8 223 28.4 332 28.5
18:10-18:15 511 49.4 11.5 15.7 23.8 28.6 383 28.9
18:15-18:20 55.4 56.2 8.3 13.4 17.5 24.6 33.7 30.2
18:20-18:25 50.9 56.5 9.8 12.6 20.6 24.8 31.1 33.6
18:25-18:30 57.2 57.2 10.8 13.6 224 18.3 30.4 345
18:30-18:35 51.6 56.5 12.5 14.8 23.1 29.4 30.5 36.7
18:35-18:40 524 50.7 11.6 15.8 19.2 235 38.7 30.8
18:40-18:45 54.1 52.1 11.5 16.9 224 19.6 36.5 335
18:45-18:50 522 53.8 9.8 13.8 21.8 19.8 38.7 36.8
RMSE 0.34 1.01 1.03 0.78

Figure 11 shows the average delay time on each approach between a normal and signalised roundabout for
peak hours. With 102 seconds of cycle length (green time 65 seconds for phase 1 and 37 seconds for phase 2),
the average delays on each approach decreased. Specifically, the average delay was decreased on approaches 1
and 4 by 44.8% and 43.7%, respectively, by the application of signal control. In terms of the entire roundabout,
the average delay time was reduced by 32.8%.

50
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Delay time [s]

B Normal M Signalised

Figure 11 — Average delay comparison on each approach between the normal and signalised roundabout

Concerning capacity, the operation of the roundabout with signal enables an increase in capacity on each
approach as shown in Figure 12. When compared with the capacity generated by the current normal roundabout,
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there is a decrease in capacity effectiveness of 11.3% (approach 1), 12.6% (approach 2), 20.5% (approach 3)
and 12.8% (approach 4), total of 12.8% reduction in roundabout capacity.
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Figure 12 — Capacity comparison on each approach between the normal and signalised roundabout

The entire roundabout delay time and capacity in accordance with cycle length changes within the range
of 30—160 seconds as can be seen in Figure 13. A shorter cycle length increases delay time, e.g. when the cycle
length is 30 seconds, the roundabout has the maximum delay time (approximately 140 seconds). On the other
hand, the delay time at the roundabout is minimum and the capacity is maximum when the cycle length is 105
seconds. A longer than 105 seconds cycle length results in roundabout inefficiency.
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Figure 13 — Total delay and capacity following cycle length changes
6. CONCLUSION

This study attempted to introduce an intelligence algorithm to find the optimal signal timing by taking a
case study on the Changwon city hall roundabout for minimising congestion in the weaving zone affecting the
entire roundabout’s efficiency. Hybrid gravitational search algorithm — ABFO random forest regression and
two-phase signal phase schemes have been proposed. In particular, density in the weaving zone was selected
as one of the objectives. To validate the proposed algorithm, the optimised signal timing was tested through
the use of microscopic simulation VISSIM. Furthermore, density in the weaving zone by MATLAB and delay
time and capacity by VISSIM were compared between a normal and signalised roundabout.

Through the proposed model application described in this study, the optimum cycle length was found to be
102 seconds (phase 1-65 seconds of green time and phase 2-37 seconds of green time) during the afternoon
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peak hour. The results from the analysis indicate that the optimised signal timing suggested by the proposed
algorithm can increase the entire roundabout performance density by 46.1%, increase capacity by 14.8% and
decrease delays by 32.8%. Thus, it is expected that the proposed algorithm will help and guide practitioners
in determining optimal signal timing and will be a foundation study for solving congestion problems by two
straight movements between adjacent approaches at roundabouts.

However, there are some limitations in this study and more case studies need to be carried out in the future
based on different geometric designs and the number of lanes. In addition, the proposed algorithm needs to be
compared with previous intelligence algorithms to check model accuracy.

REFERENCES

[1] Flannery A, Elefteriadou L, Koza P, Mcfadden J. Safety, delay, and capacity of single-lane roundabouts in the
United States. Transportation Research Record Journal of the Transportation Research Board. 1998;1646:63-70.
DOI: 10.3141/1646-08.

[2] An HK, Yue WL, Stazic B. An analysis of partially signalized roundabout using SIDRAG6 software. Asian
Transport Studies. 2015;4(2):314-237. DOI: 10.11175/eastsats.4.314.

[3] Akgelik R, Chung E, Besley M. Performance of roundabouts under heavy demand conditions. Road & Transport
Research. 1996;5:36-57.

