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ABSTRACT. This study deals with the unrelated parallel machine scheduling problem with
sequence- and machine-dependent setup times under due date constraints, a core topic for
numerous industrial applications. In view of the computational complexity, an artificial
bee colony (ABC) algorithm is presented to minimize the total tardiness. The perfor-
mance of the proposed ABC algorithm is evaluated by comparing its solutions with those
of state-of-the-art algorithms on the same benchmark problem set. Computational results
show that the proposed ABC algorithm significantly outperforms existing algorithms for
most problem combinations. This study offers a useful contribution to the growing body
of both theoretical and practical ABC algorithms useful in scheduling problems.
Keywords: Unrelated parallel machines, Total tardiness, Sequence-dependent setup
times, Machine-dependent setup times

1. Introduction. The problem addressed in this study is the scheduling of N available
jobs on M unrelated parallel machines with sequence- and machine-dependent setup times
to minimize the total tardiness under due date constraints. Placing unrelated machines
in parallel to enhance routing flexibility is common in many production systems in the
textile, chemical, electronics manufacturing, plastics forming and service industries [1].
In an unrelated parallel machines environment, the machines are non-identical to one
another and cannot be fully correlated by simple rate adjustments. Since the speeds of
different machines do not have constant relationships, the processing time of jobs depends
not only upon the job but also the characteristics of machine to which it is assigned. In
a sense, each unrelated machine has its own matrix of sequence-dependent setup times.
A sequence- and machine-dependent setup time is usually incurred when switching
between different types of jobs [2,3]. This type of setup can be found in many manufac-
turing processes (e.g., drilling operations for printed circuit board fabrication and dicing
operations for semiconductor wafer manufacturing) [4]. With increasing on-time delivery
requirements from customers, tardiness-related measures have become one of the most
active research criteria for different scheduling problems over the past two decades [5].
Given the importance of this issue for industry, total tardiness is adopted as performance
criterion in this study. In addition, we consider the constraint that certain jobs have
deadlines in order to meet the real-world requirement that the orders of primary cus-
tomers must not be delayed. Using the regular three-field scheduling notation [6], the
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problem addressed in this study can be signified by Rm |s,jk, d;| > T; which is employed
throughout this paper.

Efficient scheduling is crucial to improving the performance of manufacturing systems
for survival in today’s intensely competitive business environment [7,8]. Since the initial
study of McNaughton [9], a growing body of research has been directed at the parallel
machine scheduling problem (PMSP). In the literature, the possible machine environments
of PMSPs can be generally classified into identical, uniform and unrelated machines in
parallel [10], in which the unrelated parallel machine environments can be characterized
as machines that perform the same function but have different capabilities or capacities,
and represent a generalized environment of the previous two categories. While extensive
work has been carried out on different PMSPs, the unrelated PMSP has been far less
studied than the other two environments [11].

Exact algorithms for unrelated PMSPs have been presented in Lancia [12], Liaw et al.
[13], and more recently in Shim and Kim [14] and Rocha et al. [15]. As the majority of
unrelated PMSPs are known to be NP-hard [16], developing efficient exact algorithms for
practical sized problems is a challenge for researchers and practitioners. The high compu-
tational burden and time constraints motivate researchers to seek efficient approximation
algorithms that generate (near-) optimal solutions with relatively lower computational
costs [17-19].

Currently, available approximation algorithms for solving unrelated PMSPs can be
generally classified into two categories: constructive heuristics (CHs) and improvement
heuristics (IHs). For CHs such as those proposed and evaluated by Suresh and Chaudhuri
[20], Adamopoulos and Pappis [21], Bank and Werner [22], Logendran and Subur [23],
Logendrana et al. [24] and Zhang et al. [25], once a job sequence is determined, it is fixed
and cannot be reversed. IHs start with an initial solution and then provide a scheme for
iteratively obtaining an improved solution. Well-known research on this approach includes
Bruno et al. [26], Horn [27], Hariri and Potts [28], Azizoglu and Kirca [29], Bank and
Werner [22], Weng et al. [30], Al-Salem [31] and Ghirardi and Potts [32]. Recent interest
in developing efficient THs has focused on metaheuristic-based algorithms which provide
a rather general algorithmic framework that can be applied to different optimization
problems with minor modification [33]. Metaheuristic-based IHs for unrelated PMSP
include: genetic algorithm (GA)-based algorithm [34], simulates annealing (SA)-based
algorithm [34-37], Tabu search (TS)-based algorithm [23,34,38,39] and iterated greedy
(IG)-based algorithm [40]. For more on the theoretical and practical advances of related
algorithms, we refer the reader to the survey work of Mokotoff [41] and Pfund et al. [42].

