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1. Introduction

With the increasing of population and vehicles, the traffic con-
gestion becomes more and more serious in urban area. Thus, how to
schedule traffic lights effectively turns to be more and more impor-
tant for metropolises. A reasonable traffic lights scheduling can
reduce the delay time in an urban traffic network system [1-4].
An urban traffic network consists of a set of road links connect-
ing with each other via intersections. Each intersection consists of
a number of approaches and the crossing area [5,6]. An approach
may have one or more lanes but has a unique, independent queue.
Approaches are used by corresponding traffic streams (veh/h),
which means the number of vehicles through one intersection in
one hour. Two compatible streams can safely cross the intersection
simultaneously, while antagonistic streams cannot. In traditional
traffic signal control, a signal cycle is one repetition of the basic
series of stages at an intersection, where each stage consists of
simultaneous traffic light signals allowing predefined compatible
traffic streams to cross the intersection simultaneously. The dura-
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tion of a cycle is called cycle time [7,8]. For safety reasons, constant
lost (or inter-green) times of a few seconds are necessarily inserted
between consecutive stages to avoid interference between antag-
onistic streams. For each traffic light, the ratio of the green time
and the red time within one cycle is called the split, and the delay
between the starting times of green periods of two neighbouring
traffic lights along the same traffic route is called offset [9,10].
There are basically four types of characteristics that distinguish
different traffic signal control strategies, i.e., fixed time strategies
versus traffic responsive strategies, and isolated strategies versus
coordinated strategies. Notable strategies proposed in the last few
decades include, e.g.,, MAXBAND [11,12], TRANSYT [11,12], SCOOT
[13], OPAC [14], PRODYN [15], CRONOS [16], and RHODES [17]. To
solve the traffic light control problem, many researchers proposed
various optimization approaches, e.g., particle swarm optimization
[18], distributed coordination of exploration and exploitation [19]
and Mixed-integer programming [20] and so on. Among the vari-
ous approaches, meta-heuristics are very flexible and robust to the
problem scale and random variables, have significant advantages
in computational efficiency in terms of CPU time for large-scale
real-lift applications, and become the new trend for solving real-
life traffic light control problems. Existing models and approaches
focused on many aspects of traffic light control problems. However,
there are some insufficiencies. The first one is the limited prob-
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Fig. 1. Schematic view of a simple traffic network.

lem scale and constraints. Most models and approaches focused
on one intersection or very limited regions. The second one is that
most models and approaches have limitations in practical applica-
tions. The third one is most models are cycle programs and the light
periods are fixed.

In this paper, we describe a traffic network by a dynamic flow
model based on Daganzo’s cell transmission models [21,22]. The
novelty in this model is to describe each outgoing flow rate as a
nonlinear mixed logical switching function over the source link’s
density, the destination link’s density and capacity, and the driver’s
potential psychological response to the past traffic light signals.
This outgoing flow rate model makes our approach applicable to
both under-saturated and over-saturated situations. In our model,
the traditional concepts of cycles, splits, and offsets are not adopted,
making UTLSP fall in the class of model-based optimization prob-
lems, where each traffic light is assigned with a green light period
in a real-time manner by the network controller. Upon this novel
traffic flow model, we formulate the UTLSP, aiming to reduce the
total waiting time over a given finite horizon by real-time schedul-
ing the traffic signal (i.e., either GREEN or RED) for each traffic light
in each intersection. The key technical idea is to coordinate traffic
light signals in all intersections in response to real-time traffic con-
ditions, which puts our UTLSP in the category of optimization-based
coordinated traffic responsive strategies. Due to the large scale of
an ordinary traffic network, which usually consists of hundreds
of intersections and thousands of road links, the high computa-
tional complexity in optimization becomes the major hurdle for
our real-time scheduling strategy.

In recent years, many meta-heuristics have been employed to
solve many scheduling problems, especially Harmony Search (HS)
algorithm. The HS is a relatively recent meta-heuristic method
developed by Geem et al. [23] for solving optimization prob-
lems. It imitates the music improvisation process of musicians.
A harmony in music is regarded analogous to a solution vector
in the corresponding optimization problem, while the musician’s
improvisations are regarded analogous to local and global search
processes in optimization algorithms. The HS and its variants have
been employed to solve various optimization problems, e.g., water
distribution networks [24], flow shop scheduling problems|25,26],
job shop scheduling problems [27], knapsack problems [28],
Electromagnetic Railgun problems [29], Distributed-Generation
System [30], and so forth. Besides, an evolutionary harmony search
algorithm was proposed for the loading pattern optimization (LPO)
[31]. The literature [32] applied the HS algorithm to improve the
connectivity in wireless sensor network. A quasi-oppositional HS
algorithm is used to control automatic generation in power sys-
tem [33]. Also, the HS algorithm is proposed for the vehicle routing
problem with time window [34]. The literature [35] proposed an
island-based model to improve the convergence of HS. HS and its
variants were also employed for solving image reconstruction prob-
lems from projections [36], energy-efficient routing problems in
wireless sensor networks [37], and highly constrained nurse ros-

tering problems [38]. In these applications, HS is compared to many
state-of-art meta-heuristics and the results and comparisons have
verified that the HS algorithm can solve practical optimization
problems with high competitiveness. The standard HS algorithm
has some limitations. For instance, the large number of parameters
used in the HS may be as its potential limitation. In each iteration,
just one new harmony is generated. The population size should not
be very large for the high speed convergence.

Building on the successful real-life applications and limitations
of the HS algorithm, we propose a discrete harmony search algo-
rithm to solve the UTLSP with minimizing the total network-wise
delay time. In the DHS, a novel new solution generation strategy
is proposed, and the number of new harmonies in each iteration is
equal to the number of harmonies in population. Three local search
approaches with different structures are proposed to improve the
performance of DHS in local search space. An ensemble of local
search methods is proposed to integrate different neighbourhood
structures. The proposed DHS is employed to solving sixteen cases
with different scales of the traffic network bearing features of the
real traffic network in Singapore. The comparisons and discussions
verify the effectiveness of the DHS algorithm with local search
approaches and ensemble for solving UTLSP.

