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The scheduling problem with controllable processing times (CPT) is one of the most important research topics in the scheduling
field due to its widespread application. Because of the complexity of this problem, a majority of research mainly addressed
single-objective small scale problems. However, most practical problems are multiobjective and large scale issues. Multiobjective
metaheuristics are very efficient in solving such problems. This paper studies a single machine scheduling problem with CPT for
minimizing total tardiness and compression cost simultaneously. We aim to develop a new multiobjective discrete backtracking
search algorithm (MODBSA) to solve this problem. To accommodate the characteristic of the problem, a solution representation is
constructed by a permutation vector and an amount vector of compression processing times. Furthermore, two major improvement
strategies named adaptive selection scheme and total cost reduction strategy are developed. The adaptive selection scheme is used
to select a suitable population to enhance the search efficiency of MODBSA, and the total cost reduction strategy is developed to
further improve the quality of solutions. For the assessment of MODBSA, MODBSA is compared with other algorithms including
NSGA-II, SPEA2, and PAES. Experimental results demonstrate that the proposed MODBSA is a promising algorithm for such

scheduling problem.

1. Introduction

The scheduling problem with controllable processing times
(CPT) has received increasing attention in manufacturing
fields. The CPT denotes that operation duration of a job
can be compressed or expanded by adjusting the available
resources like fuel, equipment, manpower, and so on [1-
4]. Most classical scheduling problems assume that the job
processing times are constant values. However, this assump-
tion sometimes violates practical production. We can observe
that job processing times are controllable in some cases.
For example, in the chemical industry, the processing times
of a chemical substance can be compressed by catalyzer or
expanded by inhibitor, which requires additional costs [5]. In
the CNC manufacturing industry, the job processing times
can be controlled by adjusting the cutting speed or the feed
rate, which also entails more costs [6, 7]. Therefore, the
consideration of CPT in scheduling problems may be more
applicable for some manufacturing systems.

This paper studies a single machine scheduling problem
with CPT (SSPWCPT) for the following reasons: it fills
the gap where a multiobjective evolutionary approach for
the large scale SSPWCPT with multiple criteria has been
rarely reported. Most existing methods to deal with single-
objective SSPWCPT can be classified into two categories,
namely, exact and approximate approaches. Exact approaches
like branch and bound algorithm have been successfully
applied to small scale SSPWCPT. Unfortunately, the exact
methods are incapable of solving large scale SSPWCPT. On
the contrary, the approximate approaches can solve large
scale SSPWCPT within an acceptable time. It is therefore
important to conduct a study on efficiency and effectiveness
of approximate algorithms for this studied problem. However,
purely single-objective SSPWCPT cannot fully reflect the
requirements of the real-world scheduling applications. Thus,
the problem considers two important criteria, namely, total
tardiness and total compression cost. The two objectives are
widely accepted in single machine with CPT because they
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can affect satisfaction of customer and profits of enterprise.
One straightforward strategy for addressing the multiobjec-
tive optimization problem (MOP) is to combine multiple
objectives into a scalar function by giving fixed weights to
each objective function [8]. Nevertheless, in most practical
scheduling problems, multiple criteria are usually in conflict
with each other [9-11]. In addition, the objective weight
is difficult to determine due to different objective scales.
Therefore, it is better to handle multiple objectives with
knowledge about Pareto dominance. Pareto-based multi-
objective evolutionary algorithm (MOEA) is suitable for
solving multiobjective scheduling problems since it can yield
nondominated solutions in a single run [4, 12, 13].

Recently, backtracking search algorithm (BSA) [14] is a
promising method for solving single-objective scheduling
problem due to its high convergence speed and ease of
implementation. The core idea of BSA is that dual population
is utilized to search for an optimal solution during search
process. Based on the effectiveness of BSA and characteristics
of the MOP, a novel multiobjective discrete backtracking
search algorithm (MODBSA) is proposed to solve this mul-
tiobjective SSPWCPT. Although multiobjective backtracking
search algorithm has been developed, it is mainly used to
address continuous optimization problems [15]. The main
reason for adopting this MODBSA is that the problem under
study is NP-hard [16] and BSA has been demonstrated to be
an effective approach for solving this category of problem
[17,18]. Furthermore, dual population in BSA can be utilized
to store information of different population for keeping
diversity of population. In addition, to the best of the authors’
knowledge, there exists no research about multiobjective BSA
in the field of scheduling problem in literature. These reasons
drive us to develop an efficient multiobjective algorithm
based on BSA for this discrete optimization problem.

To achieve good performance of the proposed algorithm
on SSPWCPT, several strategies of this method are developed.
According to the characteristic of the addressed problem,
the proposed MODBSA uses a two-part encoding scheme.
The first part represents the job permutation and the second
one denotes the amount of compression processing times of
job. Moreover, an adaptive scheme is proposed to select a
suitable population for enhancing search efficiency. Mean-
while, a total cost reduction strategy is proposed to improve
convergence toward the efficient solution.

The remainder of the paper is organized as follows. In
Section 2, some relevant work is described. In Section 3,
a definition of the studied problem is stated. In Section 4,
the proposed MODBSA for the SSPWCPT is elaborated. The
experimental results of the proposed MODBSA are presented
and analyzed in Section 5. Conclusions and future work are
given in Section 6.

2. Literature Review

The SSPWCPT has been extensively studied since Vickson
[19] initiated the CPT in a single machine scheduling prob-
lem. However, most single-objective methods or weighted
sum methods have been used to solve SSPWCPT in previous
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literature. For example, Janiak and Kovalyov [20] addressed
the SSPWCPT with deadlines and processing time which
was a linear decreasing function of the amount of com-
pression. They proposed an O(nlogn) algorithm for small
scale cases with the objective to minimize the total resource
consumption. Shabtay and Kaspi [21] considered a single
machine scheduling problem for minimizing total weighted
completion time. They presented and analyzed some special
cases that were solvable by using polynomial time algorithms.
They also gave some heuristic algorithms and a dynamic
programming for the general case. Kayan and Akturk [6]
studied a bicriteria scheduling problem on a single CNC
machine. They proposed an exact algorithm and four heuris-
tic methods to find a set of discrete points to approximate the
continuous trade-off curve on small scale problem. Cheng
et al. [22] considered a single machine scheduling problem
where both job processing times and release dates were
controllable. They proposed an O(n*) algorithm to solve this
problem for minimizing the sum of makespan and the total
compression cost. Yin and Wang [23] presented a heuristic to
address a single machine scheduling problem with CPT and
learning effect. The objective of this problem is to minimize
a cost function including makespan, total completion, and
total absolute differences in completion times. Xu et al. [24]
proposed a polynomial time algorithm of O(n*) for this small
scale problem with the objective of minimizing the total
tardiness. Tseng et al. [25] proposed a net benefit compression
(NBC) heuristic to minimize total tardiness plus compression
cost on a SSPWCPT. Kayvanfar et al. [26, 27] extended
the work of Tseng et al. [25] by designing a net benefit
compression-net benefit expansion (NBC-NBE) algorithm.
Yedidsion et al. [28] proved the complexity of a single
machine scheduling problem with CPT for several related
criteria. Yin et al. [29] addressed a single machine batch
delivery scheduling problem with an assignable common due
date and CPT. They provided an O(n’) dynamic program-
ming algorithm and developed an O(nlogn) algorithm to
find the optimal solution for minimizing a cost function
consisting of earliness, tardiness, job holding, and due date
assignment. Nearchou [8] considered this SSPWCPT and the
objective of this problem was to minimize total weighted
completion time plus the compression cost. Several single-
objective population-based metaheuristics were adopted to
solve this problem. Giglio [30] considered a class of single
machine family scheduling problems, characterized by unre-
liable behavior of the machine, CPT, sequence-dependent
setups, and due dates. The objective of this problem is to
minimize the sum of the total weighted tardiness, the total
weighted consumption cost, and the total setup cost. He
proposed a dynamic programming approach to solve this
problem. A survey on scheduling with CPT was provided
by Shabtay and Steiner [31]. In this paper, we only consider
the single machine scheduling problem with CPT; thus, the
scheduling problems in other environment are not reviewed.

As stated previously, the main criterion of most research
is a single-objective or combined objective with the weighted
sum approach. However, multiobjective scheduling problem
should be the trend for the real-life scheduling production in
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the future. The majority of the previous research is focused
on heuristics for addressing small scale problems. How-
ever, the research on addressing the studied problem using
metaheuristics is relatively scarce. In fact, metaheuristics are
very efficient in solving such type of large scale scheduling
problems. To the best of authors’ knowledge, efficient MOEAs
based on BSA have not yet been applied to SSPWCPT in the
previous literature. Thus, the motivation of this study from
a theoretical perspective is to develop an efficient MOEA for
minimizing both total tardiness and total compression cost
on SSPWCPT. Nevertheless, the no free lunch theory implies
that algorithm’s performance is sensitive to the problem
considered. Therefore, we should develop a more efficient
MOEA than other high-performing metaheuristics if some
characteristics of the problem as well as some techniques are
considered.

3. Problem Formulation

The scheduling problem under study can be described as
follows. A set of n independent jobs is available at time zero
on a single machine. One machine can process at most one
job at a time and job preemption is not allowed. Each job has
anormal discrete processing time. The normal job processing
times can be compressed by allocating additional resources,
which entails compression cost. Assume that resources can
only be assigned in discrete quantities and the job with
normal processing time incurs no extra cost.

The parameters and decision variables used throughout
the paper are as shown in the Notations.

The problem is an extension of the scheduling problem
with the fixed processing time [32]. It can be defined as
a multiobjective mathematical model for minimizing total
tardiness and total compression cost simultaneously, which
is formulated as follows:

min f; = ZT]-
=1

@)
n
min f2=ch-xj
=1
Subject to My +S; = (px = %) = Sis
2)
hk=1,...,n, j<k
M (1= yp) +Sc—(pj—x;) 2 S5 )
hk=1,...,n, j<k
m;=2x; j=1L...,n (5)
TJZO, -X]ZO) SJZO, y]k:()or 1,
(6)

Sk=1,...,n j<k

Equations (1) define the objective to minimize the total
tardiness and the total compression cost. Constraints (2) and

(3) guarantee the precedence relationship and define that only
one job can be processed at any instance in time. Constraints
(4) impose the tardiness of each job in a sequence. Con-
straints (5) limit the amount of compression processing time
for all jobs. Constraints (6) show nonnegativity of variables.
This studied problem is NP-hard since the single machine
total tardiness problem is already NP-hard [16]. It is still
valuable for us to research and explore such a problem.

4. The Proposed MODBSA for SSPWCPT

In this section, firstly we give a basic background on multiob-
jective optimization and then describe the original BSA and
present a framework of the proposed MODBSA. Finally, the
main improvement strategies of the MODBSA for optimizing
SSPWCPT are elaborated.

4.1. Background on Multiobjective Optimization. To better
understand the proposed MODBSA for solving the above
problem, we begin with a brief introduction of the basic
concept of MOEA. Without loss of generality, a multiobjec-
tive optimization problem (MOP) can be formally defined as
follows:

min  f(x) =min[f; X), f, (X),..., f,, (¥)]

x = (x;,%,...,%,) €R"

7)

st. g (x)20, i=1,...,k

hJ(X)ZO, jzl,...,p,

where f, (x) indicates the mth subobjective function, x is
a vector of the solution, which should satisty the above
constraints, R" is the decision variable space, and g;(x)
and h;(x) are inequality constraint and equality constraint,
respectively. k and p denote the total number of inequality
constraints and equality constraints, respectively.