The above studies have contributed significantly to the search for (near-) optimal so-
lutions for different extremely challenging unrelated PMSPs. However, based on the lit-
erature review, the Rm |sp,ji, dj| > T problem remains underrepresented in the research
literature. To the best of our knowledge, except for Chen [37] and Lin et al. [40] who
addressed the Rm |smjk, d;| > T; problem, studies either did not consider sequence- and
machine-dependent setup times and/or dealt with other performance criteria without due
date constraints.

In view of both the theoretical challenges and the broad industrial implications, in
this study, an artificial bee colony (ABC)-based algorithm is presented to address the
Rm |Smjk,d; |>_ T; problem. The new proposed ABC-based algorithm has four unique fea-
tures: (1) a new solution representation that is suitable for solving the Rm |s,,;x, d; [>T}
problem and can facilitate the decoding of a schedule; (2) a new neighborhood solution
generation approach that takes advantage of the destruction and construction phases of
the iterated greedy (IG)-based algorithm [40] is incorporated into the procedures of the
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proposed ABC-based algorithm; (3) a crossover operation from GA-based algorithm is ap-
plied to explore local variants of the current solutions; and (4) a new local search approach
is presented to efficiently improve the incumbent solution. The remainder of this article is
structured as follows: following the definition of the Rm |s,,;x, d; |>_ T; problem in Section
2, the proposed ABC-based algorithm is elaborated in Section 3; through computational
experiments on the same benchmark problem set in Section 4, the effectiveness and ef-
ficiency of the proposed ABC-based algorithm is empirically evaluated by comparing its
performance against state-of-the-art metaheuristic-based algorithms; finally, concluding
remarks and recommendations for future research are presented in Section 5.

2. Problem Definition. The Rm sk, d; |>_ T, problem considered in this paper can
be formulated as a more complex variation of the unrelated PMSP, which involves sequence-
and machine-dependent setup times, and deadline constraints. Since the classic PMSP
with sequence-dependent setup times is strongly NP-hard [43], the Rm sk, d; [>T}
problem is clearly strongly NP-hard. To formulate this intractable problem, consider
a set of N given jobs, each requiring a single operation on exactly one of the M un-
related parallel machines. Each job can be classified into one of L mutually and col-
lectively exhaustive product types. Let p,,; (m = 1,2,...,M; j = 1,2,...,N) be the
processing time of job j, which depends on its assigned machine m. If two consecu-
tive jobs have the same product type, the setup time will equal zero. Associated with
each job j is an assigned due date d; (j = 1,2,...,N) in which certain jobs of pri-
mary customers have deadline constraints. Prior to processing each job k, if there is a
switch between different types of jobs, a sequence- and machine-dependent setup time
Smik (Mm=1,2,...,M; j,k=1,2,...,N and j # k) is incurred when job k is scheduled
immediately following job j on the same machine m.

Moreover, the Rm |spmjk, d; |>_ T; problem considered in this study satisfies the follow-

ing major assumptions:

e All jobs are available for processing at the beginning (i.e., time zero) of the planning
horizon, and have no precedence constraints among them.

e Each machine can handle no more than one job at a time and is persistently available
to process all scheduled jobs when required.

e Each job can be processed by exactly one of the free machines at any given time
without preemption; that is the process cannot be interrupted before completion
once a job starts to undergo processing.

e The number of jobs is larger than the number of machines; i.e., N > M in order to
avoid trivial cases.

e The number of jobs, their processing times, their due dates and their setup times
are non-negative integers that have been identified beforehand.

With these definitions, the objective is to find a feasible schedule 7 = {7, o, ..., Tas}
for all of the jobs that minimizes the total tardiness )7}, where m,, (m =1,2,..., M)
represents the sequence of jobs on machine m; T; = max{C; — d;,0} in which C; denotes
the completion time of job j.

3. The Proposed ABC-based Algorithm. The ABC algorithm is a novel swarm
based metaheuristic algorithm that was introduced by Karaboga [44] for optimizing nu-
merical problems. Satisfactory ABC-based algorithms’ results have been reported for
application to the numerical test functions optimization problem [45], structural inverse
analysis [46], the leaf-constrained minimum spanning tree problem [47], the assignment
problem [48] multi-objective design optimization of composites [49], the visual target
recognition problem [50] and clustering analysis [51].
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ABC algorithm is inspired by the intelligent foraging behavior of a honeybee swarm.
The algorithm posits foraging artificial bees that are grouped into three groups: employed
bees, onlookers and scouts. A bee that is currently exploiting a food source is called an
employed bee. A bee that is waiting in the hive to make a decision regarding a food
source is called an onlooker. A bee that is performing a random search for a new food
source is called a scout. An employed bee that abandons a food source becomes a scout.
When employed bees and onlookers perform the exploitation process in the search space,
the scouts control the exploration process. In the original ABC algorithm, each solution
to the problem of interest is treated as a food source and represented by an n-dimensional
real-valued vector, and the fitness of the solution is represented by the amount of nectar
in the associated food resource. The number of employed bees or onlookers is set equal
to the number of food sources in the population. In other words, for each food source,
only one bee is employed.