The remainder of this study is organized as follows. Section 2
describes the proposed model of the urban traffic light scheduling
problem. In Section 3, the proposed DHS algorithm with ensem-
ble of local search operators is presented in detail. The experiment
design, comparisons and discussions are shown in Section 4. Finally,
we conclude this paper with future works given in Section 5.

2. Urban traffic light scheduling problem

A traffic network consists of a set of links and intersections.
For example, a simple unidirectional traffic network is depicted
in Fig. 1, where each intersection has only two antagonistic traffic
flows. We have proposed a discrete time model based on the cell
transmission model. To simplify our technical discussions, some
key notations in urban traffic signal scheduling problem formula-
tion are listed as follows:

G (k) The number of vehicles in link i in the time interval k.

fij (k) The exit flow rate from link i to link j in interval k.

A The sampling interval.

L The set of all one-way links.

J The set of all intersections.

w The stage in intersection, which consists of simultaneous traffic light

signals allowing a predefined compatible traffic streams to cross the
intersection simultaneously.

Q) The set of stages in intersection J,] € J.

@J ij C L x L, the set of all streams in intersection J, i.e., (i,]) € @]
means that there exists a traffic stream from link i to link j via
ingersection J.

hy: Q) — P association of each stage to relevant compatible streams.

The following assumptions about a traffic network have been
considered, which is suitable for a deterministic analysis:
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¢ The network entrance and exit models are known.

e The link turning ratios in the network are known.

e Each vehicle inside the network will leave the network, delayed
only by traffic signals.

In our traffic flow model, we consider the following types of
constraints: (1) the stage status constraints, (2) the link volume
dynamic constraints, and (3) the flow dynamic constraints. We aim
to minimize the network-wise delay time. Next, we will describe
each type of constraints and the overall optimization goal one by
one.

1) The Stage Status Constraints
At each time intervalk, there exists only one active stage for an

intersection J, as captured by the following constraints:

(Vo € Q) 0 (k) =0= (¥(i,)) € hy(w)) fij(k)=0 (1a)

Zweg,e”’(k) =1 (1b)

(Vo € Q) (Yk € N)0u (k) € {0,1} (1c)

where 6,, (k) = 0 and 6,, (k) = 1 denote the RED and GREEN traffic
lights associated with stage w respectively, and N denotes the set
of natural numbers. Condition (1a) means that if the stage traffic is
RED, then all relevant flow rates are zero. Condition (1b) indicates
that there can be only one GREEN traffic stage at any time.

2) The Link Volume Dynamic Constraints

Due to the conservation of vehicles, each linkJ € Jhas the fol-
lowing volume dynamics:
G (k+1) =G (k) + (d (k) - 5(k)) A (2a)
(Vk € N)Gj(k) € N (2b)

where d; (k) and s; (k) are entrance and exit flow rates of link jin
time interval krespectively, i.e.:

dj (k) - ZIEE (ij)eYye fU (k)

(k) = (]
5j (k) Ziec:o‘,i)eujey%ﬂl({)

3) The Flow Dynamic Constraints

For the example shown in Fig. 1, d; (k) = f;; (k) and s; (k) = fj; (k).
For each stage w € €2j and each stream (i, j) € h; (w), the exit flow
fij (k) is determined by the current upstream link volume G; (k), the
current remaining downstream link capacity C"] — G (k), where q is
the maximum volume of link j, and the traffic light signals in the

pastr + 1 time intervals 6, (k — 1), ..., 04 (k), i.e.,
fi (k) = g5(Ci (), G = G (K), Oy (k =T), ..., Oy (K) 3)

where gj; (-) is a nonlinear function. The motivation of this model
is that if stage w has been active for the past r intervals, then the
drivers intend to keep a high speed as long as the downstream link
has sufficient capacity to receive the flow. The following method
is employed to define gj (-). Assume that there are r + 1 mono-
tonically non-increasing speed categories: 13 > li]j .> llr, which
denotes speed ranges from high to low. The actual speed category
lij (k) is determined as follows:

I (k) = Z;zosg (P (4a)

0w (k)=0 (4b)

" oop
ZP 0811 (k)

(Vg:0<qg<r—1), (1—9w(k—q—])) Hq 0o (k—p)=18(k)=1 (40)

[[ fotk-p)=1580=1 (4d)
p=0

(Vp:nggr)ég.e {0,1} (4e)

Condition (4b) indicates that if the traffic light of stage w is RED,
i.e., 0, (k) = 0,then Zp 0 u(k) = 0, which by Condition (4a) means
lij (k) = 0,i.e., the speed in the stage w must be zero. If the traffic light
of stage wis GREEN, i.e. 6, (k) = 1, then by Condition (4a), l; (k) can
only choose one speed category because of Zp 0Sij P (k) = 1. Condi-
tions (4c)-(4d) means that the actual speed category depends on
the number of consecutive green light intervals from k backward
in time, the larger the number of consecutive green intervals, the
higher the speed category. There is simple example to explain the
equations from (4a) to (4e). Assume that the system contains 5
speed items (r = 4) in the speed category, i.e., lu’ 111], 112], 13, l4 If the
consecutive green light intervals in one intersection get the number
3,ie,p=r—-341=4-3+1=2, thespeedcategoryBizj (k)=1,all
other items in speed category equal to 0, & (k) = 0. Thus, the

speed category for this intersection is l;; (k) = Zp 085 (k) 1P = l2
For another intersection, if the consecutive green light number is 1
then the vehicles pass this intersection with a speed of 1;; (k) = lf}.
The bigger the consecutive green light number, the higher the speed
category is selected.