Letaand b € R" and a vector a = [a,ay,...,a,]"
dominates another vector b = [by,b,,...,b,]" (denoted by
a < b) if a is not inferior to b for any of 1 objectives and a is
superior to b for at least one objective. A solution x* € R”
is a Pareto optimal vector if there is not any solution x €
R" that dominates x*. The corresponding objective function
in the objective space forms the Pareto optimal front point
f(x*). For a Pareto optimal solution, the improvement in
any objective will incur the deterioration of at least another
objective. A set of all the Pareto optimal solutions is called
Pareto optimal set (PS™), while the set of all Pareto optimal
front vectors is called the Pareto optimal front (PF*). The
main goal of multiobjective optimization is to find PF*.
However, in general, a Pareto front consists of a large number
of points. Therefore, a good Pareto front contains a limited
number of points which should be as close as possible to the
PF* and uniformly spread as well.

4.2. Brief Introduction of Backtracking Search Algorithm
(BSA). The original BSA is described before presenting
the MODBSA, and its main steps include five processes:



Mathematical Problems in Engineering

Output: T: Trial population.
(1) map(1: N,1:D) =1
(2)ifa < b a,b~U(0,1) then
(3) forifromlto N

(5) end

(6) else

(7) forifromlto N
(8) mapi,randi(D) =0
(9) end

(10) end

(11) T :== Mutant

(12) for i from1to N

(13) for j from1to D

(15) end
(16) end

Input: Mutant, mixrate, N and D.

(4) mapi,u(l:[mixrate-rand(D)}) =0 | u= permUting (<1’ 2. D>)

(14) ifmap;; = 1thenT;; =P,

J

ALGORITHM 1: Crossover operation.

initialization, selection 1, mutation, crossover, and selection
IT [14]. Note that the original BSA is proposed for solving
continuous problems; thus, the decision variables are real
numbers.

4.2.1. Initialization. Randomly initialize a population P,
which can be formulated as follows:

Pj=L;+ (Uj —Lj) x random )
i=(L,2,...,N), j=(1,2,...,D),

where N and D are the population size and the number
of decision variables, respectively, random is a real number
value uniformly distributed in [0, 1], L i and Uj denote the
lower and upper bound for the jth decision variable of the
ith solution.

4.2.2. Selection I. To obtain the search direction, the aim
of BSAs Selection I stage is to determine the historical
population old P. The initial historical population is defined
using the following formulation:

oldP,;=L;+ (Uj —Lj) x random o)
i=(1,2...,N), j=(1,2,...,D).

BSA has a choice to generate the old P at the beginning of
each generation through the following form:

if a<bthenoldP:=P|a,bel01], (10)

where := is the initialization operation; a and b are real
number values in the range [0, 1]. The above equation defines
that the BSAs historical population (old P) is from either
the previous population or the old P itself. Once old P is
generated, a permutation function is adopted to randomly
alter the position of the individuals in old P.

4.2.3. Mutation. The form of a trial population T (i.e.,
offspring pupation) by the mutation operation can be written
as follows:

T=P+(oldP-P)xF, a1

where F is a scale factor which controls the amplitude of the
search-direction matrix (old P—P). The value F = 3-random,
where random is a real number uniformly distributed in
[0,1]. Since the historical population is employed in the
calculation of the search-direction matrix, BSA takes some
advantages of previous generations to obtain a trial popula-
tion.

4.2.4. Crossover. The final trial population T is obtained by
crossover in BSA. The crossover of BSA works as follows.
First, compute a binary integer-valued matrix (map) whose
dimension is N x D. It denotes that the individuals of T
are produced by using the relevant individuals of P. Then,
ifmapi,]- = 1, wherei € {I,...,N}and j € {1,...,D}, T'is
updated with T; ; := P, ;. Algorithm 1 provides the crossover
operation of BSA.

In Algorithm 1, [] represents the ceiling function (in
line 4). The rand parameter indicates a random real number
in [0,1]. The mixrate parameter controls the number of
elements of individuals that will mutate in a trial individual
by using [mixrate - rand(D)]. Two strategies are employed to
define BSA's map. In the first strategy, mixrate is used to define
map (in lines 3-5). In the second strategy, only one randomly
selected element is going to mutate (in lines 7-9).

4.2.5. Selection II. In the stage of BSA’s Selection II, T; is used
to update the P, if it is better than P, in terms of the fitness
value. If the best solution By, outperforms the global optimal
solution found so far, the global optimal solution is replaced
by Py [14].
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Initialization

Meet stop
condition?

Stop and output externaD

archive

value b

Selection I: select a population as a
historical population with a probability

2

Update: PMX and dual
mutation

|

Total cost reduction
strategy

|

External archive

former replaces the latter one

Selection II: if the new offspring
dominates parent individual, the

Add offspring to
external archive
based on Pareto
relationship

|

Calculate probability
value b

FIGURE 1: Flowchart of the MODBSA.

4.3. Framework of MODBSA for SSPWCPT. The original
BSA is designed for addressing continuous single-objective
optimization problems. However, the problem under consid-
eration is a multiobjective combinatorial NP-hard issue. This
paper is aimed at developing a MODBSA to solve SSPWCPT.
A basic flowchart of MODBSA is shown in Figure 1.

The framework of the MODBSA consists of 6 steps
summarized below.

Input

(i) A stopping condition
(ii) N: the population size

(iii) Input other parameters

Output. Pareto front (PF) and Pareto solutions (PS) are stored
in an external archive.

Step 1 (initialization). Generate the initial and historical
population according to the proposed solution representation
stated in Section 4.4.2.

Step 2 (stopping condition). If stopping criterion is met, then
stop and output PS and PF. Otherwise, go to Step 3.

Step 3 (Selection I). Calculate the selection probability value
(denoted as b) of the population selected based on adaptive
selection mechanism. This adaptive mechanism can select a

suitable population as a historical population. Section 4.4.3
gives details of the adaptive selection mechanism.

Step 4 (update). Perform update operation on the popula-
tion. This update operator is described in Section 4.4.4.

Step 5 (total cost reduction strategy). The total cost reduction
strategy can improve exploitation of the algorithm. This
strategy is presented in Section 4.4.5.

Step 6 (Selection II). This stage of the MODBSA is different
from that of the basic BSA. The offspring solutions are eval-
uated with regard to both fitness values (i.e., total tardiness
and total compression cost). First, all the individuals in the
population are sorted according to a nondominated sorting
technique. This fast nondominated sorting method can be
described as follows. First, for each solution we compute two
entities: (1) domination count Ny, the number of solutions
that dominate the solution p, and (2) Sy a set of solutions
that the solution p dominates. The domination count of all
solutions in the first nondominated level is equal to zero. Now,
for each solution p with n, = 0, we visit each individual
q from its set S, and reduce its domination count by one.
When for any individual g the domination count becomes
zero, it will be put into a separate set Q where the individuals
belong to the second nondominated level. This procedure
continues until all nondominated levels are identified. That
is, each individual has a rank equal to its nondominance level.
Then, within each front or rank a crowding distance strategy



6 Mathematical Problems in Engineering
Job
Parameters
Ji I, I3 n Ts
Normal processing time (p) 10 8 12 9 9
Max1murr41 amount of 5 ) 3 3 5
compression (1)
Due time (d) 22 30 40 26 35
Unit cost of compression (c) 0.5 1.0 3.0 2.5 2.0

(a) Instance

[¢——Job permutation———

The first part: 2 1 4 3 5

P N n I Js

Ji P I3 Ja Js

The second part: x 1 2 1 3 0

k———— Amount of compression ———— |

(b) Encoding

Total tardiness: 6
Total compression cost: 13

]2 ]1 ]4

5 Js

6 15 21

32 41

(c) Decoding Gantt chart

FIGURE 2: An example of solution representation.

is used to define an ordering among individuals. To achieve
wide spread Pareto fronts (solutions differently balancing
total tardiness and total compression cost), individuals with
a large crowding distance are better than ones with a smaller
crowding distance when they are the same nondominated
level. The external archive is used to store nondominated
solutions found so far. This external archive has a maximum
size. To obtain PF with a uniform spread, the crowding
distance technique is also employed to remove solutions with
the worst crowding distance from the archive when this
archive is full.

4.4. The Main Improvements for the Proposed MODBSA on
SSPWCPT. In this subsection, a new solution representation
is stated and the main improvement strategies are elaborated.

4.4.1. Solution Representation. One of the important issues
when applying MOEA lies in its solution representation
where individuals include information associated with the
problem considered. Unlike the other scheduling problems
with fixed processing times, a SSPWCPT has to deal with
the job sequence and the amount of compression processing
time of jobs simultaneously. Thus, we propose a new encoding
scheme which contains two parts. The first part represents
the job permutation, that is, 77. The second one denotes the
amount of compression processing times of jobs, that is, x.
Although Nearchou [8] presented a two-part encoding for

this problem, he adopted subrange keys based on random key
encoding scheme, which generates information redundancy.
We used this proposed scheme to effectively avoid informa-
tion redundancy.

To illustrate this solution representation, Figure 2 gives
an example of a solution representation for a 5-job instance.
This solution has two parts: (1) the first part: the job
permutation, namely, 7 = (2,1,4,3,5); (2) the second one:
the amount of compression processing times of job, namely,
x = (1,2,1,3,0). There exists a corresponding relationship
between the two parts. Each job has a corresponding amount
of compression processing time. For the (i) job denoted by
J» its corresponding amount of compression processing time
is x.. For example, the Ist job (i.e., 77(1)) in the sequence is job
J,» the amount of compression of J, is x, (i.e., 2). Similarly, the
2ndjob (i.e., 77(2)) in the sequence is ], and the corresponding
amount of compression of J; is x; (i.e., 1). Therefore, the
corresponding amount vector of compression is (2, 1, 3, 1, 0)
for a sequence 7. In this manner, a feasible schedule is
easily generated. In addition, this encoding scheme has two
advantages below:

(1) Solution structure is simple as it contains two parts,
namely, job sequence and amount of compression of
job processing times.

(2) In general, this discrete encoding scheme can reduce
information redundancy compared with previous
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random keys encoding scheme like subrange keys [8].
This view has been further certified in Section 5.4.

4.4.2. Initialization. 'The MODBSA begins with a population
of N initial individuals. As stated previously, each solution
is constructed by a permutation vector and a vector of
compression processing times. To ensure the high quality
and good diversity of solutions, the job permutation of one
individual is based on nondescending order of due time [33].
In detail, this solution is based on the property that if we have
job I and job m that satisty p; < p,, and d; < d,, (I,m =
1,2,...,n) then there exists an optimal processing sequence
where job I precedes job m. The amount of compression
processing times of another individual is set to zero in
order to minimize total compression cost. The other initial
individuals are randomly generated in the feasible range as

follows:
, 7 (i,n
)y

, x (i,n)

(n(i,l),rt(i,Z),...

MU\ x(,1),x(G,2), ...
where 71(i, n) denotes the nth job in the ith individual to be
processed on the machine and x(i, n) presents the amount of
compression for job # in the ith individual.