Like other swarm intelligence-based approaches, the ABC algorithm is iterative. It
begins with a population of randomly generated food sources (solutions). A typical iter-
ation of ABC proceeds as follows: the employed bees are placed on their food sources,
and the onlookers are also placed on food sources in a manner that depends on their
nectar amounts; scouts are sent to the search area to discover new food sources. Finally,
the best food source yet found is recorded to memory. This process is repeated until the
termination condition is satisfied.

The following subsection gives a detailed discussion of the proposed ABC-based al-
gorithm for solving the Rm |sy,k, d; |>.T; problem. First, the solution representation
(encoding scheme) that makes a solution recognizable to the proposed algorithm and the
initial solution generated approach is presented. Then, the fitness value, the neighborhood
solution, the local search (LS) approach, the employed bee phase, the onlooker phase, the
scout phase and the parameters are explained. Finally, the procedures of the proposed
ABC-based algorithm are described and an example is given.

3.1. Representation of solution and initial solutions. The solution representation
in the original ABC algorithm is an n-dimensional real-valued vector which may be not
suitable for solving the Rm |sjk, d; |>_ T; problem. Accordingly, permutation-based rep-
resentation can facilitate the decoding of a schedule. Therefore, in this study, it is rep-
resented by a string of numbers that consist of a permutation of N jobs and is given by
the set {1,2,..., N} and M — 1 zeros, where M is the number of machines. For example,
a solution representation [15, 6, 5, 3, 8, 17, 0, 1, 18, 9, 7, 11, 2, 19, 0, 10, 13, 14, 4, 16,
12, 20] can be decoded as follows. There are 20 jobs to be processed by three unrelated
machines. The operating sequence of the jobs on machines 1, 2 and 3 are 15-6-5-3-8-17,
1-18-9-7-11-2-19 and 10-13-14-4-16-12-20, respectively.

To generate the initial solution, the primary customers and the shortest completion
time first (PCSCTF) rule, proposed by Lin et al. [40], is used for the Rm |s,,k, d; [>T}
problem. The PCSCTF rule has two steps:

Step 1. Divide the jobs into two classes: primary customers and non-primary customers.
Rank the jobs within each class in ascending order of their due dates.

Step 2. Sequentially, dispatch each of the jobs within the class of primary customers to
the machine which has the shortest completion time for the current assigned job.
Subsequently, use the same method to arrange each of the jobs within the class
of non-primary customers until all jobs are assigned.

Since the jobs of primary customers cannot be delayed, the PCSCTF rule that dis-

patches them first is sensible. However, it is still possible to obtain an infeasible solution
that violates the due date constraints. In view of the fact that sometimes accepting an
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infeasible solution may help the algorithm to jump out of a local optimal, in this study,
an infeasible solution can be temporarily accepted with a penalty cost (P.,s;) per unit
time of tardiness for each delayed job with respect to the primary customers. Finally, the
initial solution is improved by applying the LS approach (see Section 3.4) to the solution
obtained by the PCSCTF rule.

3.2. Fitness value. The quality of a solution is determined by the value of its fitness
function. Due to the due date constraints of primary customers, a penalty cost is added
to the fitness function when an infeasible solution is obtained. In this study, the penalty
cost is calculated as the unit penalty times the total tardiness of the delayed jobs of
primary customers. Meanwhile, the fitness function of a solution is defined as fit(r) =
1/[1 + Penalty(m) + TT(r)], where Penalty(m) denotes the penalty cost of a (infeasible)
schedule m and TT(7) represents the total tardiness cost of a schedule 7. This equation
reveals that a lower total tardiness cost and penalty cost corresponds to a higher fitness
value.

3.3. Neighborhood solutions. In this study, the employed bees generate food sources
(solutions) in the neighborhood close to their current positions. This process is structured
by a permutation-based representation. Based on the permutation-based neighborhood
structure, the destruction and construction phases of the IG algorithm [52] are applied to
generate neighborhood solutions of the current solution. The procedure for generating a
neighborhood solution is denoted as IG(m, «) herein, where 7 is the current solution and
« is a parameter. Briefly, the two steps of IG(m, a), i.e., destruction and construction
phases, are described as follows:

Step 1. (Destruction phase): Randomly select o unrepeatable jobs from 7. Delete them
from 7 and add them to 7 in the order in which they were chosen, where 7y is
the sequence of the a removed jobs.

Step 2. (Construction phase): Sequentially, reinsert the jobs of g into 7p until a com-
plete solution is obtained, where 7, is the partial sequence of 7 that is left after
« jobs have been removed. During the construction procedure, the best solution
(Tnew) that is obtained by inserting the jobs of 7y into all possible positions of
the current subsequence is recorded.