After I;; (k) being determined, the link flow rate f; (k) is given as

follows:
fi (k) A = min{hy (k) G (k) I (k) (G = G (k) (5a)
fi(k)A e N (5b)

where |-| means the largest integer not greater than input argu-
ment, and A;; (k) is the turning ratio of vehicles in link i towards
link j at time interval k, which is assumed to be known in advance.
It is clear that Z e L) Uy s Aij(k) =1, each vehicle in link

iwill move to some downstream link j. Condition (5a)-(5b) indi-
cate that the number of vehicles in one time interval, f;; (k) 4, is
the largest integer that is upper bounded by the upstream vol-
ume A;; (k)G (k) of link i and the downstream remaining capacity

fj — G (k) weighted by the speed category I;; (k).
4) Objective Function

The total network-wise delay time within N time intervals can
be estimated as follows:

Z’E’-Zk 1C A ( oy max) erLZk 1 (C 9= lmaxs,(k))

where 7; (k) is the average speed of link i in time interval k, which
can be approximated by the ratio of the exit flow rate s; (k) and the
average link density C; (k) /L;, where L; is the length of link i, due to
the assumption that vehicles in linki are uniformly distributed with
identical speeds, i.e., the acceleration step is negligible. Based on
the Conditions (2a)-(2b), the following formula is used as objective
function for the scheduling purpose [39]:

) N Li
Mmziesz:l <Ci(k)_ ) Zjej(,])eujejd"jfl (k )> 4 (6)

Vi, max
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3. Adiscrete harmony search (DHS) algorithm for UTLSP
3.1. Standard HS

The HS algorithm was inspired by the natural musical perfor-
mance process whereby a musician searches for a better state of
harmony. In the HS, each solution is called a “harmony” which is
a n dimensional vector. The basic single objective HS algorithm is
summarized as given follows:

Step 1: initialization

The harmony vector or a candidate solution is represented asan
dimensional real-valued vector X = {x(l),x(Z), cen x(n)}, where
each element x (k) denotes a decision variable of the optimiza-
tion problem. This step sets parameters and fills the harmony
memory (HM) with a population of initial harmonies (solutions).
Parameters include the harmony memory size (HMS), harmony
memory consideration rate (HMCR), pitch adjustment rate (PAR),
and distance bandwidth (BW). The HM is initialized by randomly
generated solution vectors.Let X; = {xi(l),xi(Z), s xi(n)} rep-
resent the it" harmony vector in the HM, which is generated as
follows:

Xi(j)=LB(j)+ (UB(j)— LB(j))«rand() forj=1,2,and,i=
1,2, ..., HMS (7)where rand() is a uniform random number in the
range of [0,1], LB(j) and UB(j) are the lower and upper bounds of
the decision variable X; (j), respectively.

Step 2: improvising a new harmony

The process of generating a new harmony vector, Xpew, iS
called improvisation. Xuew is produced by applying three rules: a
memory consideration, a pitch adjustment, and a random selec-
tion. First, if a uniform random number rand() in the range of
[0,1] is less than HMCR, the decision variable Xuew (j) is gener-
ated by the memory consideration. Otherwise, Xpew (j) is obtained
by a random selection generated between the lower and upper
bounds of the decision variable x; (j), as shown in Formula (10).
Secondly, each decision variable X;ew (j) will undergo a pitch adjust-
ment with a probability of PAR if it is updated by the memory
consideration. The memory consideration, pitch adjustment and
random selection are given in Eqs. (8),-(10), respectively, as given
follows.

if(rand1() < HMCR)

Xnew () = X (j)

if (rand2() < PAR)

Xnew (,]) = Xnew (J) + l‘al‘ld() x BW

(8)

(9)

else
Xnew (j) = LB (j) + (UB(j) — LB (j)) * rand() (10)

wherei € (1, 2, ..., HMS), X; (j) is randomly selected from HM.

Step 3: updating the HM

TheHM will be updated if Xy is better than the worst harmony
vector (Xy ) in the HM. Thus, Xpe, will replace Xy, and become a
member of the updated HM

Step 4: stopping condition

If a termination criterion (e.g., the maximum number of iter-
ation) is met, return the best harmony vector (Xg) in the HM.
Otherwise, go to Step 2.

Metaheuristic optimization methods have been widely and effi-
ciently applied for solving real-life optimization problems. Indeed,
metaheuristics are inspired by metaphors which are taken from
nature or other phenomena. Therefore, various optimization meth-
ods based on a variety of metaphors have been proposed in the
recent literature. Despite the fact that some of these methods have
been numerically proven in many different fields in terms of reli-
ably and efficiency, some argue against these methods with respect

Fig. 2. Four stages of an intersection.

Table 1

Vector solution generated randomly for nine intersections in one sampling interval.
Intersection Number 1 2 3 4 5 6 7 8 9
Traffic stage H; (k) 2 1 1 3 4 4 2 3 3

to irrelevant metaphors have been raised. Hence, the HS has not
been excluded from such arguments.

Every metaheuristic algorithm shares similarity as well as
uniqueness with the other optimization methods (e.g., evolution-
ary strategy). Also, there is a chance for HS to become a general
form of another algorithm. Thus, for instance, if HS is a special form
of evolutionary strategy (ES), ES can be a special form of genetic
algorithm (GA), and GA can be a special form of HS. Hence, there
is a chance that GA and ES are closer than HS and ES [40]. More
basically, every metaheuristic algorithm contains only two impor-
tant phases which are global search and local search. The key factor
to an algorithm’s success is how efficiently two phases contribute
using certain number of operations (even sometimes different algo-
rithms share the identical operation). In fact, any algorithm can
be survived as long as it is the fittest or at least fitter than oth-
ers instead of being novel. More discussions on HS regarding these
issues (e.g., metaphors and novelty) have been addressed in the
recent literatures [40,41].

In this paper, based on the standard HS algorithm, we propose a
discrete harmony search (DHS) algorithm. Moreover, an ensemble
of local search operators is proposed to improve the neighbour-
ing search performance of the DHS algorithm. The corresponding
contents will be presented in the following sections.