4.4.3. Selection I Based on the Adaptive Mechanism. The
dual population scheme is a core idea of the BSA. The
dual population is based on a random selection scheme,
which can assist algorithm to maintain population diversity.
However, this strategy cannot ensure a good convergence
toward the optimal solutions, since too much emphasis on
diversity would cause pure random search [15]. To improve
convergence performance, an adaptive selection scheme is
presented. This adaptive selection scheme can select a suitable
population as the current historical population. To simplify
the calculation of the selection probability of population P as
the current historical population, we record the population
P that is chosen to participate in update operation. After the
initial population and historical population are generated, a
population is selected as the current historical population
based on (10) so that each population has an equal selection
probability. Afterwards, the current historical population is
updated by an adaptive selection scheme during the search
process. Let bs (bs is not a random number at this time)
represent the probability of updating the historical popula-
tion old P by replacing it with the current population P. The
adaptive selection scheme can be stated as follows.

Step 1. After population P is updated, calculate the update
probability of historical population old P; namely, bs =
np/|A|, where np is the number of nondominated solutions
and |A| represents the total number of the nondominated
solutions in the external archive at the current iteration. The
updating of old P is executed by simply replacing the old P
with the current population P.

Step 2. Use the roulette-wheel approach to select a population
from each population.

This selection strategy is simple yet efficient for improving
performance of MODBSA. It implies that the selection
probability is proportional to the number of nondominated
solutions from the population P. To avoid the situation
where all solutions are obtained from the same population
throughout the iterations, the population P has a minimum
selection probability of b,;,,. That is, after the calculation of
the selection probability of population, if bs < bs,;,, then set
bs = bs;,. In this work, bs_;, = 0.2.

Before updating population, select two parents in which
one is from the current old P (note that the current old P
is either from old P or from P according to the adap-
tive mechanism) and the other is from P. In addition,
the efliciency of this adaptive scheme has been proven in
Section 5.5.

min>

min-* min

4.4.4. Update Operator. Itis evident that crossover and muta-
tion operators of original BSA are not suitable for solving
the SSPWCPT. To overcome this problem, we change the
crossover and mutate operators to the traditional crossover
and mutation operators.

Crossover can explore unknown areas of solution search
space. For the first part (i.e., 7), partially mapped crossover
(PMX) [34] is adopted to update the permutation part
and has been widely used in the scheduling field. For the
second part, two-point crossover is used to update amount
of compression processing times in this paper. The detailed
steps of the crossover are as follows.

For the first part (see Figure 3), consider the following.

Step 1. Select the substring: randomly generate two crossover
points and define the substring between two points as
matching area (i.e., yellow area).

Step 2. Exchange the substrings: generate temporary off-
spring by swapping the matching area of two parents. Note
that only the elements in the matching area (yellow area) are
exchanged. We can find that temporary offspring is unfeasible
when exchanging the substrings. For instance, job 5 appears
twice in temporary offspring 1. Similarly, job 1 appears twice
in temporary offspring 2.

Step 3. Mapped relationship: determine mapped relationship
of the elements in conflict. When the same job sequence
is assigned more than once, the mapped relationship of the
sequence in crossover segments is defined.

Step 4. Legalize the offspring: make the job permutation
part feasible by using the information from the mapped
relationship without any changes to the substring (keep the
substring unchanged).

For the second part (see Figure 4), consider the following.

Step 1. Select the substring: randomly generate two points
and define the substring between two points as exchange area.

Step 2. Exchange the substring: exchange the substrings
between the two points.
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v v
Parent 1 4 3 2 1 5
Step (1)
Parent 2 1 2 3 5 4
Step (2)
Temporary offspring 1 4 2 3 5 5
Temporary offspring 2 1 3 2 1 4
Step (3)
Map relationship in offspring 1 5 —>1
Map relationship in offspring2 1 —>5
Step (4)
Offspring 1 4 2 3 5 1
Offspring 2 5 3 2 1 4
FIGURE 3: PMX crossover in the first part.
Step (1) \4 \4
Parent 1 1 1 2 3 0
Parent 2 2 2 1 3 4
Step (2)
Offspring 1 1 2 1 3 0
Offspring 2 2 1 2 3 4

FIGURE 4: Two-point crossover in the second part.

Mutation operator assists the algorithm to escape from
local optima. In this research, the mutation operator is
composed of two mutation techniques with the probability
of 0.5, respectively. That is, when this mutation operation is
performed, one of the two techniques is executed. Therefore,
the algorithm performs either the first technique or the
second technique.

The first technique called swap mutation is only applied
in the permutation part (i.e., the first part). The second one
is only applied in the amount of resource compression part
(i.e., the second part). To explain this mutation operator,
an example is illustrated in Figure 5. For the first mutation
technique as presented in Figure 5(a), the original sequence
of jobs is 7 (2,1,4,3,5). When the two positions
are randomly selected (e.g., the 2nd and 4th positions),
their corresponding job 1 and job 3 are swapped while the
second part remains unchanged. That is, the sequence of
jobs becomes m = (2,3,4,1,5) after performing the first
technique. For the second mutation technique as shown in
Figure 5(b), firstly two positions are randomly selected (e.g.,
the 2nd and 4th positions), and then the corresponding new
feasible integer numbers are generated to replace the original
values. That is, the amount value of compression of job 2 in
the 2nd position is updated to a new value 1, while the amount
value of job 4 in 4th position is replaced by new value 2.
These new values are randomly generated in their own ranges.
Therefore, the offspring after update operator is still feasible.

4.4.5. Total Cost Reduction Strategy. Metaheuristics are usu-
ally combined with local search approaches, which may
assist in searching for good solutions since they introduce
an idea “greediness” within the metaheuristic [35]. In this
paper, however, any local search strategies are not applied
in the proposed algorithm. Instead, a release cost procedure
is developed to further improve quality of solutions. This
procedure does not change the job processing sequence but
reduces the total compression cost while keeping the same
total tardiness. According to the characteristic of the problem,
it can be observed that by adjusting amount of compression
processing time of job the compression cost can be further
reduced without affecting total tardiness. Thus, it can improve
the quality of a solution for a given job sequence to some
extent. The computational complexity of this heuristic is
O(n). The main steps of the proposed total reduction strategy
are below.

Step 1. Leti = n; S¢ = 0; Spjy = 0,Vj = 1,...,n (0 is an
empty set). Sc is a set of release cost. Sg;) is earliness set in
which jobs follow the 7(7) job.

Step 2. Compute C, ;) —d ;). If Co iy —d ;) 2 0, go to Step 4.
Otherwise go to Step 3.

Step 3. While C,;) — d,;y < 0 then perform the following
loop until C,, ;) —d; 2 0ori < 1.
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K———————— Job permutation Job permutation
The first part: 7
e - e > BN ¢
I T n I3 5 A I3 n J 5
/‘*\ T
o N ] T e |
The second part: x I ! 2 J5 Js 5 : 1 D I3 J4 Js 1
| 1 | 2 | 1 | 3 | o | | 1 | 2 | 1 | 3 | 0o |
K——— Amount of compression ————» =~ KF———— Amount of compression ——————
(a) The first mutation technique
The first part: 7 Job permutation Job permutation
NN NN NN
P 1 n I3 Js I A n I Is
Thesecondpart:x;’___]1 _____ S S /A s A/ . Lo i i
b 1 | 2 | 1 3 | 0o | b 1 | 1 | 1 2 | 0o |
Amount of compression Amount of compression
(b) The second mutation technique
FIGURE 5: Mutation operator.
TaBLE 1: Data of Example 1.
T 2(]2) 3(]3) 4(]4) 1(]1) 5(]5)
Pty 5 5 8 7 7
Xn(i) 1 1 1 4 0
pZ(i) 4 4 7 3 7
di 5 10 13 20 26
Cr 4 8 15 18 25
i) 0.2 0.3 0.1 0.5 0.4

Step 3.1. Compute earliness time of the (i) job, namely,
E.iy = |Cus — dgsl and then update the set Sg;) =

Ui Sei) HEq}-

Step 3.2. Obtain the current minimum earliness mE,;
minSp;) and calculate release cost Cost,;) = ¢ -
min{mE_;, X}, and then put the value Cost ;) into the set
Sc,i = i— 1.

Step 4. Find the job with the maximum value Cost from S,
if Sc is not an empty set. This job is denoted by (). Update
its amount of compression processing time x,) = X, —
min{mE, ), X} and the completion time of jobs following
the 7(k) job.

To explain this total reduction strategy, an example is
given below.

Example 1. Consider a 5-job instance in Table 1 and Figure 6
with a given job sequence m = (2,3,4,1,5) and amount
vector of compression processing time x = (4,1,1, 1,0). The
corresponding total tardiness and total compression cost are

2 and 2.6, respectively. Perform the total reduction strategy in
the following steps.

Step 1. Leti= 5S¢ =05 Spjy = 0,Vj = 1,...,5.

Step 2. Compute C 5y — d5) = 25 - 26 = =1 < 0 and go to
Step 3.

Step 3. Conduct the following operation.

Step 3.1. Compute earliness time E,5) = [Cy5) — dys)l = 1
and SE(S) = {1}

Step 3.2. Obtain the minimum earliness found so far mE, 5, =
minSgis = 1; compute the release cost Cost, 5 = ¢y
min{mE, ), X} = 0.4 X 0 = 0; put the value Cost,; into
thesetS, = {0};i=i-1.

Step 2. Compute C, (4 — d 4y = =2 < 0 and go to Step 3.

Step 3. Conduct the following operation.
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FIGURE 6: Gantt chart of Example 1 before (a) and after (b) using the total cost reduction strategy.

{Step}:'j’] ET[(4) = |Cﬂ(4) —dn(4)| =2and SE(4) = SE(S) U {ETI(4)} =
1,2},

Step 3.2 mET[(4) = min SE(4) = 1, COStT[(4) =Gy - min{l, 4} =
0.5x1=05i=i-18, ={0,0.5}.

Step 2. Compute C, 3 — d 3y = 2 > 0 and go to Step 4.

Step 4. Select the job with the maximum cost value from
S.> namely, the 77(4) job. Update the amount of processing
time compressed: x, ) Xpay — Min{mE, ), X} =
4 - min{l,4} = 3. Meanwhile, the corresponding total
tardiness and total compression cost are updated to 2 and 2.1,
respectively. Note that the total tardiness is fixed but the total
compression cost is reduced.

5. Experimental Study

This section is devoted to assessing the performance of the
proposed algorithm MODBSA on SSPWCPT. The experi-
mental studies include the following four aspects:

(1) Evaluate efficiency of the proposed solution represen-
tation.

(2) Evaluate efficiency of the adaptive selection scheme in
the MODBSA.

(3) Test performance on the total cost reduction strategy
of the MODBSA.

(4) Compare the MODBSA with other MOEAs on the
instances.

In the following subsections, performance metrics, test
function, and parameter setting are described at first, and

TABLE 2: Parameter setting of the instance.

Input variables Value
Number of jobs (1) 5
Normal processing time (p;) [10,12,8,7,6]
Maximum amount of compression for job (m;) [3,4,3,5,4]
Due time (d,) [29,10,15,9,20]
Unit cost of compression (c;) [0.5,2,2.5,1,1.5]

then the experimental studies are further investigated step
by step.

5.1. Performance Metrics. As mentioned previously, the final
result is usually not a single optimal value rather than a set
of optimal solutions for MOPs. To explain this problem, the
parameters of a specific instance are provided in Table 2.