3.4. LS approach. In this study, the LS approach outlined in Figure 1 was applied
to improve mpe,. As shown in Figure 1, the LS approach improves 7,., by iteratively
exchanging jobs in the solution with jobs positioned after them. Notably, when a better
solution (myepyp) is obtained, the LS procedure is applied again by setting the index values
to the initial value.

3.5. Employed bee phase. If the solution (°) corresponding to an employed bee x; (Vi)
equals s, a new solution 7, for this employed bee is generated from the neighborhood
solutions described in Section 3.3. Otherwise, a new solution =}, for this employed bee

is generated by the following steps of order crossover [53,54]:

Step 1. Select a substring from 7., at random.

Step 2. Produce a proto-child by copying the substring into its corresponding positions.

Step 3. Delete the jobs/machines that are already in the substring from the second
parent. The resulting sequence of jobs/machines contains the jobs that the
proto-child needs.

Step 4. Place the jobs into the unfixed positions of the proto-child from left to right
according to the order of the sequence to produce an offspring.
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Procedure Local Search (x,,,)

Begin
L=N+M -1 (the number of element in the solution list);
DoExhange:
for(i=LifL-Li++)
{
for(j=i+LjSL;j++)
{
7, =solution obtained by exchange the i “and ;" elementsof 7, ;
If (0bj(n,,,) is better than obj(x,,,))
{
EHL‘W = xf?i?fp :

Go to DoExhange;

}

return 7, .

End

FIGURE 1. Local search procedure

If 7t . is better than the best solution (7*) found so far by the proposed ABC-based

new
algorithm, or the relative difference of fitness function values between 7, and 7*, that is
[fit(m*) — fit(nt,, )]/ fit(z*), is smaller than a predetermined value (threshold), the LS
approach is applied to improve 7¢ .
A new neighborhood solution 7, ~is always accepted if it is better than or equal to
wt. Therefore, once 7', is obtained, it is compared to 7'. If fit(r’,,) > fit(n'), then 7’
is replaced by 7! becomes a new member of the population; otherwise, 7 is

i
new and ﬂ-new
retained.

3.6. Onlooker phase. An onlooker evaluates the nectar information taken from all the
employed bees and selects a solution (food source) ¢ with a probability p;, given by
pi = fi/ Zfﬁ fi, where f; is the amount of nectar (fitness value) of 7' and SN is the
number of food sources. Clearly, a higher f; corresponds to a higher probability that
7' is selected. Once, a solution 7 is selected by an onlooker, a new solution (7, )
is generated using the neighboring procedure described in Section 3.3. Then, the LS
approach as applied in the employed bee phase can be implemented on 7¢,, . If the 7',
obtained from the LS procedure has at least as much nectar as 7%, then 7 will replace

. new
7" and become a new member of the population.

3.7. Scout phase. If 7 cannot be further improved within a predetermined number of
trials (i.e., limit), then it is assumed to be abandoned, and the corresponding employed
bee becomes a scout. The scout generates a new food source randomly.

3.8. Parameters. The proposed ABC-based algorithm starts with seven parameters:
SN, threshold, limit, dmax, Gmaxs Gnon-improving and FPeosi. SN represents the number of
food sources, which equals the number of the employed bees or onlookers. That is, the
colony size is 2x SN. limit is the number of trials after which a food source is assumed to be
abandoned, and threshold is used to determine whether the LS approach is applied after
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the neighborhood solution has been generated. .y is the maximal value for o which
is used for generating neighborhood solutions with respect to IG(m,«). Before IG (7, «)

{

Generate initial population Pop=(x', z°,....7#") by the PCSFCF rule and randomly for #' and

ABC (SN, threshold, limit, &, Guax, a4 Guonimproving)

(x°,... 7)), respectively, and improve them by the local search approach;

G=0; Gyon™0;
Calculate the fitness of each solution fiKx"), i € Pop;
Do{G=<G__and G, <G )

{

}

Output the best food source found so far (7 %),

non — “THOR-IMpIoving

G=G+1; G~ Guan 15
//Place the employed bees on their food sources.
For i=12,..5N

¢

¢ is determined by randomly choosing an integer value between 1 and &,
Obtain new solution #°,, by IG(#',a);
If [fit(xl,,,)— fitla™)/ fitlz™®) < threshold or fit(x),, )= fitl(#™) Perform L3(x,, )
If fit(x,,, )= fitlr') replace =' by =,,;
H

//Place the onlooker bees on the food sources depending on their nectar amounts.
For i=1,2,...5V