3.2. The proposed DHS

3.2.1. Solution representation

Fig. 2 shows the four stages as acycle in an intersection. Different
stages include different compatible traffic flows. In the fixed cycle
model, the four stages are repeated based on the order 1-2-3-4.
However, in the proposed model, each stage is assigned with a
period in a real-time manner by the network controller instead
of the repetition of cycles. In the proposed DHS algorithm, four
integers, “1”, “2”, “3” and “4”, are used to denote the four stages
shown in Fig. 2. A harmony is employed to represent the stages of
all intersections at one-time window of a traffic network. An exam-
ple of harmony is shown in Table 1. There are nine intersections and
each intersection is assigned one stage. The harmony in Table 1 is
a traffic stage assignment in one sampling interval and the length
of the harmony is equal to the number intersections. Each value
represents an assigned stage of one intersection in one sampling
interval. To evaluate total network-wise delay time of N sampling
intervals, the length of harmony would be N times the number of
intersections.
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Start to improvising new harmony |

Set Sub_HM

| Select harmonies for Sub_HM from HM |

A
Improvising new
harmony randoml

Complete the process for generating new harmonies

Fig. 3. Flow chart for generating new harmony in the proposed DHS.

3.2.2. Improvising new harmonies

In the standard HS algorithm, a new harmony is improvised
from the existing harmonies in HM or randomly, and in each
iteration, only one new harmony is improvised. In this study, a
sub-harmony-memory (sub_HM) based method is proposed to
improvise new harmonies. The size of sub_HM is less than the half
size of HM (HMS). Therefore, the total size of all sub_.HM should be
equal to the HMS. The flow chart for generating a new harmony
is shown in Fig. 3 and the detailed procedure for improvising the
new harmony is shown as follows:

Different with the standard HS, the proposed method gener-
ates a new harmony based on a small harmony memory so called
sub_HM. The purpose of the proposed procedure is to improve the
convergence speed of the HS algorithm. The small harmony mem-
ory size can reduce the search space to improve the performance
of local search and intensify the exploration process in the pro-
posed method, which will be verified in the results and discussion
section. The global search performance can be kept because the
harmonies in the sub_.HM are selected from the HM. Hence, the
proposed method for generating new harmony balances the local
search and global search performances of the DHS algorithm.

3.2.3. Ensemble of local search

In the UTLSP, one intersection is linked to the other intersec-
tions in different directions. Based on the structure of the traffic
network and the coding technique in Section 3.1, three neighbour-
hood structures (Fig. 4) have been proposed and the corresponding
local search operators have been developed as follows.

The first neighbourhood structure is for one intersection and
the traffic light signals are from all sampling intervals in one sim-
ulated time window. For example, the simulation time is 60s and
the sampling interval time is 15 s. Hence, there are four traffic light
signal samplings. One intersection would have four signals in 60 s
simulated time window. As shown in Fig. 4A, n is equal to 4 and
intersection i has four traffic signals. The second neighbourhood
structure is related to the multiple connected intersections in the
same direction and the traffic light signals of these intersections are
selected from one randomly sampling interval among all sampling
intervals. Fig. 4B presents the traffic light signals of 3 connected
intersections (i-k) in one time interval. The third neighbourhood
structure is related to one sub-region of the whole traffic network
and the traffic light signals are selected from one randomly sam-
pling interval among all sampling intervals. Fig. 4C shows the traffic
light signals of one sub-region with four intersections (a-d) in one
sampling interval.

Procedure: Improvising new harmony
Set sub_HM and sub_HM is less than half of HMS.
Fori=0to HMS
For j = 0 to sub_HMS
Randomly select two harmonies H; and H, from the HM

If (r1 < pl) //r1 € [0,1] and p1 is the probability to select the best harmony between H; and H,.
If the fitness of Hyis better than that of H,, H; € sub_HM;else H, € sub_HM.

Else

If the fitness of Hjis better than that of H,, H, € sub_HM; else H; € sub_HM.

End if
End for
For j = 0 to sub_HMS
Ifr <HMCR //r € [0,1].
For k = 0 to length of H
If r2 < PAR) // 2 € [0,1].
H}lcew = ij
Else // Select element from H;,, in HM
H’r’few = Hj";—l

Compare the new harmony H,.,, and harmony H;,, in the HM.
If the fitness of Hyey, is better than that of Hj, 1, Hyey replaces Hjy, in HM.
Else
Improvising new harmony randomly to replace the current one.
Calculate the objective values of the new harmony.
End if
End for
i=1i+sub_HMS
End for
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Three local search operators are proposed for the above three
neighbourhood structures. For one harmony in the DHS algorithm,
the local search operators are employed to search the neighbour-
ing space of the harmony. To integrate the three neighbourhoods
together, an ensemble of local search operators is proposed to
improve the performance of the local search. The flow chart of
the ensemble is shown in Fig. 5 and the detailed procedure of the
ensemble is shown as follows:

3.2.4. Procedure of the proposed DHS algorithm

Besides the novel method for improvising a new harmony and
the ensemble of local search operators, we utilized a mechanism
inspired by the artificial bee colony (ABC) algorithm [42] to avoid
one solution falling into local extremal. Therefore, a limit iteration
number (LIN) as a parameter is set. If the objective of one harmony

Procedure: Ensemble of local search operators
R is a random integer number between zero to two
If (R ==0)
Select one intersection i in one harmony H
For k=1 to N //N is the number of sampling intervals
Select a traffic stage for H;(k) randomly
End for
Else
If(R==1)
Select one sampling interval s; in one harmony H
Select K connected intersections at sample interval s; of harmony H
Fork=1to K
Select a traffic stage for H5! (k) randomly
End for
Else
Select one sampling interval s; in one harmony H
Select one sub-region with M intersections at sample interval s; of harmony H
For k=1 to M
Select a traffic stage for H!(k) randomly
End for
End if
End if
Get new solution H'
Evaluate the objective value of H'
If H' is better than H
Replace H using H'
Else
Remain H
End if

This ensemble of local search operators is defined to find neigh-
bouring solutions of one harmony. In each iteration of the DHS
algorithm, the ensemble is executed for each harmony to find better
solutions in the neighbouring space. The three neighbour structures
are selected with the same possibilities to improve the performance
of the DHS algorithm in order to intensify the exploitation.

cannot be improved in LIN iterations, the harmony will be given
up and a new harmony will be generated to replace the current
harmony. Based on the LIN mechanism and the ensemble of local
search operators, the DHS algorithm can balance the exploration

L

Intersection i

Y

Sampling interval 2

L

Intersection i

—

Intersection i

—

Sampling interval n

A. Neighbourhood structure (1)

Interséction j Intersection &

SR N

Intersecti Intersection b
ne:rsecmra | nqrqec1|or1

|
e
Intersection ¢ ntersectlon d

B. Neighbourhood structure (2)

C. Neighbourhood structure (3)

Fig. 4. Three neighbouring structures of traffic network.
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| Generating one random integer R in [0, 2] |

R=0 R=1 R=2
v v v

Neighboring structure 1is Neighboring structure lis
selected for local search selected for local search selected for local search

operator operator operator

! ' y

A4

Neighboring structure lis

| Obtain and evaluate new solution |

Better than the
current one

| Replace the current solution |

Remain the
current solution
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and exploitation performance. To clearly show the process of DHS,
the framework of the DHS algorithm is given as shown in Fig. 6.