[4] Qian HB, Li KB, Sun J. The development and enlightenment of signalized roundabout. 2008 International
Conference on Intelligent Computation Technology and Automation (ICICTA), IEEE Computer Society, 20—22
Oct. 2008, Changsha, Hunan, China. 2008. p. 538-542.

[5] Azhar AM, Svante B. Signal control of roundabouts. Procedia - Social and Behavioral Sciences. 2011;16:729-
738. DOI: 10.1016/j.sbspro.2011.04.492.

[6] Akgelik R. Roundabout metering signals: Capacity, performance and timing. Procedia - Social and Behavioral
Sciences. 2011;16(16):686-696. DOI: 10.1016/j.sbspro.2011.04.488.

[71 Jalil K, Xia Y, Zahid MN, Kamal MAS. Two stop-line method for modern T-shape roundabout:
Evaluation of capacity and optimal signal cycle. Journal of Advanced Transportation. 2022;2:1-14. DOI:
10.1155/2022/7679496.

[8] Fortuijn LGH. Turbo roundabouts: Estimation of capacity. Transportation Research Record: Journal of the
Transportation Research Board. 2009;2130:83-92. DOI: 10.3141/2130-11.

[91 Hallworth MS. Signalling roundabouts, 1. Circular arguments. Traffic Engineering & Control. 1992;33(6):354-
363.

[10] Dzambas T, Ahac S, Dragcevi¢ V. Geometric design of turbo roundabouts. Tehnicki vjesnik. 2017;24(1):309-318.
DOI: 10.17559/TV-20151012162141.

[11] Guo R, Lin B. Traffic operation performances at roundabout weaving sections. Journal of Transportation System
Engineering and Information Technology. 2010;10(3):29-34. DOI: 10.1016/S1570-6672(09)60042-8.

[12] Mohamed AIZ, CiY, Tan Y. A novel methodology for estimating the capacity and level of service for
the new mega elliptical roundabout intersection. Journal of Advanced Transportation. 2020;2020. DOI:
10.1155/2020/8467152.

[13] Akgelik R. Analysis of roundabout metering signals. 25th AITPM 2006 National Conference, 3—4 Aug. 2006,
Melbourne, Australia. 2006.

[14] Vlahos E, et al. Evaluating the conversion of all-way stop-controlled intersections into roundabouts.
Transportation Research Record: Journal of the Transportation Research Board. 2008;2078(2078): 80-89. DOI:
10.3141/2078-11.

[15] Ma W, Li X, Xue K. A new traffic-signal control for modern roundabouts: Method and application. /[EEE
Transactions on Intelligent Transportation Systems. 2005;5(4):282-287. DOI: 10.1109/T1TS.2004.838181.

[16] Hatami H, Aghayan I. Traffic efficiency evaluation on elliptical roundabout compared with modern and turbo
roundabouts considering traffic signal control. Promet — Traffic& Transportation. 2017;29(1):1-11. DOI:
10.7307/ptt.v29i1.2053.

[17] Afezolli A, Shehu E. The analysis of performance and capacity at a roundabout with metering signals. 3rd
International Balkans Conference on Challenges of Civil Engineering, 19-21 May 2016, Epoka University, Tirana,
Albania; 2016.

[18] An HK, Yue WL, Stazic B. Dual signal roundabout evaluation in Adelaide using SIDRA and AIMSUN. Road &
Transport Research. 2017;26(2):36-49.

227



Promet — Traffic& Transportation. 2023;35(2):212-229. Traffic Engineering

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[31]

[32]

[33]

[34]

Akgelik R. An investigation of the performance of roundabouts with metering signals. TRB National Roundabout
Conferences, 18-21 May 2008, Kansas, Mo, USA; 2008.

Martin-Gasulla M, Garcia A, Moreno AT, Llorca C. Capacity and operational improvements of metering
roundabouts in Spain. Transportation Research Procedia. 2016;15:295-307. DOI: 10.1016/j.trpro.2016.06.025.

Hummer J, Milazzo J, Schroeder B, Salamati K. Potential for metering to help roundabouts manage peak period
demands in the United States. Transportation Research Record: Journal of the Transportation Research Board.
2014;2402:56-66. DOI: 10.3141/2402-07.

An HK, Yue WL, Stazic B. Estimation of vehicle queuing lengths at metering roundabout. Journal of Traffic and
Transportation Engineering (English Edition). 2017;4(6):545-554. DOI: 10.1016/j.jtte.2017.04.002.

An HK, Abdalla AN. Prediction of queuing length at metering roundabout using adaptive neuro fuzzy inference
system. Measurement and Control. 2019;52(5-6):432-440. DOI: 10.1177/0020294019839415.