{
Selects a food source #' depending on its probability value p, caleulated by p, = f/ Z‘Sij £

o 1is determined by randomly choosing an integer value between 1 and @y,
Obtain new solution z,, bvIG(x ,«);
If [fit(n!,,,)— fita®)/ fitlx™) < threshold or fit(r,,) = fit(r™) Perform LS(#,,,,);
If fittzl )= fittz') replace = by z,,;
§

/f Send the scouts to the search area for discovering new food sources.
For i=12,..,8V
i

If (food source &' is not changed in successive limit times) then regenerated #' rtandomly;

;

/ Memorize the best food source found so far.
For i=1,2,... 8V

¢
If fit(m,.,) = fit(r™)
{
Rt
Giaon=0;
h
§

FIGURE 2. Pseudo-code of the proposed ABC approach
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is used, the value of « is obtained by randomly generating an integer value between 1
and .. That is, the value of a may be changed for each bee in each iteration. G
is the maximum number of iterations and the Gpon-improving is the allowable number of
generations for which the best obtained objective function value is not improved by the
proposed ABC-based algorithm. P, is the penalty cost per unit time of tardiness for
each delayed job with respect to the primary customers.

3.9. Procedures of the proposed ABC-based algorithm. Figure 2 presents the
pseudo-code of the proposed ABC-based algorithm. In the first step, the initial population
Pop = (rt, 7%, ..., m) is generated by the PCSCTF rule (7!) or by random permutation
(n2,...,7N), and then the initial solutions within the initial population are improved by
the local search approach; Subsequently, the fitness value is calculated for each solution
in the initial population. In the following main loop, each iteration involves procedures
in the following order. First, the employed bees are placed on their food sources. Second,
the onlookers are placed on the food sources in a manner that depends on the amount of
nectar in each source. Third, the scouts are sent to the search area to discover new food
sources. Fourth, the best food source found so far is saved to memory (7*). At the end of
each iteration, the termination condition is checked. If the number of iterations G' exceeds
G'max or m* is not improved in Gpon-improving SUCCessive generations, then the proposed ABC
algorithm is terminated; otherwise, a new iteration will begin and the iteration number
G is increased by one. Following the termination of the proposed ABC-based algorithm,
the (near) global optimal solution can be derived from 7*.

3.10. An example. To demonstrate the main procedures of the proposed ABC-based
algorithm, we offer the following example. Suppose there are 10 jobs to be scheduled on
two unrelated parallel machines (detailed data for this problem is shown in Tables 1-3).
The penalty cost (Peos) per unit time of tardiness for each delayed job with respect to
the primary customers is set to 500, and the threshold value for determining whether to
perform the LS approach is set to 5.

3.10.1. Initial solutions. Suppose the initial solutions (food sources) are obtained and
shown in Table 4. At the current state, the best solution found by the algorithm is
solution #5.

TABLE 1. Due-date, primary customer label and processing time in ma-
chines 1 and 2

Job Due Date Primary Customer Processing Time Processing Time

in Machine 1 in Machine 2
1 321 Yes 96 83
2 173 No 63 75
3 493 No 67 77
4 124 Yes 43 58
5 404 No 87 72
6 197 No 45 60
7 203 Yes 28 29
8 348 No 72 65
9 209 No 73 65
10 82 No 31 34
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TABLE 2. Setup time between jobs in machine 1

Sij 1 2 3 4 5 6 7 8 9 10
1 0 51 87 37 87 87 17 17 51 87
2 29 0 40 72 40 40 25 25 0 40
3 13 70 0 9 0 0 72 72 70 0
4 10 24 65 0 65 65 55 55 24 65
5 13 70 0 9 0 0 72 72 70 0
6 13 70 0 9 0 0 72 72 70 0
7 74 48 29 57 29 29 0 0 48 29
8 74 48 29 57 29 29 0 0 48 29
9 29 0 40 72 40 40 25 25 0 40
10 13 70 0 9 0 0 72 72 70 0
TABLE 3. Setup time between jobs in machine 2
Sij 1 2 3 4 5 6 7 8 9 10
1 0 31 57 25 57 57 28 28 31 57
2 67 0 36 84 36 36 72 72 0 36
3 4 58 0 48 0 0 43 43 58 0
4 64 66 49 0 49 49 50 50 66 49
5 4 58 0 48 0 0 43 43 58 0
6 4 58 0 48 0 0 43 43 58 0
7 83 61 70 15 70 70 0 0 61 70
8 83 61 70 15 70 70 0 0 61 70
9 67 0 36 84 36 36 72 72 0 36
10 4 58 0 48 0 0 43 43 58 0