4. Experiment evaluations and comparisons
4.1. Experimental setup

To evaluate the performance of the proposed DHS algorithm,
experimental evaluations and comparisons are conducted. Two sets
of traffic light scheduling cases are generated based on the real-life
traffic data in Singapore. The first set consists of eight cases with

a time window of 30s. Accordingly, the second set includes eight
cases with a time window of 60 s. The scales of cases are from 3 x 3,
nine intersections to 10 x 10, one hundred intersections. The pro-
posed DHS algorithm is coded in C++ and run on an Intel 3.40 GHz
PC with 8 GB memory. Based on our research experience and sug-
gested initial parameters in the literature [43,44], the HMS and
the maximum number of iteration, respectively, are set to 50 and
1000, HMCR value of 0.95, PAR value of 0.5 and the size of Sub_HM
of 10 have been selected as initial parameters used in HS and its
variants. All experiments are carried out with 30 independent repli-
cations.

For the UTLSP, the sampling time is an important parameter in
the model. It decides how many intervals in one-time window and
how many times to set the traffic light signal for each intersection.
For instance, if the sampling time is set to 5, the interval number
in 60s time window is 12. If the sampling time is set to 10s, the
corresponding interval number would be 6. Hence, the length of
sampling time would affect the optimal value of the network-wise
total delay time. Based on the characteristics of UTLSP, the sam-
pling time is set to different values (i.e., 5, 10 15, 20, and 30) to
test the influences of the sampling time on the network-wise total
delay time. The case with the largest scale (i.e., 100 intersection)
in Set two is solved with five sampling time values. For each value,
the concerned case is solved 30 repeats and the minimum value
and average value of the total delay time are computed. The cor-
responding results are shown in Fig. 7. It is clear that the applied
case has the best minimum and average results in 30 runs when
the sampling time is set to 15s. Hence, the sampling time is set to
15 s for all the following experiments.

For the DHS algorithm, the user parameter LIN is inspired by
ABC algorithm to avoid the algorithm falling into local optimal. To
test the influences of LIN for algorithm’s performance, the LIN is set
to three values (i.e., 20, 50, and 100) for solving the case with the
largest scale in set two. For each LIN value, the algorithm runs 30
repeats and the minimum value and average value of the total delay
time are reported. The corresponding results are shown in Fig. 8. It
is clear that the case has the best minimum and average results in
30 runs when the LIN number is set to 50. Hence, the value of LIN
is set to 50 for all the following experiments.

Besides of the total delay time results of the whole traffic net-
work, the relative percentage deviation (RPD) has been calculated
over the minimum and average results in 30 repeats obtained by
each compared algorithm for each case. The formula to compute
the RPD is shown as follows:

RPD(k):Mxloo (11)
Rrcs

where, Rrcs is the result by the fixed cycle traffic light control sys-
tem (FCS) in Singapore which assigns dynamic time ranges for each
stage, R, is the result by the k" compared algorithm. In the compar-
ison results, also the average relative percentage deviation (ARPD)
of each algorithm has been computed for each case in each set. For
all compared algorithms, the smaller RPD and ARPD values mean
the better performance of corresponding algorithms.

Based on the aforementioned experimental setup, we will com-
pare the standard HS algorithm with the DHS algorithm in Section
4.2.In Section 4.3, we will discuss the performance of the DHS algo-
rithm with and without local search operators and ensemble of
local search operators.

4.2. Comparisons of standard HS and DHS

In this section, the standard HS and DHS algorithms have been
compared with the FCS. For sixteen cases in two sets, the results
of the network-wise total delay time are calculated. The minimum
(Min) values and average (Ave) values of results in 30 repeats are
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Table 2

Comparisons of standard HS and DHS for eight cases with 30's time window in set one.

Case FCS (s) Standard HS (s) DHS (s) RPD (%)-Standard HS RPD (%)-DHS
Min Ave Min Ave Min Ave Min Ave

3x3 9534 8490 8625 8325 8325 -11.0 -9.5 -12.7 -12.7
4x4 16,609 15,045 15,570 14,175 14,175 -94 -6.3 -14.7 -14.7
5x5 24,122 21,645 22,350 19,740 19,740 -10.3 -7.3 -18.2 -18.2
6x6 33,781 29,940 31,200 26,895 26,910 -11.4 -7.6 -204 -203
7x7 44,666 41,520 42,855 35,820 35,880 -7.0 -4.1 -19.8 -19.7
8x8 58,007 54,285 55,020 46,845 46,845 -6.4 -5.2 -19.2 -19.2
9x9 72,960 68,895 70,140 59,115 59,130 -5.6 -39 -19.0 -19.0
10x 10 89,704 84,480 85,230 71,835 71,910 -5.8 -5.0 -19.9 -19.8
ARPD (%) -84 -6.1 —-18.0 -17.9

counted. Compared to the FCS, the RPD values of the Min and Ave
results are obtained from standard HS and DHS algorithms, respec-
tively. For the two concerned sets, we also compute the ARPD.
Table 2 shows the total delay time and RPD values for the eight
cases with 30's time window while

Table 3 shows the corresponding results and RPD values for the
eight cases with 60 s time window.