The PF obtained by MODBSA on this instance is shown
in Figure 7. Some nondominated solutions and the cor-
responding objective values are summarized in Table 3. It
can be observed that the obtained results consist of some
trade-off solutions. It is also an interesting observation that
there are two nondominated solutions that correspond to
the same front point (i.e., solution 2). Unlike single-objective
problem, the high quality results of MOP not only have
good convergence but also evenly distribution along PF*.
Therefore, how to evaluate results found by MOEAs is
important for users.

To evaluate the results obtained by MOEAs, some metrics
including the Spread [36], GD, and IGD [37] should be
adopted as follows.
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FIGURE 7: Pareto front obtained by MODBSA for this scheduling instance.
TaBLE 3: The corresponding results for the instance in Figure 7.
Number Solution Detailed information f £
. (4,2,3,5,1] Job sequence U Too T30 J55 1 0 5
[1,4,3,5,1] Amount of compression x, [5,4,3,1,1]
2 (4,2,3,5,1] Job sequence 7 [Jo T T3 Ts55 T4 20 205
[2,4,2,5,1] Amount of compression x,, [5,4,2,1,2]
) (4,2,3,5,1] Job sequence 7 YA 20 205
[1,4,1,5,3] Amount of compression x,, [5,4,1,3,1]
3 [4,2,3,5,1] Job sequence U Tos T30 J5o T1 ] 170 105
[3,2,0,5,0] Amount of compression x,, [5,2,0,0,3]
. (4,3,5,1,2] Job sequence 7 Us T35 J15 1) 34.0 0.5
[1,0,0,0,0] Amount of compression x,, [0,0,0,1,0]
s (4,3,5,1,2] Job sequence U T35 J55 J1s T2 36.0 0.0
[0,0,0,0,0] Amount of compression x,, [0,0,0,0,0]

(1) Spread (A). Itis a diversity performance index that assesses
the distribution of the obtained solutions in the front. This
metric can be formulated as follows:

T

(13)
ijl d; + |PF| - d

where d; is the Euclidean distance of each point in PF to its
closest point in PF, d represents the mean value of all d;, dj.
denotes the Euclidean distance between the extreme solutions
in the jth objective and the boundary solutions of the PF*,
|PE| is the number of PF, and m is the number of objectives.
If the spread value is zero, then all the members of Pareto
optimal front are evenly spaced. Lower values indicate better
distribution and diversity.

(2) Generational Distance (GD). It is a convergence indicator,
which represents how far the obtained PF is from PF*. It can

be formulated as follows:
[PF| 142
N2z D (14)

GD = ,
[PF|

where |PF| means the number of PF points and D, is the
Euclidean distance between the ith member of PF obtained
and the nearest member of PF*. A low GD value represents a
good convergence performance. A normalization method is
used in this metric.

(3) Inverse Generational Distance (IGD). It is a variant of the
GD but represents a combined or comprehensive indicator.
It measures the average distance between each solution
consisting of the optimal Pareto front and obtained front.
IGD can be defined as follows:

Y cpp- dist (x, PF)

IGD =
|PE*|

, (15)

where |PF*| is the number of the optimal Pareto fronts;
dist(x, PF) is the Euclidean distance between x and the
nearest member of the approximation. Fronts with a lower
IGD value are desirable. This metric uses a normalization
method.

It should be mentioned that the true PF* of the studied
problem may be unknown; therefore, the nondominated
solutions obtained by different MOEAs on each instance in
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TABLE 4: Data set distribution.

Input variables Distribution
Number of jobs (1) 10, 30, 50, 80, 100, 200
Normal processing time (p;) DU(20, 50)
Crash processing time (p{) DU(0.5 * p;, p;)

Due time (d;)

Unit cost of compression (c;)

d,=P1-r)+(P/11+P(1-1))/(n-1)

U(0.5,2.5)

TABLE 5: Mean and standard deviation value of all metrics between MODBSA, and MODBSA.

Problem GD (mean/std) Spread (mean/std) IGD (mean/std)
MODBSA MODBSA MODBSA,, MODBSA MODBSA MODBSA

50_02 8.76e—03/9.9¢e—03 8.41e-03/1.1e-02 5.83¢—01/3.1e—01 5.61e-01/3.3e—01 3.02¢—03/5.6e—04 6.16e—04/1.5¢—04
50_04 1.73e-02/1.6e-02 1.87¢—02/2.6e—02 7.15e-01/4.1e-01 7.79¢—01/3.7e—01 3.01e—03/6.1e—04 8.38e—04/3.6e—04
50_06 3.32e—02/4.8e—02 3.23e-02/5.5e—-02 7.41e—-01/4.1e—01 7.38e—01/4.7e—01 3.29¢—03/7.3e—04 9.67e—04/4.2e—04
50_08 3.56e—02/4.8¢—02 3.77¢—02/5.7¢—02 7.83e—01/4.0e—01 7.87¢—01/5.1e—01 3.83e—03/1.2e—03 6.02¢e—04/2.0e—04
50_10 2.97e-02/5.0e-02 3.06e—02/3.5¢—02 8.68¢—01/1.8¢—01 6.86e—01/4.7e—01 8.36e—03/2.4e—03 9.29¢—04/4.1e—04
80_02 1.68e—02/1.4¢—02 1.00e-02/1.3e—02 6.41e-01/3.2e-01 7.75¢—01/3.4e—01 3.85¢—03/5.7e—04 7.88e—04/4.2e—04
80_04 3.28¢-02/3.2e—02 1.47e-02/1.7e-02 7.38e—01/3.2e—01 9.40e—01/3.8¢—01 3.92¢—03/8.9¢—04 7.99¢—04/3.3e—04
80_06 5.48¢—-02/6.0e—02 2.65e—02/4.3e—02 6.74e—01/3.6e—01 9.91e—01/4.0e—01 5.16e—03/1.1e—03 6.20e—04/2.1e—04
80_08 7.41e-02/6.8e—02 5.24e-02/6.3e—02 9.12e-01/3.5e-01 1.07¢+00/4.3¢—01 6.95¢—03/2.1e—03 6.87e—04/2.4e—04
80_10 3.67e-02/5.1e-02 8.90e—02/5.8¢—02 9.65¢—01/1.7¢—01 8.50e—01/4.5e-01 2.18¢-02/5.3e—03 7.46e—04/3.6e—04
100_02 1.54¢-02/1.3e—02 6.98e—03/6.5e—03 5.88¢—01/2.4e—01 7.65e—01/3.3e—01 5.07¢—03/6.2e—04 1.21e-03/4.3e—04
100_04 3.67¢—02/3.9¢e—02 2.13e-02/2.2e-02 8.31e-01/3.5e-01 9.09¢—01/4.1e-01 4.76e—03/1.0e—03 7.09e—04/2.6e—04
100_06 5.17e—02/5.5e—02 3.79e-02/4.3e—-02 8.85e—01/3.3e-01 9.78¢—01/4.1e-01 7.93e—03/2.1e—03 8.36e—04/3.7e—04
100_08 7.68¢—02/8.1e—02 6.26e—02/8.1e-02 9.38¢—01/3.0e-01 1.09¢+00/3.7e—01 1.27¢-02/3.5¢—03 6.18e—04/2.8e—04
100_10 4.30e—02/4.9e—02 1.30e—01/7.7e—02 9.67¢—01/1.4e—01 9.19¢—01/4.2e—01 3.44¢—02/6.8e—03 6.72e—04/2.6e—04
200_02 1.94e—-02/1.3e—02 1.36e—02/6.5e—03 7.96e—01/2.4e—01 8.76¢e—01/3.0e—01 7.92¢e—03/5.8e—04 8.33e—04/3.0e—04
200_04 6.54e—-02/4.1e—02 3.74e-02/2.7e—02 8.81e—01/2.9¢—01 1.18¢+00/2.3e—01 1.61e—02/2.3e—03 9.47e—04/3.2¢e—04
200_06 1.11e—01/8.9¢e—02 7.63e—02/6.2e—02 9.91e-01/2.4e-01 1.19¢+00/3.3e—01 2.37e—02/4.3e—03 1.02e-03/3.3e—04
200_08 8.46e—02/6.5e—02 1.89¢—01/1.0e—01 1.01e+00/1.7e—01 1.20e+00/2.5e—01 5.24e—02/9.8¢—03 5.96e—04/2.5e—04
200_10 8.61e-02/9.3e-02 4.74e—01/1.1e—01 9.60e—01/7.2e—02 1.02¢+00/4.2¢—01 1.58¢—01/2.0e—02 7.12e—04/2.2e—04
Hit rate 7120 13/20 15/20 5/20 0/20 20/20

all the independent runs are regarded as PF* on that instance
[38].

5.2. Description of Test Function. The instances generated
are defined as shown in Table 4. There are six different
numbers of jobs (n = 10,30,50,80,100,200), where the
normal processing times and the crash processing times are
drawn from the discrete uniform distributions DU(20, 100)
and DU(0.5 - p;, p;), respectively. In due date calculation,
P =Y", p;andristhe discrete value from 0.2 to 1.0 with the
step size of 0.2. The unit cost of compression is generated from
a uniform distribution ranging between 0.5 and 2.5. Each
instance can be labelled in the form of “a_r”. For example,
“10_02” represents the fact that the problem is featured by 10
jobs and r equal to 0.2.

5.3. Experimental Settings. All algorithms are coded in Java
on the platform jMetal [39]. Experimental tests are imple-
mented on a computer with Intel Core i5, 2.39 GHz, 4 GB
RAM, with a Windows 8 operating system.

Parameter settings can affect the performance of the
algorithm. The pilot experiments demonstrated that the
population size and archive size were sensitive to the problem
scale. Therefore, for various variants of MODBSA in Sec-
tions 5.4-5.6, the maximum number of function evaluations
(NFEs) is 25,000 for 10-job and 30-job instances, 35,000
for 50-job and 80-job instances, and 45,000 for 100-job
and 200-job instances. The population size and the external
archive size are set to 50 for 10-job and 30-job instances,
80 for 50-job and 80-job instances, and 100 for 100-job
and 200-job instances. The historical population size is
equal to the population size. In Section 5.7, the parameter