TABLE 4. Initial solutions (food sources) and their total tardiness values

3287

Sol. Sequence

Total Tardiness

1 4-2-7-6-5-3-0-10-1-9-8
2 4-2-9-6-0-10-1-7-8-5-3
3 10-6-4-2-9-5-3-0-8-7-1

473
68
186

FiGURE 3. Illustration of the crossover operator in the proposed ABC approach

Total Tardiness Sol. Sequence
78 4 10-2-1-0-7-8-4-6-5-3-9
91 5 4-2-7-8-0-10-6-1-9-5-3
136 6 7-4-2-8-0-10-6-5-1-9-3
parent 1 4 217|810 |10/6|1|9]|5]|3
_ v v o
offspring | 4 | 2 1065|1193
. t ottt
parent 2 l? 4 1218 ]0]10]o0 11913

3.10.2. Send employed bee. In the employed bee phase, IG(m, a) is applied to the current
best solution (7%), i.e., solution #5. Other solutions will be used to generate neighborhood
solutions by the crossover operation with solution #5. Figure 3 shows how the crossover
operation is applied to solution #6. The solutions obtained by employed bees before local
search are shown in Table 5. Because of the relative difference of fitness function values
(ie., [fit(n’,,) — fit(m*)]/ fit(m*)) of solutions #1, #2, #4 and #6 are less than 5, the
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LS approach is applied to these solutions, respectively. New solutions obtained after local
search are listed in Table 6, which shows that solutions #1, #2 and #4 are improved by
the LS approach. Since a better solution obtained in this phase will substitute for its old
food source, solutions (food sources) #4 and #6 are replaced. Table 7 lists all of the new
solutions (food sources) obtained at the end of this phase.

TABLE 5. Solutions obtained in “send employee bee” phase (before local search)

Sol. Sequence Total Tardiness Sol. Sequence Total Tardiness
1 4-2-8-7-6-5-3-0-10-1-9 152 4 2-7-8-4-0-10-6-1-9-5-3 232
2 4-2-7-9-6-0-10-1-8-5-3 287 5 4-2-8-10-1-5-0-3-7-9-6 38186
3 10-6-4-2-5-3-0-1-9-8-7 73192 6 4-2-7-8-0-10-6-5-1-9-3 140

TABLE 6. Solutions obtained in “send employee bee” phase (after local search)

Sol. Sequence Total Tardiness Sol. Sequence Total Tardiness
1 4-2-7-8-6-5-3-0-10-9-1 144 4 7-4-2-8-0-10-6-1-9-5-3 114
2 4-2-7-6-8-0-10-1-9-5-3 121 5 4-2-8-10-1-5-0-3-7-9-6 38186
3 10-6-4-2-5-3-0-1-9-8-7 73192 6 4-2-7-8-0-10-6-5-1-9-3 140

TABLE 7. Updated solutions (food sources) and their total tardiness values

Sol. Sequence Total Tardiness Sol. Sequence Total Tardiness
1 4-2-7-6-5-3-0-10-1-9-8 78 4 7-4-2-8-0-10-6-1-9-5-3 114
2 4-2-9-6-0-10-1-7-8-5-3 91 5 4-2-7-8-0-10-6-1-9-5-3 68
3 10-6-4-2-9-5-3-0-8-7-1 136 6 4-2-7-8-0-10-6-5-1-9-3 140

3.10.3. Send onlooker bee. An onlooker evaluates the nectar information taken from all
of the employed bees and selects a new solution (food source) with a certain probability.
Suppose the new solution #4 is evaluated and chosen by an onlooker, and then the
neighborhood solution of the new solution #4 is generated by applying IG (7, ) as shown

\7 4/2/8lof1ol6]1]9]5]3] Total Tardiness= 114

Destruction Phase

Lo
‘ 7 :4 2 - 8 0 le: 6 | 9 5 3 Choose a(2) jobs randomly
‘ 4 2 _ 0 _ lOI_ 6 _ 1 _ 9 _ 5 3 Partial sequence to reconstruct
‘ 7 8 Jobs to be reinserted
Construction Phase
‘ 4 2 7 0 :10'_ 6 1 9 5 _ 3 After reinserting job 7, Total Tardiness = 68
‘ 4 2 | 7y 8 0 :l[}: 6 _ 1 9 5 3 | After reinserting job 8, Total Tardiness = 68

FIGURE 4. Illustration of the IG(m, ) procedures (o = 2)
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in Figure 4. Table 8 lists the neighborhood solutions obtained by applying IG (7, «) for
all of the new solutions. After each onlooker has found a neighborhood solution, the
LS approach may be applied to the individual neighborhood solutions. Again, the LS
approach will be applied to these solutions (Table 9) and will update them once a better
solution was found. As Table 10 shows, in this example, solutions #3 and #4 are replaced
by better solutions.