It can be seen from Tables 2 and 3 that the standard HS algorithm
is able to obtain results of the total delay time objective better than
the FCS for sixteen cases in two sets. The Min and Ave results by
the standard HS algorithm are smaller than those by the FCS. For
the eight cases in set one, the RPD values of the Min and Ave results
by the standard HS algorithm are from —5.6% to —11.4% and from
—3.9% to —9.5%, respectively. For the eight cases in set two, the RPD
values of the Min and Ave results by the standard HS algorithm
are from —5.6% to —11.4% and from —3.9% to —9.5%, respectively.
The ARPD values of both Min and Ave results by the standard HS
algorithm are —8.4% and —6.1%, respectively. Hence, the standard

HS algorithm has better performance than the FCS for traffic light
control.

Compared to the standard HS algorithm, the DHS algorithm
offers better Min and Ave results of the total delay time for all
cases in two sets. The RPD values of the Min and Ave results by
the DHS algorithm are also better than those by the standard HS
algorithm. For eight cases in set one, the ARPD values of the Min
and Ave results by the DHS algorithm (-18.0%, —17.9%) are better
than those (i.e., —8.4% and —6.1%) by the standard HS algorithm. For
eight cases in set two, the ARPD values of the Min and Ave results by
the DHS algorithm (i.e., —31.0% and —30.3%) are better than those
(i.e., —21.7% and —21.8%) by the standard HS algorithm. Hence, the
DHS algorithm is more competitive than the standard HS algorithm
for UTLSP.

Besides the total delay time results and the RPD values obtained
by the standard HS and DHS algorithms, we also record the compu-
tational time of the standard HS and DHS algorithms. The average
computational times of the standard HS and DHS algorithms for all
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Table 3

Comparisons of standard HS and DHS for eight cases with 60 s time window in set two.

Case FCS (s) Standard HS (s) DHS (s) RPD (%)-Standard HS RPD (%)-DHS
Min Ave Min Ave Min Ave Min Ave
3x3 26,456 22,230 22,740 20,265 20,280 -16.0 —-14.0 —-234 —-233
4x4 44,576 39,810 40,515 32,910 33,045 -17.3 -184 -26.2 -25.9
5x5 66,846 57,810 59,415 45,195 45,720 -21.8 -23.0 -324 -31.6
6x6 93,471 81,450 82,590 61,785 62,265 -24.1 -24.6 -33.9 -334
7x7 121,887 107,430 109,275 80,970 81,705 -24.6 -25.2 -33.6 -33.0
8x8 158,442 139,920 141,915 105,630 106,530 -24.5 -249 -333 -32.8
9x9 199,707 175,470 176,685 134,100 136,830 -23.6 -22.6 -329 -31.5
10x 10 244,812 211,410 216,135 165,855 169,200 -21.5 -21.7 -32.3 -30.9
ARPD (%) -21.7 -21.8 -31.0 -30.3
Table 4

The computation time (second) of standard HS and DHS algorithms for sixteen cases
in two sets.

Case 30 time window 60 time window
Standard HS (s) DHS (s) Standard HS (s) DHS (s)

3x3 0.230 0.192 0.443 0.354
4 x4 0.356 0.279 0.705 0.537
5x5 0.542 0.387 1.031 0.709
6x6 0.706 0.505 1.445 0.972
7x7 0.945 0.640 1.972 1.240
8x8 1.179 0.851 2.450 1.608
9x9 1.550 1.024 3.425 2.112
10x 10 1.823 1.347 4.182 2.642

cases are shown in Table 4. By observing Table 4, computational
time of standard HS and DHS algorithms are less than 2 s for eight
cases with 30s time window while the corresponding computa-
tion times for the cases with 60 s time window are less than 4.2s.
Therefore, the DHS algorithm shows some superiority in term of
computational time for the same case. For instance, the average
computational time of the standard HS is 4.182s for the largest
case (i.e., 100 intersections) with 60 s time window, while the cor-
respond consumed time of DHS algorithm is 2.642 s. It means that
the computational time of DHS algorithm is more satisfying for the
practical situations of UTLSP.

In summary, the HS algorithm as a meta-heuristic can efficiently
solve the UTLSP with better performance than the current FCS and
its competitiveness is more obvious with the increasing of the time
window (30s in Set one and 60s in Set two). The proposed DHS
algorithm can considerably improve the results over the standard
HS algorithm. Indeed, the computational time of the standard HS
algorithm and the DHS algorithm are reasonable for real-life UTLSP.

4.3. DHS with ensemble of local search operators

To further improve the performance of the DHS algorithm, three
neighbourhood structures and an ensemble of local search opera-
tors for the three neighbourhoods are proposed in Section 3.2.3.
In this section, the performance of five algorithms, DHS, DHS with
each of three local search operator (DHS_Local1l, DHS_Local2, and
DHS_Local3), and DHS with ensemble (DHS_Ensemble) have been
examined. The optimization results for the eight cases in Set one
are shown in Table 5, while the corresponding results for the eight
cases in set two are shown in Table 6. For each case, the best Min
results and best Ave results by all compared algorithms highlighted
in bold. The ARPD values have been compared among the all opti-
mizers. The ARPD values for the eight cases in set one are shown in
Fig. 9 while the corresponding results for the eight cases in Set two
are shown in Fig. 10.

It can be seen from Table 5 that the DHS and DHS_Local3 algo-
rithms could just obtain the best Min and Ave results for only

one case (i.e., Case 3 x 3, nine intersections) out of eight cases in
Set one. The DHS_Local1 algorithm obtained the best Min results
for five out of eight cases and the best Ave results for six out of
eight cases, while the DHS_Local2 algorithm found the best Min
results for seven out of eight cases and the best Ave results for
three out of eight cases. Compared to the DHS and DHS with single
local search operator, DHS_ensemble algorithm could attain better
results. For eight cases in set one, DHS_ ensemble could find the
best Min results and the best Ave results for all cases except Case
7 x 7 (i.e., forty-nine intersections). It can be seen from Fig. 9 that
the DHS_Local1, DHS_Local2, and DHS_Ensemble algorithms could
considerably improve the ARPD values by DHS algorithm. As a con-
clusion, among the three algorithms, DHS_Ensemble has obtained
the best ARPD value for the eight cases in Set one.