Mathematical Problems in Engineering

13

TABLE 6: Wilcoxon signed rank test results based on the best metrics for each instance with 30 independent runs (a level of significant

a = 0.05).
GD A IGD

Number MODBSA versus MODBSA MODBSA versus MODBSA MODBSA versus MODBSA

R* R p value/win R* R p value/win R R p value/win
50_02 243 222 8.29¢ - 01/= 256 209 6.29¢ - 01/= 465 0 1.73e — 06/+
50_04 231 234 9.75e - 01/= 217 248 7.50e - 01/= 465 0 1.73e - 06/+
50_06 248 217 7.50e - 01/= 229 326 9.43e - 01/= 465 0 1.73e — 06/+
50_08 222 243 8.29¢ - 01/= 326 229 9.43e - 01/= 465 0 1.73e — 06/+
50_10 195 270 4.4le-01/= 326 139 5.45¢ — 02/= 465 0 1.73e — 06/+
80_02 336 129 3.33e - 02/+ 155 310 1.1le-01/= 465 0 1.73e - 06/+
80_04 369 96 5.00e - 03/+ 119 346 1.96e — 02/~ 465 0 1.73e — 06/+
80_06 349 116 1.66e — 02/+ 98 367 5.70e — 02/~ 465 0 1.73e — 06/+
80_08 446 19 1.13e — 05/+ 157 308 1.20e - 01/= 465 0 1.73e — 06/+
80_10 108 357 1.04e — 02/- 281 184 3.19¢ - 01/= 465 0 1.73e — 06/+
100_02 465 0 1.73e — 06/+ 117 348 1.75e - 02/- 465 0 1.73e - 06/+
100_04 396 69 7.71e - 04/+ 190 275 3.82¢-01/= 465 0 1.73e - 06/+
100_06 431 34 4.45e — 05/+ 175 325 5.71e - 02/= 465 0 1.73e — 06/+
100_08 432 33 4.07e — 05/+ 140 325 5.71e — 02/- 465 0 1.73e — 06/+
100_10 198 267 4.78¢ - 01/= 246 219 7.81e - 01/= 465 0 1.73e — 06/+
200_02 325 140 5.71e — 02/= 164 301 1.59¢ - 01/= 465 0 1.73e - 06/+
200_04 465 0 1.73e — 06/+ 73 392 1.0le - 03/- 465 0 1.73e — 06/+
200_06 389 76 1.29¢ — 03/+ 98 367 5.71e - 03/- 465 0 1.73e — 06/+
200_08 31 434 3.4le—-05/- 80 385 1.70e — 03/- 465 0 1.73e — 06/+
200_10 0 465 1.73e — 06/- 0 465 1.73e — 06/- 465 0 1.73e - 06/+
+/=/- 10/7/3 0/12/8 20/0/0

settings of MODBSA and its compared MOEAs can be
found in related subsection. Each experiment was con-
ducted 30 independent times on each test problem for each
algorithm.

The optimal results are highlighted with bold in Tables
5,7,9,12,13, and 14. Due to the stochastic characteristic of
all candidate MOEAs, the statistical analysis is necessary to
provide confidential comparisons. A Wilcoxon sign rank test
[38, 40] is used to test the significant difference between the
results obtained by different algorithms. The confidence level
for all tests is set to 95% (corresponding to & = 0.05). The
sign “+” indicates that our proposed MODBSA algorithm
performs significantly better than the second best algorithm
on average. While “~” represents the fact that the MODBSA
algorithm is significantly worse than the best algorithm,
the “=” sign denotes that there is no significant difference
between MODBSA and the best or second best MOEA.
R" represents the sum of ranks for the problem where the
MODBSA performs better than its competitor. R~ denotes the
sum of ranks for the opposite.

5.4. Efficiency of Solution Representation. To test the effi-
ciency of the proposed solution representation, it is compared
with subrange keys for MODBSA on medium and large scale
problems. In this study, MODBSA, represents MODBSA

based on subrange keys. More detailed information on
subrange keys can be found in Nearchou [8]. Since subrange
key is a real-coded scheme, the operators in MODBSA, are
different from that in MODBSA. The update operators of
MODBSA, are as follows: the simulated binary crossover
(SBX) and polynomial mutation are used. The distribution
indexes in both SBX and the polynomial mutation are set
to 20. The crossover rate is 0.9, and mutation rate is 0.2. In
addition, the proposed total cost reduction strategy is also
adopted in MODBSA ., but MODBSA, requires converting
real-coded scheme to discrete-coded scheme in this phase.
MODBSA includes the proposed solution representation. The
crossover rate is 0.9 and mutation rate is 0.2. Table 5 shows
the mean and standard deviation metrics on these algorithms
over 30 independent runs. Table 6 reports the significant test
results over 30 runs.

Table 5 reveals that MODBSA obtains the optimal results
on 13, 5, and 20 out of 20 test instances for GD, Spread, and
IGD metrics, while MODBSA, achieves the best values on 7,
15, and 0 problems, respectively. Table 6 records the p values
of the Wilcoxon signed rank test. We can clearly observe
from Table 6 that MODBSA has higher “+” counts than
its compared algorithm in terms of GD and IGD. It means
MODBSA is significantly better than MODBSA for GD
and IGD metrics. This may be because the proposed discrete



14 Mathematical Problems in Engineering
TABLE 7: Mean and standard deviation value of all metrics between MODBSA ; and MODBSA.
Problem GD (mean/std) Spread (mean/std) IGD (mean/std)
MODBSA MODBSA MODBSA MODBSA MODBSA MODBSA

50_02 7.58¢-03/7.1e03  161€~ f,’;” /22¢- 279 - (?11/ 15~ 5 6e—01/29¢-01 &41€~ ::/ L7e= 5 36e—04/2.2e-04

50_04 1.68c-02/2.8¢—02 18267 03/20e—  3.05e-01/13e~ (10 (1130001 1.11e-03/48c—0a °-57€~04/48e-
03 01 04

50_06 291e-02/43¢—02 222€-03/13e—  292¢-01/69e— .\ (147,01 1350-03/52¢—04 520¢~04/33€-
03 02 04

50_08 4.67e-02/57e-02 3¢~ (())33’/ 6.3e—  3.5le- (?11/ 21— 2e-01/54e-01 129e-03/4.4e—04 ~44€~ ((,):/ 2de-

50_10 375e-02/47¢—02 100€=02/98e—  612e-01/15e= o\ 11470 0] 442e-03/15e-03 O-21€ 04/4.0e-
03 01 04

80_02 116e-02/1.1e—02 >31€~03/3.de—  3.68e-01/20e— o) 1/3c. 01 103e-03/34e—04 O-31€~04/18e-
03 01 04

80_04 3.04e-02/2.9¢-02 7€~ gg’ /59¢ - 440e- (())11/ 228=  §350-01/34e-01 2.64e-03/9.9e—04 193¢~ (‘)): /47e -

80_06 488¢-02/53e—02 037€-03/65e— 454e-01/20e— o0 01140001  401e-03/17c—03 12€~04/3.1e-
03 01 04

80_08 7.84¢-02/7.2e—02  “17€ :22/ 12e= 5.86e - (?11/ 248~ | 050400/4.5e-01 532e-03/1.8¢—03 0%~ (‘)):/ 2.9¢ -

80_10 542e-02/5.5e—02 >34€-02/93e—  775¢-01/10e = o o) 01144001 1260-02/3.0e—03 21€~04/37e-
03 01 04

100_02 1.74e-02/1.2e—02 228~ :23 /1.0e = 5.00e - (?11/ 27 §376-01/34e-01 2.25e-03/8.6e~04 ¢~ ::/ 4le-

100_04 3.00e-02/320-02 9%~ 3: /3.6~ 5.04e- (?11/ L7€= 4 00e-01/4.1e-01 3.58¢-03/1.0e-03 4%¢~ g:/ 3.0e -

100_06 4.97e-02/5.7e-02 202~ (‘));/ 87¢-  6.18e- (())11/ 25 §75¢-01/39e-01 5.34e—03/1.5e-03 08¢~ (‘)’:/ 3.de -

100_08 6.28e-02/59¢-02 14%€- 332/ 7.6e-  693e- 311/ 18e = 06e+00/3.8¢-01 8.61e-03/2.1e~03 ©33¢~ ::/ 2.5e -

100_10 5.950-02/6.8¢-02 L€~ (‘))22/ 15e— 88le- (?21/ 926~ | 03¢400/3.6e-01 2.05e-02/3.1e~03 ~13€~ (‘)):/ 2.8e -

200_02 213e-02/17¢—02 63€-03/57e-  752e-01/21e= g0 010310 01 94le-03/17e—03 -14€~04/29€-
03 01 04

20004 6.01e-02/3.9e-02 “27€~ g;/ 3.5e— 7.83e- :11/ L5 = | 146400/2.5e-01  1.55¢-02/3.2e-03 ¢~ 8:/ 3.3e -

200_06 5.900-02/4.0e02 138¢~ 332/ 47e- 85le- (?11/ L2e = 20e+00/2.0e-01 1.84¢-02/2.9¢-03 ~20¢~ g:/ 2.3e-

20008 6.74e-02/57e-02 1€~ :22/ 19¢ - 9.38e- :21/ 97 = 1 09e+00/3.5e-01 3.97e-02/6.3e-03 1€~ g:/ 2.2e-

200_10 9.75e-02/78e = ) oo, 01/ade—02 04 -O01/Sde— o 00/31e-01 1.09—01/1.1e—02 500€~04/3.0e -

02 02 04
Hit rate 120 19/20 20/20 0/20 120 19/20

encoding scheme can avoid information redundancy during
the search process compared with the encoding scheme based
on subrange keys. Meanwhile, MODBSA is significantly
worse than MODBSA;, in terms of Spread metric on most
instances. The reason behind it is that the encoding scheme
based on subrange keys may have a great choice to search for
different areas of the search space and thus improve search
diversity, although it can lead to information redundancy.

5.5. Efficiency of Adaptive Strategy. To test the efficiency
of the adaptive mechanism in MODBSA, we compare the

MODBSA with MODBSA based on random selection mech-
anism on the 20 medium and large scale problems. In
this experiment, MODBSA,, denotes MODBSA with ran-
dom selection mechanism. Note that adaptive mechanism is
included in MODBSA. The other parameter settings of both
MOEAs are the same for a fair comparison. Table 7 reports
the statistical metrics on two strategies over 30 independent
runs. Table 8 summarizes the p values of Wilcoxon signed
rank test.

From Tables 7 and 8, it can be observed that MODBSA
completely dominates MODBSA, in terms of IGD metric
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TABLE 8: Wilcoxon signed rank test results based on the best metrics for each instance with 30 independent runs (a level of significant

a = 0.05).
GD A IGD

Number MODBSA versus MODBSA MODBSA versus MODBSA MODBSA versus MODBSA

R* R p value/win R* R p value/win R R p value/win
50_02 319 146 7.52e — 03/+ 33 432 4.07e - 05/— 160 305 1.36e — 01/ =
50_04 383 82 1.96e — 03/+ 63 402 4.90e - 04/- 465 0 1.73e — 06/+
50_06 370 95 4.68¢ — 03/+ 49 416 1.60e — 04/- 398 67 6.64e — 04/+
50_08 423 42 8.91e — 06/+ 105 360 8.70e — 03 /- 464 1.92e — 06/+
50_10 337 128 3.16e — 02/+ 115 350 1.57e — 02/- 465 0 1.73e — 06/+
80_02 336 129 3.33e - 02/+ 69 396 7.71e — 04/- 436 29 2.84e - 05/+
80_04 369 96 5.00e - 03/+ 18 447 1.02e - 05/~ 461 4 2.60e - 06/+
80_06 349 116 1.66e — 02/+ 43 422 9.71e - 05/~ 465 0 1.73e — 06/+
80_08 433 32 3.72e - 05/+ 55 410 2.61e — 04/- 465 0 1.73e — 06/+
80_10 357 108 1.04e — 02/+ 130 335 3.50e — 02/- 465 0 1.73e — 06/+
100_02 438 27 2.37e - 05/+ 75 390 1.20e - 03/- 458 7 3.52e — 06/+
100_04 465 0 1.73e — 06/+ 54 411 2.4le - 04/- 465 0 1.73e — 06/+
100_06 431 34 4.45e — 05/+ 60 405 3.88e — 04/- 465 0 1.73e — 06/+
100_08 465 0 1.73e — 06/+ 54 411 2.41e - 04/- 465 0 1.73e — 06/+
100_10 198 267 4.78¢-01/ = 137 328 4.95¢ - 02/- 465 0 1.73e — 06/+
200_02 378 87 2.77e - 03/+ 157 308 1.20e - 01/ = 465 0 1.73e - 06/+
200_04 337 128 3.16e - 02/+ 43 422 9.71e - 05/~ 465 0 1.73e — 06/+
200_06 389 76 1.29¢ — 03/+ 1 454 5.22e — 06/- 465 0 1.73e — 06/+
200_08 434 31 3.4le—-05/+ 109 356 1.1le - 02/- 465 0 1.73e — 06/+
200_10 44 421 1.06e — 04/- 77 388 1.40e — 03/- 465 0 1.73e — 06/+
+/ = /- 18/1/1 0/1/19 19/1/0

on most instances. However, such advantage will no longer
exist when only Spread metric is considered. The poor
distribution performance of MODBSA may be associated
with the characteristic of the problem. More specifically,
this type of scheduling problem may be a multimodal
optimization issue which contains several optimal solutions
corresponding to the same objective value (i.e., the second
nondominated solution on the case in Table 3). Therefore, the
distribution distance between Pareto fronts is very crowded.
MODBSA can obtain better results than MODBSA  in terms
of GD metric. In summary, the proposed MODBSA based
on adaptive selection mechanism is superior to MODBSA
on most instances. This means that adaptive selection can
enhance search efficiency. Besides, the results computed by
the proposed MODBSA are more stable, which indicates that
the adaptive selection strategy can strengthen the stability of
the MODBSA.