Yu B, Xue K, Yang K. Optimization of roundabout control method based on dissymmetry. 2007 IEEE Intelligent
Transportation Systems Conference, 30 Sep. — 3 Oct. 2007, Washington, USA; 2007. DOI:
10.1109/ITSC.2007.4357681.

Jiang ZH, et al. Investigation on two-stop-line signalized roundabout: Capacity and optimal cycle length. Journal
of Advanced Transportation. 2019;1:1-9. DOI: 10.1155/2019/5720290.

Ma WIJ, et al. Signal timing optimization model based on dual-ring phase scheme for roundabout. Journal of
Central South University. 2013;20:563-571. DOI: 10.1007/s11771-013-1519-6.

Bie Y, Mao C, Yang M. Development of vehicle delay and queue length models for adaptive traffic control at
signalized roundabout. Procedia Engineering. 2016;137:141-150. DOI: 10.1016/j.proeng.2016.01.244.

Bie Y, et al. Stop-line setback at a signalized roundabout: A novel concept for traffic operations. Journal of
Transportation Engineering. 2016;142(3):05016001. DOI: 10.1061/%28 ASCE%29TE.1943-5436.0000829.

Murat YS, Cakici Z, Tian Z. A signal timing assignment proposal for urban multi lane staged controlled signalised
roundabouts. Gradevinar. 2019;71(2):113-124. DOI: 10.14256/JCE.2323.2018.

Qadri SSSM, Gokce MA, Oner E. Traffic signal timing optimization for signalized roundabout using GA.
International Journal of Advanced Research in Engineering and Technology (IJARET). 2020;11(11):1888-1897.
DOI: 10.34218/1JARET.11.11.2020.176.

Transportation Research Board of the National Research Council. Highway Capacity Manual. Washington D.C;
2010.

Webster FV. Traffic signal settings. Road Research Laboratory. Road Research Technique Paper number: 39,
1958.

Chen H, Zhu Y, Hu K. Adaptive bacterial foraging optimization. Abstract and Applied Analysis. 2011;2011(4):1-
27.DOI: 10.1155/2011/108269.

Majhi R, Panda G, Majhi B, Sahoo G. Efficient prediction of stock market indices using adaptive bacterial
foraging optimization (ABFO) and BFO based techniques. Expert Systems with Applications An International
Journal. 2009;36(6):10097-10104. DOI: 10.1016/j.eswa.2009.01.012.

Moghadam MS, Nezamabadi-Pour H, Farsangi MM. A quantum behaved gravitational search algorithm.
Intelligent Information Management. 2012;4(6):390-395. DOI: 10.1109/IranianCEE.2012.6292446.

Rashedi E, Nezamabadi-Pour H, Saryazdi S. Filter modeling using gravitational search algorithm. Engineering
Applications of Artificial Intelligence. 2011;24(1):117-122. DOI: 10.1016/j.engappai.2010.05.007.

Vasconcelos L, Silva AB, Seco A, Silva JP. Estimating the parameters of Cowan’s M3 headway distribution for
roundabout analyses. Baltic Journal of Road and Bridge Engineering. 2012;7(4):261-268. DOI:
10.3846/bjrbe.2012.35.

Of X2 S| ZMo =
7| fIShM = H 2
Off CHeh AT7F 25| T So[Ct o 7[of
k=2 [
=




Promet — Traffic& Transportation. 2023;35(2):212-229. Traffic Engineering

Ly mXppziof Mol 282 XHE HS 2ztA|7|X|2 olof Cist ¢i++= Ojojst
AFO|CH 2 AT E HUAE 2 HRXEE e 22 WA ZH0 A Qf ”'EE&'—}OI
2X stZ KEHSIT, K| KHA|ZE W 2S£ CF2 a2 MYSICH ASFE7| gl
MBS A|ZHS XM SHE Q8] ABFO & La|’<0| HOtE| o, MATLABS & H71|MEI
MSF7| G SMA|IZH2 VISSIME ol 245 ACH O ZAat 102X (HAl1-65% H
AAl2 - 372)9 M F7|7h b= R QAT O] L 2| X2 9t H|W Al 46.1%9.|
U 31328%2 X|HA|ZH ZA807F YO 148%2| 3| M uALZ 22F SCi 0t}
LIEfLH= Ho 2 24 5| QiCt,

7|19
M S| HUKAZ SMAIZE XM S VISSIM, hybrid GSA-ABFO algorithm.

229