TABLE 8. Solutions obtained in the “send outlook bee” phase (before local

search)
Sol. Sequence thal Food Sol. Sequence thal Food
Tardiness Source Tardiness Source
1 4-2-7-6-5-3-0-10-1-9-8 78 1 4 6-4-2-9-5-3-0-8-7-10-1 179 3
2 6-4-9-10-0-1-7-8-5-3-2 571 2 5 4-2-9-6-0-10-1-7-8-5-3 91 2
3 4-2-7-8-0-6-10-1-9-5-3 80 5 6 4-2-7-8-0-10-6-1-9-5-3 68 4

TABLE 9. Solutions obtained in the “send outlook bee” phase (after local

search)
Sol. Sequence To‘tal Food Sol. Sequence To‘tal Food
Tardiness Source Tardiness Source
1 4-2-7-6-5-3-0-10-1-9-8 78 1 4 10-4-2-9-5-3-0-8-7-6-1 65 3
2 6-4-9-10-0-1-7-8-5-3-2 571 2 5 4-2-9-6-0-10-1-7-8-5-3 91 2
3 4-2-7-8-0-10-6-1-9-5-3 68 5 6 4-2-7-8-0-10-6-1-9-5-3 68 4

TABLE 10. Updated solutions (food sources) and their total tardiness values

Total Total
New Sol. Sequence Tardiness New Sol. Sequence Tardiness
1 4-2-7-6-5-3-0-10-1-9-8 78 4 4-2-7-8-0-10-6-1-9-5-3 68
2 4-2-9-6-0-10-1-7-8-5-3 91 5 4-2-7-8-0-10-6-1-9-5-3 68
3 10-4-2-9-5-3-0-8-7-6-1 65 6 4-2-7-8-0-10-6-5-1-9-3 140

4. Computational Results and Discussion.

4.1. Test problems. The performance of the proposed ABC-based algorithm was eval-
uated by a total of 960 test instances from a well-known benchmark problem set. The
benchmark problem set was generated by Chen [37], who presented an effective heuris-
tic based on a modified apparent-tardiness-cost-with-setup procedure, a random descent
heuristic (RDH) and an SA-based heuristic (SA_HEU) with designed improvement pro-
cedures for solving the Rm |s,,;k, d; |> T; problem. The analytical results demonstrated
by Chen [37] showed that the SA_HEU significantly outperforms the MATCS procedure
and the RDH.

As summarized in Table 11, the benchmark problem set involves the following six fac-
tors: number of jobs (N), number of machines (M), number of families (F'), due date
priority factor (7), due date range factor (R) and proportion of jobs from primary cus-
tomers (P). The number of jobs was set to 30, 50, 70 and 90; the number of machines
to 4, 6 and 8; and each of the remaining four factors has two levels. For each combi-
nation of the six factors, five instances were randomly generated. Therefore, the test
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bed was comprised of 4 x 3 x 2* x 5 = 960 benchmark instances. The files of test in-
stances and the solutions of the SA_HEU and the RDH are available via Chen’s web site
(http://140.134.72.86 /data-set.htm).

TABLE 11. Summarized levels of the six factors for Chen’s benchmark
problem set,

Factor Level

Number of jobs (N) 30, 50, 70, 90
Number of machines (M) 4,6 .8

Number of job families (F) IN/7|+1, [N/8|+1
Due date priority factor (7) 0.4, 0.8

Due date range factor (R) 0.4,1

Proportion of jobs from primary customers (P) 0.2, 0.3

4.2. Results and discussion. The effectiveness and efficiency of the proposed ABC-
based algorithm is compared with that of existing algorithms found in the literature. In
addition to the SA_HEU and the RDH [37], we also compared the computational results
of the proposed ABC-based algorithm with the IG-based heuristic (IG_.HEU) [40], which
is a state-of-the-art metaheuristic-based algorithm performed on the same benchmark
problem sets. To compare these algorithms on the same basis, the proposed ABC-based
algorithm was coded in C computer language and each instance was replicated 10 times
on a PC with an Intel Pentium IV (3.4 GHz) CPU. The RDH, the SA_HEU and the
IG_HEU were similarly executed.

Parameter selection can influence the quality of results. In this study, the optimized
parameter values were chosen based on both solution quality and computational effi-
ciency. In the preliminary optimization stage, the following combinations of the param-
eter values were tested on 20 randomly selected instances from problem sets: SN =
5,6,7,8,9; threshold = 2, 3, 4, 5, 6, 7; limit = 100, 150, 200, 250; amax = 3,4,5,6;
Gmax = 600,700,800, 900, 1000; G hon-improving = 190, 180, 210, 240, 270; P = 300, 400,
500, 600, 700. Based on extensive preliminary tests, the following parameters were used
in the experimental results reported in this paper: SN = 6, threshold = 5, limit = 150,
Omax = 5; Gmax - 9007 Gnon—improving = 210 and Pos = 500.