5.6. Efficiency of Total Cost Reduction in Proposed Algorithm.
To prove the efficiency of the MODBSA with the total cost
reduction strategy, it is compared with MODBSA without
the total cost reduction. In this experiment, MODBSA .
denotes the MODBSA without the total cost reduction
strategy. MODBSA itself includes the total cost reduc-
tion strategy. The parameter settings of both MOEAs are
the same as the above experiments. Table 9 records the

statistical metrics on different algorithms over 30 inde-
pendent runs. Table 10 shows the test results based on
the best metrics for each instance with 30 independent
runs.

Table 9 presents that the MODBSA is superior or com-
petitive to MODBSA ., in terms of all metrics on most
instances. From Table 10, it can be clearly observed that
the MODBSA with the total cost reduction strategy has a
significant better performance than the one without this
strategy on most instances. It means that MODBSA using
the total cost reduction strategy has good convergence and
coverage performance compared with MODBSA without
total cost reduction. It also implies that the exploitation ability
can be improved by the adoption of the total cost reduction
technique in MODBSA for solving SSPWCPT.

5.7. Comparison MODBSA with Other Algorithms. To further
assess the performance of the MODBSA on these scheduling
problems, MODBSA is compared with well-known MOEAs:
NSGA-II [36], PAES [41], and SPEA2 [42]. To fit the charac-
teristic of the addressed problem and make a fair comparison,
we modified these considered MOEAs. All MOEAs use the
same population size and the NFEs as stated in Section 5.3.
Moreover, the initial population is generated based on the
proposed encoding scheme and strategy for all MOEAs.
All MOEAs adopt the same operators including crossover,
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TABLE 9: Mean and standard deviation value of all metrics between MODBSA .. and MODBSA.
Problem GD (mean/std) Spread (mean/std) IGD (mean/std)
MODBSA,,., MODBSA MODBSA, ., MODBSA MODBSA, ., MODBSA
50_02 9.70e-03/1.3e-02 €~ (())23 /12e-  58le- (?11/ 337 6176-01/2.9¢-01  1.68¢-03/4.4e~04 03/13'3:__ 04
50_04 1.91e-02/2.9¢-02  “18¢~ (?22/ 19e = g gse-01/44e-01 >67¢~ (?11/ 386~ g 85e-04/4.8¢-04 0 4/7562:__ 04
50_06 1.81e - 322/ 237 350e-02/42e-02 77¢” gll/ 4le=  §31e-01/47¢-01  1.63e-03/53e-04 03/1:::__ 04
50_08 3.12e-02/35¢-02 287 (?22/ 35 g 97e-01/a8e-01 01€~ (?11/ 49~ 7 59¢-04/3.90-04 0 Jfg:_‘ 04
50_10 2.13e-02/2.7¢-02 186~ 322/ 27~ g lse—01/45e-01 O8%¢- 311/ 43¢ = 31e-03/4.2e-04 03/1"356:__ 04
80_02 1.72e-02/1.2e-02  123¢~ (?22/ L3¢~ g350-01/3.1e-01 3%~ :11/ 378§ 85e-04/2.5¢-04 0 4/6;::__ 04
80_04 433¢-02/3.7¢-02 >34e~ 322/ 37~ 00e+00/3.9¢-01 213¢ _(?11 [ade= 630c _3: [23e- 04/7;8: o4
80_06 4.60e-02/4.1e-02 8%~ 322/ 2= 8.36e - 311/ 43" 9 72e-01/44e-01  6.59-04/2.8¢-04 0 ;f;:: 04
80_08 7.27e-02/6.6e-02 %€~ :22/ >2€= ) 03e400/45e-01 100 gf/ 46e= g 150-04/3.9¢-04 0 4/73;):__ 04
80_10 4.83e-02/5.1e-02  +18¢~ (()’22/ 6.0¢ = g 40e-01/44e-01 323~ (())11 [Ade— 825 _(()) : [39e= 0 4/94556: Y
10002 Lote_02/18e_02 184~ (())22/1.5e = §37e-01/320-01 830~ (;)11 /33e-  9.26e - (());1/3.5e - 04/9;.189:_—04
10004 0% 322/ 43¢ 5 34e-02/3.90-02 070" 311/ 4le= ) 07er00/3.50-01 000~ 3:/ 39 0 4/9;_173;__ 04
w0006 PP 5100 apsae0n 77T AT gaes00/380-01 70200827004 47;59:__ 04
100_08 6.17¢ - (?22/ 61e= ¢ 60e—02/7.6e—02 1O0%¢F :{’ /42€ = 1 106+00/4.0e-01  7.50e—04/3.0e—04 0 4/7;’;:__ 04
100_10 4.67¢ - (())22/4-96 T 557e-02/5.8e-02 %€~ 311/ H1eT 9 81e-01/43¢-01  9.08e-04/3.3e-04 0 4/7;::__ 04
20002 08¢ 322/ L3¢~ 5 26e-02/15¢-02  370¢~ 311/ 3= 9 20e-01/2.6e-01 73" g:/ 27e- 0 4/7581:__ 04
20004 507e-02/43e-02 *7€” (()’22/ 40e— 10de+ :{’/ 33 1 136400/3.5¢-01  7.19¢-04/3.1e-04 0 4/6;3:__ 04
200,06 8.77¢ —(;)22/7.0e = 973¢-02/68002 V1% +(());)/2.6e T 119e400/32¢—01 S0l€ —3;1/2-8e - 04?;;:_-()4
20008 9.08e-02/6.7e-02 21~ :12/ L3¢ )1et00/27e-01  TET gf/ Ale= g 52e-04/3.5e-04 0 ;:g:__ 04
200_10 7:32e - 322/ 398~ 5 680-02/7.60-02  1.14e+00/2.9e—01 L13¢F 3{’ 316§ e 04/42e-04 0 47:3:__ 04
Hit rate 8/20 12/20 10/20 10/20 6/20 14/20

mutation, and total cost reduction as mentioned in this
paper only if they exist corresponding operators. The other
parameters are summarized in Table 11. 30 independent runs
are implemented for each MOEA on each test instance.
Tables 12-14 show the statistical results of GD, Spread, and
IGD. From these tables, we can observe that the proposed
MODBSA outperforms its counterparts for most instances.
Especially on the comprehensive metric IGD and conver-
gence metric GD, the outperformance of the MODBSA
is overwhelming except for several problems. MODBSA is
also competitive to NSGA-II with regard to Spread metric.

In addition, from Table 15, MODBSA shows a significant
improvement over the other MOEAs with a level of signifi-
cance a = 0.05 in terms of IGD metric. The major reasons
for the good performance of the MODBSA can be explained
as follows. First, the adoption of the dual population strat-
egy can improve the diversity of population since different
population may have different search directions, and thus
the MODBSA can maintain a good diversity in search space.
Second, to boost convergence performance, the adaptive
selection mechanism can select an appropriate population
as parent population for generating new candidate solutions
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TaBLE 10: Wilcoxon signed rank test results based on the best metrics for each instance with 30 independent runs (a level of significant

o = 0.05).
GD A IGD

Number MODBSA versus MODBSA ., MODBSA versus MODBSA ., MODBSA versus MODBSA .,

R* R p value/win R* R p value/win R R p value/win
50_02 243 222 8.29¢-01/ = 33 432 4.07e - 05/— 305 160 1.36e - 01/ =
50_04 234 231 9.75e — 01/ = 402 63 4.90e — 04/+ 398 67 6.64e — 04/+
50_06 94 371 4.38¢ - 03/- 49 416 1.60e — 04/- 293 172 2.13e-01/ =
50_08 464 1 1.92e — 06/+ 360 105 8.70e — 03/+ 464 1 1.92e — 06/+
50_10 434 31 3.4le—05/+ 350 115 1.57e - 02/+ 465 0 1.73e — 06/+
80_02 336 129 3.33e - 02/+ 396 69 7.71e — 04/+ 436 29 2.84e — 05/+
80_04 369 96 5.00e - 03/+ 447 18 1.02e - 05/+ 4 461 2.60e - 06/~
80_06 349 116 1.66e — 02/+ 43 422 9.71e — 05/— 396 69 7.71e — 04/+
80_08 465 0 1.73e — 06/+ 269 196 4.53¢-01/ = 465 0 1.73e — 06/+
80_10 357 108 1.04e — 02/+ 335 130 3.50e — 02/+ 0 465 1.73e - 06/—
100_02 257 208 6.14e - 01/ = 257 208 6.14e - 01/ = 140 325 5.7le - 02/ =
100_04 176 289 2.45e-01/ = 54 41 2.41e - 04/~ 159 306 1.3le-01/ =
100_06 34 431 4.45e — 05/— 60 405 3.88e — 04/— 465 1.73e — 06/+
100_08 57 408 3.07e — 04/- 54 411 2.4le—04/- 458 3.52e — 06/+
100_10 198 267 4.78¢ - 01/ = 137 328 4.95e - 02/- 465 1.73e — 06/+
200_02 140 325 571e—-02/ = 157 308 1.20e - 01/ = 140 325 5.7le - 02/ =
200_04 300 165 1.65e — 01/+ 43 422 9.71e - 05/~ 465 0 1.73e — 06/+
200_06 76 389 1.29¢ - 03/- 257 208 6.14e - 01/ = 0 465 1.73e — 06/+
200_08 434 31 3.41e — 05/+ 275 190 3.82e - 01/ = 465 0 1.73e — 06/+
200_10 0 465 1.73e - 06/- 279 186 3.39¢ - 01/ = 465 0 1.73e — 06/+
+/ = /- 9/6/5 6/6/8 13/5/2

TaBLE 11: The other parameter settings of MODBSA, NSGA-II, SPEA2, and PAES.