However, it can be seen from Table 6 that the DHS and
DHS _Local3 algorithms could not get the best Min and Ave results
for any case. The DHS Locall algorithm obtained the best Min
results for three out of eight cases and the best Ave results for
two out of eight cases, while the DHS_Local2 algorithm found the
best Min results and the best Ave results for two out of eight cases.
Compared with the DHS and DHS with single local search oper-
ator, DHS_ ensemble algorithm could obtain much better results.
For eight cases in set two, the DHS_ ensemble could attain the best
Min results and the best Ave results for all cases except Case 5 x 5
(i.e., twenty-five intersections). It can be seen from Fig. 10 that
the DHS_Local1, DHS_Local2 and DHS_Ensemble algorithms could
considerably improve the ARPD values versus the DHS algorithm.
However, the comparison among the three algorithms shows the
superiority of DHS_Ensemble in term of the best ARPD value for all
cases in Set two.

Based on the given comparisons and discussions, it can be
concluded that the DHS_Local3 algorithm has not shown any
obvious advantage with respect to the DHS algorithm. The
DHS_Locall, DHS_Local2, and DHS_Ensemble algorithms could
distinctly improve the results obtained by the DHS, and the
DHS_Ensemble algorithm has the best performance among the
three algorithms. The computational time of DHS and four variants
are tabulated and shown in

Table 7 Compared to the DHS algorithm, the computational time
of DHS with local search operators and ensemble are almost the
same. It is worth mentioning that compared with the sampling
interval time (i.e., 15s), all considered algorithms can satisfy the
real-life UTLSP.

For the cases in Set one, the ARPD values for Min and Ave
results by DHS are —17.97% and —17.93%, respectively, while the
corresponding values obtained by the DHS_Ensemble algorithm
are —18.26% and —18.23, respectively. Compared to the DHS, the
DHS_Ensemble algorithm could improve the Min and Ave results
by 0.29% and 0.30%, respectively. For the cases in Set two, the cor-
responding improvements for the Min and Ave results are 2.00%
and 2.51%, respectively. Hence, compared to the DHS algorithm,
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Comparisons of DHS and DHS with ensemble for eight cases with 30 s time window.

Case DHS (s) DHS_Ensemble (s) DHS_Local1 (s) DHS_Local2 (s) DHS_Local3 (s)
Min Ave Min Ave Min Ave Min Ave Min Ave
3x3 8325 8325 8325 8325 8325 8325 8325 8325 8325 8325
4x4 14,175 14,175 14,160 14,160 14,160 14,160 14,160 14,160 14,175 14,175
5x5 19,740 19,770 19,650 19,650 19,650 19,650 19,650 19,740 19,740 19,830
6x6 26,910 26,910 26,835 26,835 26,835 26,835 26,835 26,835 26,895 26,910
7x7 35,820 35,850 35,715 35,730 35,715 35,715 35,700 35,745 35,895 35,895
8x8 46,845 46,875 46,590 46,590 46,590 46,590 46,590 46,680 46,845 46,845
9x9 59,115 59,145 58,725 58,755 58,860 58,980 58,920 59,010 58,995 59,130
10x 10 71,835 71,880 71,445 71,580 71,520 71,595 71,445 71,685 71,715 71,805
Table 6
Comparisons of DHS and DHS with ensemble for eight cases with 60 s time window.
Case DHS (s) DHS_Ensemble (s) DHS_Local 1 (s) DHS_Local 2 (s) DHS_Local 3 (s)
Min Ave Min Ave Min Ave Min Ave Min Ave
X » » ’ ’ il il » il » "
3x3 20,235 20,295 20,100 20,160 20,100 20,160 20,100 20,160 20,220 20,340
4x4 32,910 32,940 32,835 32,835 32,880 32,880 32,880 32,940 32,940 33,180
5x5 45915 46,140 45,165 45,180 45,060 45,180 45,045 45,165 45,090 45,330
6x6 62,010 62,790 60,450 60,630 60,450 60,930 60,960 61,290 61,995 62,580
7x7 81,240 82,785 77,925 78,420 78,990 79,245 78,915 79,305 79,635 80,790
8x8 105,765 106,950 100,710 100,935 100,800 101,205 101,415 101,880 104,610 105,540
9x9 133,635 136,155 128,040 129,210 128,820 129,390 129,090 130,425 131,265 132,705
10x 10 164,550 167,430 155,235 155,850 155,235 155,850 156,015 157,560 160,500 163,500
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Table 7
The computational time (second) of DHS and DHS with three local search operators and ensemble.
Case 30s 60s
DHS DHS_Ensemble DHS_L1 DHS_LI2 DHS_L3 DHS DHS_Ensemble DHS_L1 DHS_L2 DHS_L3
3x3 0.19 0.30 0.32 0.31 0.30 0.35 0.49 0.50 0.48 0.49
4x4 0.28 0.42 0.43 0.44 0.43 0.54 0.72 0.72 0.71 0.72
5x5 0.39 0.58 0.58 0.58 0.57 0.71 1.01 1.03 1.00 0.99
6x6 0.51 0.76 0.75 0.76 0.74 0.97 1.37 1.38 1.33 1.33
7x7 0.64 0.97 0.94 0.97 0.96 1.24 1.79 1.78 1.76 1.77
8x8 0.85 1.19 117 1.21 1.18 1.61 231 2.21 2.23 2.22
9x9 1.02 1.48 1.47 1.50 1.45 2.11 2.92 2.80 2.85 2.80
10x 10 135 1.77 1.72 1.83 1.72 2.64 3.65 3.47 3.70 3.49
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Fig. 12. The schematic view of the best results for 3 x 3 with 30 s time window.

the DHS_Ensemble algorithm proves a greater advantage with the
increasing of the time window (30s in Set one and 60s in Set
two). Regarding the reduction history, the convergence curves
of three algorithms for the largest case (i.e., 100 intersections
and 60 time window) is shown in Fig. 11. It is clearly that the
DHS_Ensemble algorithm has a better convergence rate and better
solution quality with respect to the DHS and standard HS algo-
rithms. For further clarify and to show the best results by the DHS
with ensemble, the schematic views of two instances (i.e., Case
3 x 3 with 30 and 60s simulation time windows) are depicted in
Figs. 12 and 13.