The computational results are summarized in Table 12. As depicted in Table 12, the
effectiveness of these algorithms was compared by listing the mean value of the ) T;
of the best solutions among 10 trials for each instance of a specific sub-problem set.
On the whole, the total average value of the ) T; obtained by the proposed ABC-based
algorithm is 5041.0. Compared with the corresponding values of 5483.6, 5165.4 and 5089.2
obtained by the RDH, the SA_HEU and the IG_.HEU, respectively, the proposed ABC-
based algorithm outperforms the RDH, the SA_HEU and the IGCHEU. At the same time,
the mean values of the ) T; were improved by the proposed ABC-based approach for
most sub-problem sets, while total average improvement rates of 8.07%, 2.41% and 0.95%
were reached for the RDH, the SA_HEU and the IG_HEU, respectively. In view of the fact
that the computational time of the proposed ABC-based approach is nearly the same as
the SA_LHEU and the IG_LHEU, the results clearly indicate the superiority of the proposed
ABC-based algorithm.

To offer further insight, the effectiveness of the proposed ABC-based algorithm was
compared with that of the SA_HEU and IG_HEU across six indexes: Min. Sol., Max. Sol.,
Ave. Sol., No. tie, No. better and No. worse, where Min. Sol., Max. Sol and Ave. Sol.
represent the average minimal, maximal and mean ) 7; among 10 trials for each instance
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of a specific sub-problem set, while the No. tie, No. better and No. worse denote that the
number of Min. Sol. obtained by the proposed ABC-based approach is equal to, better, or
worse than that of the SA_LHEU and IG_HEU, respectively. Table 13 shows that the total
average of Min. Sol., Max. Sol., Ave. Sol. of the proposed ABC-based algorithm is 4958.4,
5146.7 and 5041.0, respectively. Compared with the corresponding values of 5106.5, 5204.6
and 5165.4 obtained by the SA_HEU, and 4993.9, 5195.9 and 5089.2 obtained by IG_HEU,
the proposed ABC-based approach outperforms the SA_HEU and the IG.HEU on all of
the performance indexes. No. tie, No. better and No. worse obtained by the proposed
ABC-based algorithm were 588, 314 and 58, respectively, meaning that 32.71% of its
solutions were better than those obtained by SA_LHEU and the IG_HEU, while 61.25%
solutions remained the same. From these computational results, it is clear that the main
advantage of the proposed ABC-based algorithm over other state-of-the-art algorithms is
its effectiveness in finding (near-) optimal solutions.

To further verify the effectiveness of the proposed ABC-based algorithm, paired t-
tests were performed on Min. Sol., Max. Sol., Ave. Sol. to compare them against
the SA_HEU and the IG_.HEU. The analytical results are listed in Table 14. At the 5%
confidence level, the results in Table 14 show that the proposed ABC-based approach
significantly outperformed the SA_HEU and IG_.HEU with respect to Min. Sol., Max.
Sol. and Ave. Sol. These statistical results confirm the superiority of the proposed ABC-
based approach. Judging from the above experimental results, it is clear that this study
has made an important step towards reducing the gap between theoretical progress and
industrial practice.

5. Concluding Remarks. The Rm s, d;j| > T; problem is important in practical
terms, but is currently underrepresented in the research literature. In view of theoretical
challenges and broad industrial implications, an ABC-based algorithm is proposed in
this study to reduce the gap between theory and practice. To evaluate the applicability
of the proposed ABC-based algorithm, its performance was compared with that of the
best available algorithms on the same benchmark problem set. The analytical results
clearly demonstrate that the proposed ABC-based algorithm is relatively more effective
and efficient in minimizing total tardiness than the state-of-the-art metaheuristic-based
algorithms. Judging from the experimental results, it is clear that this study represents a
step towards bridging the gap between theoretical progress and industrial practice for the
Rm |Smjk, d;| > T; problem. With few algorithms currently available as solutions for this
NP-hard problem, we hope that practitioners will use the ABC-based algorithm presented
in this paper to solve real-world Rm |sp;i, d;j| > T; scheduling problems commonly found
in the textile, chemical, electronic manufacturing and service industries.

This paper is offered as a contribution to the growing body of work on useful theoretical
and practical optimization approaches to the Rm |s,, x, d;| > T, problem. Many interest-
ing topics in this area deserve further attention. First, we believe that the ABC-based
algorithm proposed herein will also be helpful in other scheduling problems. Second, it
would be worthwhile to develop additional efficient and effective exact algorithms and
meta-heuristics in this area. Third, the proposed ABC-based algorithm should be ex-
tended to solve similar unrelated PMSPs with sequence- and machine-dependent setup
times under due date constraints in subsequent studies. Fourth, more papers that re-
port and explain the real-world experiences of the Rm |s,,x, d;| > T; problem would be
beneficial to researchers and practitioners in this area. Finally, to diminish the gap be-
tween theory and practice, solutions for multi-criteria unrelated PMSPs with different
performance criteria and setup time configurations should be explored in future research.
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