MODBSA NSGA-II SPEA2 PAES
Population size and archive Population size: 50 (10 and Population size and archive Population size and archive
size: 50 (10 and 30 jobs) 30 jobs) size: 50 (10 and 30 jobs) size: 50 (10 and 30 jobs)
Population size and archive Population size: 80 (50 and Population size and archive Population size and archive
size: 80 (50 and 80 jobs) 80 jobs) size: 80 (50 and 80 jobs) size: 80 (50 and 80 jobs)
Population size and archive Population size: 100 (100 Population size and archive Population size and archive
size: 100 (100 and 200 jobs) and 200 jobs) size: 100 (100 and 200 jobs) size: 100 (100 and 200 jobs)

Crossover rate: 0.9
Mutation rate: 0.2

Crossover rate: 0.9
Mutation rate: 0.2

Crossover rate: 0.9
Mutation rate: 0.2

Mutation rate: 0.2

according to different search environment and thus improve
search efficiency. Third, to further enhance convergence,
the total cost reduction strategy is proposed to improve
solution quality. Therefore, we can draw a conclusion that
these strategies have a positive effect on the behavior of the
algorithm.

Figure 8 presents the PF approximations found in the
run with the best IGD value of each MOEA for three
level instances with small, medium, and large scale. It is
evident from Figure 8(a) that although all MOEAs can find
some approximations with regard to convergence for the

small scale problem, MODBSA is capable of covering more
areas than other MOEAs. As is depicted in Figure 8(b),
MODBSA can show better convergence and coverage per-
formances for the medium scale problem, while the other
MOEAs tend to fall into local optima. The outperformance of
MODBSA can be attributed to the adaptive mechanism, by
which MODBSA can search preferable solutions in different
directions to enhance search diversity. We can also observe
from Figure 8(c) that the MODBSA has good convergence
performance compared with its MOEAs. The good perfor-
mance of MODBSA on medium and large scale problems



Mathematical Problems in Engineering

TABLE 12: Mean and standard deviation of GD obtained by NSGA-II, SPEA2, PAES, and MODBSA.

PAES
Mean/std

MODBSA
Mean/std

18
Problem NSGA-II SPEA2
Mean/std Mean/std
10_02 3.93¢ - 03/1.1e - 03 1.14e — 02/1.4e — 03
10_04 4.34e — 03/1.4e — 03 1.11e — 02/2.3e — 03
10_06 3.96e — 03/2.2¢ — 03 1.06e — 02/2.8e — 03
10_08 2.89¢ — 03/7.4e — 04 1.02¢ — 02/3.1e — 03
10_10 2.40e — 03/1.2e — 03 1.77e — 02/1.5e — 02
30_02 3.71e — 03/1.2¢ — 03 1.12e — 02/2.1e — 03
30_04 3.69¢ — 03/1.3¢ — 03 1.00e — 02/4.9¢ — 03
30_06 4.87e — 03/3.3e — 03 1.02e — 02/3.5¢ — 03
30_08 3.67e — 03/2.0e — 03 9.0le — 03/3.3e — 03
30_10 3.80e — 03/3.1e — 03 2.03e — 02/8.6e — 03
50_02 4.18¢ — 03/2.1e — 03 1.28¢ — 02/4.6e — 03
50_04 5.14e — 03/1.5¢ — 03 1.18¢ — 02/5.1e — 03
50_06 5.26e — 03/3.2¢ — 03 1.03e — 02/4.4¢ — 03
50_08 6.56e — 03/4.0e — 03 1.06e — 02/5.7e — 03
50_10 1.05e — 02/5.1e — 03 2.20e — 02/1.5¢ — 02
80_02 5.64e — 03/2.2¢ — 03 1.27e — 02/5.3e — 03
80_04 6.64e — 03/3.3¢ — 03 1.27e — 02/5.7¢ — 03
80_06 8.26e — 03/4.8¢ — 03 1.34e — 02/6.3¢ — 03
80_08 1.06e — 02/7.1e — 03 2.05e — 02/1.3e — 02
80_10 3.6le — 02/2.3¢ — 02 3.84e — 02/1.7¢ — 02
100_02 8.31e — 03/1.3e — 03 1.34e — 02/8.7¢ — 03
100_04 1.00e — 02/4.3¢ — 03 1.20e — 02/5.9¢ — 03
100_06 1.28¢ — 02/5.2¢ — 03 1.59¢ — 02/6.1e — 03
100_08 1.78¢ — 02/1.4e — 02 2.75e — 02/1.2e — 02
100_10 5.92e — 02/1.6e — 02 4.88¢ — 02/1.7e — 02
200_02 9.21e — 03/3.2¢ - 03 1.15e — 02/6.0e — 03
200_04 1.83e — 02/8.2e — 03 1.73e — 02/7.5¢ — 03
200_06 3.49¢ — 02/1.5¢ — 02 4.42e —02/1.7e — 02
200_08 1.22¢ - 01/2.1e — 02 2.61e — 01/4.0e — 02
200_10 3.87e — 01/8.2e — 02 5.46e — 01/2.4e — 01
Hit rate 14/30 1/30

1.84e — 02/5.0e — 03
1.75e — 02/6.8e — 03
2.12e — 02/2.1e — 01
2.74e — 02/1.2e — 01
8.54e — 02/7.6e — 02
1.58e — 02/3.3e — 03
2.20e — 02/2.1e — 02
5.00e — 02/4.0e — 02
7.63e — 02/7.5¢ — 02
7.68¢ — 02/7.1e — 02
2.07e — 02/1.2e — 02
3.52e — 02/2.6e — 02
6.50e — 02/5.9¢ — 02
7.47e — 02/9.1e — 02
9.58¢ — 02/7.6e — 02
2.6le —02/1.1e — 02
3.17e — 02/1.3e — 02
4.80e — 02/2.6e — 02
6.00e — 02/3.9¢ — 02
7.81e — 02/8.9¢ — 02
2.74e — 02/7.8e — 03
4.29¢ — 02/1.6e — 02
5.64e — 02/4.9¢ — 02
7.89¢ — 02/3.0e — 02
1.11e — 01/4.5¢ — 02
2.57e — 02/7.2e — 03
3.33¢ — 02/1.9¢ — 02
7.58¢ — 02/1.9¢ — 02
3.88¢ —01/3.8¢ — 02
4.42e — 01/2.0e — 01
0/30

7.94e — 04/4.0e — 04
1.10e — 03/7.3e — 04
1.06e — 03/8.2¢ — 04
1.08e — 03/7.0e — 04
1.08¢ — 03/6.0e — 04
1.03e — 03/2.5¢ — 04
8.56e — 04/7.7¢ — 03
7.71e — 04/5.5¢ — 04
7.93e — 04/3.1e — 02
9.75e — 04/3.9¢ — 02
8.20e — 03/1.6e — 02
1.24e — 02/4.0e — 02
1.10e — 02/4.0e — 02
3.18¢ — 02/5.8¢ — 02
7.99¢ — 03/4.9¢ — 02
1.11e — 02/1.5e — 02
2.47e — 02/6.0e — 02
3.08¢ — 02/7.9¢ — 02
3.37e — 02/5.9¢ — 02
2.65¢ — 02/4.4¢ — 02
6.86e — 03/1.8e — 02
2.21e —02/3.9¢ — 02
4.97e — 02/7.4e — 02
6.63¢ — 02/9.5¢ — 02
4.84e — 02/8.3e — 02
1.68e — 02/8.0e — 03
2.25e — 02/3.8¢ — 02
4.86e — 02/9.1e — 02
1.45e¢ — 01/3.2e — 02
1.12e - 01/1.1e - 01
15/30

may be based on the fact that the dual population can help
to balance the exploitation and exploration of MODBSA.
Figure 8 not only presents good convergence of MODBSA
but also illustrates a widespread coverage of MODBSA. In
addition, MODBSA can find more nondominated solutions
than other MOEAs, which implies good exploration ability
of MODBSA. Therefore, we can conclude that MODBSA
is very suitable for addressing this type of scheduling
problem.

The statistical results are plotted as boxplots in Figure 9.
The vertical axis of each subfigure represents the IGD value
and the horizontal axis represents the different MOEAs. The
lower position of box denotes better performance. The nar-
rower the shape of the box is, the more stable the correspond-
ing algorithm is. Clearly, the MODBSA is overwhelming
without any exception in terms of IGD metric for three

above level instances. It is consistent with previous numerical
analysis and our view that the MODBSA outperforms other
MOEAs considered for the SSPWCPT. The reasons behind
the good performance of MODBSA are as follows. First,
dual population scheme makes MODBSA have a better
exploration ability as that it has a greater choice to search
for different unknown areas of the search space. Second,
total cost reduction strategy can improve the convergence of
MODBSA since the quality of solution can be improved when
total cost criterion is reduced while the tardiness criterion
remains unchanged.

6. Conclusions and Future Work

In this paper, a multiobjective single machine scheduling
problem with CPT is studied. The objective of this study
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TABLE 13: Mean and standard deviation of Spread obtained by NSGA-II, SPEA2, PAES, and MODBSA.

PAES
Mean/std

MODBSA
Mean/std

Problem NSGA-II SPEA2
Mean/std Mean/std

10_02 1.38¢ + 00/1.3e — 02 1.46e + 00/3.3e — 02
10_04 1.34e + 00/3.2¢ — 02 1.42e¢ + 00/3.9¢ — 02
10_06 1.31e + 00/4.9¢ — 02 1.47e¢ + 00/6.4e — 02
10_08 1.23e + 00/1.5¢ — 02 1.54e + 00/6.9¢ — 02
10_10 1.08e + 00/8.5¢ — 02 1.55e + 00/8.3¢ — 02
30_02 7.41e — 01/5.2e — 02 1.46e + 00/4.9¢ — 02
30_04 7.81e — 01/5.2e — 02 1.45e + 00/4.8¢ — 02
30_06 8.03e — 01/5.7e — 02 1.43e + 00/5.9¢ — 02
30_08 8.11e — 01/4.7e — 02 1.45e + 00/5.0e — 02
30_10 8.54¢ — 01/5.6e — 02 1.50e + 00/5.1e — 02
50_02 7.08¢ — 01/6.1e — 02 1.48e + 00/5.0e — 02
50_04 7.54e — 01/7.7¢ — 02 1.43e + 00/4.1e — 02
50_06 7.82e —01/8.7e — 02 1.45e + 00/4.6e — 02
50_08 7.70e — 01/5.1e — 02 1.47e + 00/4.0e — 02
50_10 8.18¢ — 01/5.7e — 02 1.50e + 00/4.0e — 02
80_02 7.13e — 01/4.5e — 02 1.50e + 00/4.4e — 02
80_04 7.58¢ — 01/5.2¢ — 02 1.49¢ + 00/4.3¢ — 02
80_06 7.76e — 01/7.1e — 02 1.49¢ + 00/3.2e — 02
80_08 7.95e¢ — 01/5.2e — 02 1.46e + 00/3.2e — 02
80_10 8.93e¢ — 01/4.4e — 02 1.47e + 00/4.4e — 02
100_02 7.35e — 01/5.8e — 02 1.52e + 00/4.0e — 02
100_04 7.66e — 01/8.4e — 02 1.50e + 00/3.3¢ — 02
100_06 7.79¢ — 01/7.6e — 02 1.50e + 00/3.9¢ — 02
100_08 8.36e — 01/6.6e — 02 1.49¢ + 00/4.1e — 02
100_10 9.20e — 01/5.4e — 02 1.44e + 00/5.9¢ — 02
200_02 7.96¢ — 01/5.4e — 02 1.54e + 00/2.0e — 02
200_04 8.00e — 01/6.0e — 02 1.49¢ + 00/2.7¢ — 02
200_06 8.24e - 01/4.8¢ — 02 1.48¢ + 00/4.0e — 02
200_08 8.12¢ — 01/4.6e — 02 1.49¢ + 00/4.2e — 02
200_10 1.01e + 00/8.0e — 02 1.33e + 00/7.8¢ — 02
Hit rate 15/30 0/30