4.4. Null hypothesis significance testing

To appropriately evaluate the performance of the reported opti-
mizers, two quality indicators are utilized in this paper. The first one
is the value-based method which is the solution quality in terms
of two performance metrics including the minimum and average
total delay time.

The second metric is the nonparametric statistical methods,
which have been suggested by different methodologies in the lit-
erature. In this paper, the Friedman test which is a nonparametric
statistical test with o value of 0.05 (level of significance) is used to
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Fig. 13. The schematic view of the best results for 3 x 3 with 60 s time window.

Table 8
Statistical optimization results for eight cases with 30's time window.

Case Standard HS (s) DHS (s) DHS_Ensemble (s) P-value (@ =0.05)
Min Ave Min Ave Min Ave
3x3 8490 8625 8325 8325 8325 8325 2.55e-17
4x4 15,045 15,570 14,175 14,175 14,160 14,160 1.89e-17
5x5 21,645 22,350 19,740 19,740 19,650 19,650 6.56e-17
6x6 29,940 31,200 26,895 26,910 26,835 26,835 1.96e-17
7x7 41,520 42,855 35,820 35,880 35,715 35,730 1.77e-17
8x8 54,285 55,020 46,845 46,845 46,590 46,590 2.66e-17
9x9 68,895 70,140 59,115 59,130 58,725 58,755 3.37e-17
10x 10 84,480 85,230 71,835 71,910 71,445 71,580 4.69e-17

distinguish the differences among the reported algorithms. Table 8
shows obtained statistical optimization results along with the p-
value test using the applied optimizers for different cases with the
time window of 30s.

Based on the obtained statistical optimization results as shown
in Table 8, the DHS_Ensemble represents better statistical results in
terms of the minimum and average total delay time. Also, looking at
the obtained p-value using the Friedman test for each experiment,
the same conclusion can be obtained. The p-value is a measure of
how unusual the value of the test statistic is given that the null
hypothesis is true. Here, the hypothesis is that there is no differ-
ence in the average costs of the algorithms. The null hypothesis
is rejected when the p-value turns out to be less than a predeter-
mined significance level. The p-value is a number between 0 and
1, and for 95% confidence level it is interpreted in the following
way:

a) A small p-value (typically <0.05) indicates strong evidence
against the null hypothesis, so the null hypothesis is rejected.

b) Alarge p-value (>0.05) indicates weak evidence against the null
hypothesis, so it is failed to reject the null hypothesis.

c) p-values very close to the cut off (0.05) are considered to be
marginal (could go either way).

The p-values obtained from the optimization results given in
Table 8 are significantly smaller than the predefined o, which
indicates the null hypothesis is rejected at 95% confidence level,
meaning that the mean values of total delay time of three algo-
rithms are not the same. In fact, using the Friedman test, there
is significance in terms of statistical results using the applied
optimizers and it shows that at least one optimization method
(i.e., DHS_Ensemble) performs better than the others. Accordingly,
Table 9 tabulates the statistical optimization results accompanied
with p-value obtained by Friedman test for all considered cases
with the time window of 60 s.

By observing Table 9, it can be seen that, in terms of statisti-
cal optimization results (value-based method), the DHS_Ensemble
method shows better performance compared with other optimiz-
ers in this paper. The reported p-values using the Friedman test for
all considered cases (60 s time window) are considerably smaller
than the predefined significance value (see Table 9), therefore, the
null hypothesis is strongly rejected at the 95% confidence level, and
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Table 9
Statistical optimization results for eight cases with 60 s time window.

Case Standard HS (s) DHS (s) DHS_Ensemble (s) P-value («=0.05)
Min Ave Min Ave Min Ave
3x3 22,230 22,740 20,265 20,280 20,100 20,160 5.89e-17
4x4 39,810 40,515 32,910 33,045 32,835 32,835 1.20e-16
5x5 57,810 59,415 45,195 45,720 45,165 45,180 5.83e-13
6x6 81,450 82,590 61,785 62,265 60,450 60,630 9.51e-17
7x7 107,430 109,275 80,970 81,705 77,925 78,420 1.56e-16
8x8 139,920 141,915 105,630 106,530 100,710 100,935 1.61e-16
9x9 175,470 176,685 134,100 136,830 128,040 129,210 1.87e-16
10x 10 211,410 216,135 165,855 169,200 155,235 155,850 1.99e-16

there is significance difference among the attained optimization
results.

5. Conclusions and future works

In this study, a centralized urban traffic light scheduling problem
(UTLSP) is described. A discrete harmony search (DHS) algorithm
has been proposed to minimize the network-wise delay time within
a fixed time horizon. To improve the DHS algorithm’s performance,
a novel new harmony improvising method and a mechanism to
limit iteration numbers have been proposed. The improved DHS
algorithm aims to balance the exploration and exploitation perfor-
mances. Three neighbourhood structures and corresponding local
search operators have been utilized based on the feature of the
UTLSP. Moreover, an ensemble of local search operators has been
proposed to integrate three local search operators. In the exper-
iment section, the DHS algorithm has been used to solve sixteen
cases generated from real-life traffic data in Singapore. The DHS
algorithm and its variants with and without local search opera-
tors and ensemble have been compared to the fixed cycle traffic
light control system (FCS) to show the effectiveness of the pro-
posed methods. The comparisons and discussions have shown that
the HS algorithm as a meta-heuristic has a better performance than
the FCS. Indeed, the proposed DHS algorithm could considerably
improve the results of the standard HS algorithm, and the DHS with
ensemble has been proved to achieve the best performance among
those achieved by other variants for the UTLSP.

As the future studies, we will extend our work in the following
directions: 1) to improve the proposed traffic network flow model
by considering more real-time constraints and including event-
driven features to well capture drivers’ decision processes - the
latter makes it possible to bring the discrete-event system theory
in the traffic light scheduling framework with all sorts of advanced
modelling techniques as illustrated in, e.g., [45-47]; 2) to explore
more efficient scheduling algorithms which are able to tackle both
high computational complexity and uncertainties.
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