1.01e + 00/3.0e — 02
1.05e + 00/1.3e — 01
1.16e + 00/2.1e — 01
1.22e + 00/2.2e — 01
1.30e + 00/1.8¢ — 01
1.01e + 00/3.9¢ — 02
1.09¢ + 00/1.4e — 01
1.23e +00/1.9¢ — 01
1.34e + 00/1.4e — 01
1.33¢ + 00/1.5¢ — 01
1.10e + 00/1.3e — 01
1.19¢ + 00/1.5¢ — 01
1.27e + 00/1.5¢ — 01
1.32¢ + 00/1.4e — 01
1.33e + 00/1.1e — 01
1.07e + 00/7.5¢ — 02
1.14e + 00/1.4e — 01
1.23e + 00/1.5¢ — 01
1.27e + 00/1.5¢ — 01
1.29¢ + 00/1.6e — 01
1.07e + 00/9.4e — 02
1.19¢ + 00/1.2e — 01
1.27¢ + 00/1.4e — 01
1.32e + 00/1.0e — 01
1.35¢ + 00/5.7¢ — 02
1.02e + 00/2.6e — 02
1.12e + 00/9.1e — 02
1.29¢ + 00/8.6e — 02
1.09¢ + 00/7.9¢ — 02
1.08¢ + 00/1.1e — 01
4/30

1.66e + 00/2.4e — 02
1.61e + 00/2.9¢ — 02
1.59¢ + 00/1.9¢ — 02
1.54e + 00/8.8¢ — 03
1.29¢ + 00/1.6e — 02
4.96e — 01/8.0e — 02
5.79e — 01/2.6e — 01
5.39e - 01/2.9e - 01
6.15e — 01/4.1e — 01
6.00e — 01/4.3e - 01
6.58¢ — 01/3.1e — 01
7.43e — 01/4.2e - 01
7.69e — 01/4.7e — 01
8.35e — 01/5.1e — 01
7.02e — 01/4.7e - 01
7.26e — 01/3.3e — 01
8.80e — 01/4.3e — 01
9.12e — 01/4.7¢ — 01
1.02e + 00/3.7¢ — 01
9.00e — 01/4.4e — 01
6.68e — 01/3.7e — 01
9.22e - 01/3.9¢ - 01
9.28¢ — 01/4.8e — 01
1.08e + 00/3.9¢ — 01
9.74e — 01/4.4e — 01
7.83e — 01/1.9¢ - 01
9.59¢ — 01/2.9e — 01
1.17e + 00/2.3e — 01
9.63¢ — 01/2.3e — 01
1.14e + 00/9.1e — 02
11/30

is to minimize the total tardiness and total compression
cost simultaneously. To solve this multiobjective problem, a
new multiobjective discrete backtracking search algorithm
(MODBSA) is proposed. In MODBSA, a new solution rep-
resentation is developed to adapt to the characteristic of
the problem. Experimental results show the validity of the
solution representation. To improve search diversity and
efficiency, we propose two improvement strategies into the
MODBSA. First, an adaptive selection scheme is designed to
select a suitable population for update operation. Second, a
total cost reduction strategy is embedded into the MODBSA

for enhancing exploitation ability. The efficiency of each
improvement strategy is separately validated by experimental
studies. The MODBSA is also compared with NSGA-II,
SPEA2, and PAES on 30 instances. The empirical results
demonstrate that the MODBSA outperforms its rivals on
most instances. In conclusion, the main contributions of this
work are at least threefold.

(1) A multiobjective mathematical model of scheduling
problem with CPT is constructed. A new multiob-
jective backtracking search algorithm is developed to
solve this scheduling problem.
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TABLE 14: Mean and standard deviation of IGD obtained by NSGA-II, SPEA2, PAES, and MODBSA.
Problem NSGA-II SPEA2 PAES MODBSA
Mean/std Mean/std Mean/std Mean/std
10_02 8.58¢ — 04/2.3e — 04 2.21e — 03/2.3e — 04 1.69¢ — 02/3.8e — 03 1.31e — 04/6.3¢ — 05
10_04 1.52e — 03/6.2¢ — 04 2.57e — 03/3.1e — 04 1.54e — 02/3.0e — 03 2.99¢ — 04/1.2e — 04
10_06 1.13e — 03/6.3e — 04 3.08¢ — 03/4.1e — 04 1.75e — 02/3.9¢ — 03 1.94e — 04/6.7¢ — 05
10_08 1.28¢ — 03/3.9¢ — 04 391e — 03/5.0e — 04 1.95¢ — 02/3.8¢ — 03 1.17e — 04/4.9¢ — 05
10_10 1.08e — 03/4.3e — 04 5.48¢ — 03/1.0e — 03 1.68e — 02/3.1e — 03 3.83e - 04/1.1e - 04
30_02 3.06e — 03/1.0e — 03 4.36e — 03/7.7¢e — 04 2.63e — 02/3.3e — 03 2.72e — 04/2.0e — 04
30_04 3.73e — 03/8.8¢ — 04 4.14e — 03/6.2¢ — 04 2.46e — 02/3.6e — 03 1.85e¢ — 04/1.5¢ — 04
30_06 4.04e — 03/8.9¢ — 04 4.16e — 03/6.0e — 04 2.22e — 02/4.1e — 03 2.17e — 04/7.2¢ — 05
30_08 3.90e — 03/7.5¢ — 04 4.02e — 03/5.1e — 04 2.10e — 02/3.1e — 03 1.87e¢ — 04/9.7¢ — 05
30_10 7.19¢ — 03/1.6e — 03 6.64e — 03/8.0e — 04 2.67e — 02/4.0e — 03 3.71e — 04/1.5e — 04
50_02 4.04e — 03/9.5¢ — 04 5.32e — 03/7.0e — 04 2.51e — 02/3.4e — 03 2.02e — 04/7.2e — 05
50_04 5.24e — 03/1.7e — 03 5.92e — 03/5.5¢ — 04 2.30e — 02/3.7e — 03 3.46e — 04/1.4e — 04
50_06 5.34e — 03/2.0e — 03 5.70e — 03/4.6e — 04 2.31e — 02/3.5e — 03 3.38¢ — 04/1.2¢ — 04
50_08 6.14e — 03/1.0e — 03 6.96e — 03/5.3¢ — 04 2.28¢ — 02/2.7e — 03 2.60e — 04/7.4e — 05
50_10 1.33e — 02/3.3e — 03 1.29¢ — 02/1.3e — 03 2.90e — 02/1.1e — 02 6.74e — 04/3.0e — 04
80_02 7.93e — 03/1.7¢ — 03 1.02e — 02/1.1e — 03 3.04e — 02/2.7¢ — 03 4.55e¢ — 04/1.4e — 04
80_04 8.92e — 03/2.0e — 03 1.03e — 02/8.6e — 04 2.91e - 02/2.1e - 03 5.68e — 04/2.5¢ — 04
80_06 1.33e — 02/5.2e — 03 1.38¢ — 02/1.1e — 03 2.77e — 02/1.8e — 03 5.20e — 04/2.3e — 04
80_08 1.60e — 02/2.9¢ — 03 1.78¢ — 02/1.1e — 03 2.81e — 02/2.1e — 03 1.26e — 03/4.3¢ — 04
80_10 2.43e — 02/5.9¢ — 03 1.88¢ — 02/1.4e — 03 3.0le — 02/2.0e — 03 7.49¢e — 04/2.6e — 04
100_02 1.20e — 02/2.5¢ — 03 1.60e — 02/1.2¢ — 03 3.19¢ — 02/2.7e — 03 8.35¢ — 04/3.2e — 04
100_04 1.37e — 02/5.2e — 03 1.42e — 02/8.5¢ — 04 2.78¢ — 02/2.3e — 03 4.84e — 04/1.3e — 04
100_06 1.52e — 02/6.1e — 03 1.65¢ — 02/1.4e — 03 2.77e — 02/2.2e — 03 8.24e — 04/3.3e — 04
100_08 1.82e — 02/4.7¢ — 03 1.74e — 02/1.3e — 03 2.63e — 02/2.2e — 03 6.64e — 04/3.2e — 04
100_10 3.28¢ — 02/6.9¢ — 03 2.0le — 02/1.4e — 03 2.93e — 02/2.5¢ — 03 9.08¢ — 04/4.4e — 04
200_02 1.25e — 02/3.2e — 03 1.69¢ — 02/8.1e — 04 5.26e — 02/6.4e — 03 6.41e — 03/2.8¢e — 05
200_04 1.44e — 02/4.4e — 03 1.73e — 02/1.2e — 03 4.26e — 02/3.8¢ — 03 4.41e - 03/2.9¢ — 05
200_06 2.29¢ — 02/4.7¢ — 03 1.96e — 02/2.1e — 03 2.79¢ — 02/1.6e — 03 1.51e — 03/3.6e — 04
200_08 1.18¢ — 01/2.3e — 02 1.17e — 01/2.0e — 02 5.43¢ — 01/2.6e — 02 4.02e — 02/1.0e — 02
200_10 2.52e — 01/4.6e — 02 2.14e — 01/3.3e — 02 4.97e — 01/1.9¢ - 01 1.05e — 02/8.3e — 03
Hit rate 0/30 0/30 0/30 30/30

(2) A new solution representation is provided for the  problem. Another research direction is to further improve the
scheduling problems with CPT. It also provides  search efficiency of the algorithm by incorporating heuristic
a new encoding scheme in solving scheduling  based on problem property.
problems.

(3) The adaptive selection strategy and the total cost  Notations
reduction strategy both can improve the performance
of the MODBSA on instances. The adaptive selection
mechanism can help to enhance exploration ability of
the MODBSA, while the total cost reduction strategy n: - Number of jobs
can improve exploitation ability. Ji+ Job j

Jiip: Job in the ith position in a sequence

With respect to future work, an interesting issue worth m: Processing sequence of jobs, namely,

studying is extending MODBSA to more complex scheduling ={Jup-os Tl

problems with CPT such as the dynamic job shop scheduling pj: Normal processing time of job j

Parameters
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FIGURE 8: Pareto approximations obtained by different MOEAs with the best IGD value.
Crash (minimum allowable) processing Decision Variables
time of job j DA t of . ino ti Fiob i
: Maximum amount of compression pro- Xt r.noun o _Cff)mpreSSIC(l)n Prolce.ssmg ime oh]o ]
cessing time for job j, namely,m; = p, - P; Yj: Itis set to 1if J; precedes Ji; it is set to 0 otherwise.
: Actual processing time of job j
Unit cost of compression processing time Conlflicts of Interest
of job j
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Tardiness of job j, namely, T; = max(0, C;—
d ), where C. is the completion time of job
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