Applied Soft Computing 55 (2017) 226-237

journal homepage: www.elsevier.com/locate/asoc

Contents lists available at ScienceDirect

Applied Soft Computing

Bi-criteria ant colony optimization algorithm for minimizing
makespan and energy consumption on parallel batch machines

@ CrossMark

Zhao-hong Jia®P, Yu-lan Zhang", Joseph Y.-T. Leung ©%-*, Kai Li¢

2 Key Lab of Intelligent Computing and Signal Processing of Ministry of Education, PR China

b School of Computer Science and Technology, Anhui University, Hefei, Anhui 230039, PR China

¢ School of Management, Hefei University of Technology, Hefei, Anhui 230009, PR China

d Department of Computer Science, New Jersey Institute of Technology, Newark, NJ 07102, USA

ARTICLE INFO ABSTRACT

Article history:

Received 17 November 2016
Received in revised form

23 December 2016

Accepted 26 January 2017
Available online 2 February 2017

We investigate the problem of minimizing the makespan and the total electric power cost simultaneously
on a set of parallel identical batch-processing machines, where the jobs with non-identical sizes dynami-
cally arrive. To address the bi-criteria problem, a Pareto-based ant colony optimization (PACO) algorithm
is proposed. Depending on whether the current batch being delayed after the job is added into, two can-
didate lists are constructed to narrow the search space. Moreover, heuristic information is designed for

each candidate list to guide the search. In addition, the objective-oriented local optimization methods are
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applied to improve the solution quality. Finally, the proposed algorithm is compared with existing multi-
objective algorithms through extensive simulation experiments. The experimental results indicate that
the proposed algorithm outperforms all of the compared algorithms, especially for large-scale problems.
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1. Introduction

Scheduling on batch processing machines (BPMs) [1-3],
extended from classical scheduling, has a strong application back-
ground, such as casting industry, furniture manufacturing industry,
metal industry, aeronautical industry, pharmaceutical industry,
and logistics freight [4]. Parallel batch (p-batch) scheduling
problem originates from the chip production of semiconductor
manufacturing process, specifically, the final stage of chip testing.
P-batch scheduling differs from classical scheduling in that more
than one job can be processed on a machine simultaneously. The
processing time of a batch, consisting of several jobs, equals to
the longest processing time of all the jobs in the batch. Generally,
the objectives of p-batch scheduling problems are related to the
processing times.

Recently, the issues of environmental protection and energy
conservation in manufacturing industry have been paid more
attention. Improving the utilization efficiency of resources and
energy has become critical for sustainable development of modern
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industrial companies. Therefore, the United Nations Environment
Programme proposed the theory of Green Economy (GE). Green
manufacturing, one of the important components of GE, refers to
reducing pollution and saving energy consumption during the pro-
duction process. A typical example related to green scheduling is
aluminum manufacturing [5,6]. In general, there are several fur-
naces being used to heat the aluminum ingots, and more than one
ingot can be placed in one furnace, which corresponds to a batch
processing machine. When idle, the furnaces are not completely
closed, resulting in additional energy consumption. Moreover, the
electricity price varies over several periods in most industrial areas.
Hence, itis greatly significant to ensure the timely completion of the
production with the lowest electricity cost. However, most studies
on batch scheduling problems take the completion time or tar-
diness into consideration, instead of objectives related to energy
efficiency.

In this paper, to address the problem of minimizing both the
makespan and the total electric power cost (EPC) simultaneously,
a Pareto-based ant colony optimization (PACO) algorithm is pro-
posed and compared with three other multi-objective optimization
algorithms.

The rest of this paper is organized as follows: Section 2 intro-
duces the related work of batch scheduling problems. Section 3
illustrates the problem under study and the mixed integer math-
ematical model. Section 4 presents the proposed multi-objective
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ACO algorithm. Section 5 provides the comparative experiments
and the results under seven experimental metrics. The paper is
concluded in Section 6.

2. Literature review

Due to its practical significance, more and more researchers
are concerned with the batch scheduling problems (BSP) with
high computational complexity. Ikura and Gimple [1] first stud-
ied the simplest BSP model of a single BPM. They proposed an
effective algorithm to find the feasible solution for minimizing the
makespan with suitable release times and delivery times. Lee et al.
[2] presented several dynamic programming algorithms to min-
imize the maximum lateness and the maximum tardiness and a
polynomial time dynamic programming algorithm to minimize the
number of tardy jobs of a single BPM according to the characteris-
tics of semiconductor chip manufacturing process. Chandru et al.
[7] presented an optimal branch and bound algorithm and some
heuristic algorithms to minimize the total completion time on a sin-
gle BPM with identical job size. Ghazvini and Dupont [8] proposed
two heuristics for the problem of minimizing total completion
time with non-identical job sizes on a single machine, where one
of the two shows better performance. Uzsoy [9] also considered
the batch scheduling with non-identical job sizes. He proved that
minimizing the total completion time and the makespan on a sin-
gle BPM are NP-hard and presented several heuristics. Uzsoy and
Yang [10] gave some effective heuristics to minimize the total
weighted completion time for a single BPM. Besides the heuris-
tic and the dynamic programming algorithms, some researchers
applied meta-heuristic algorithms for a single batch-processing
machine with non-identical job sizes. Melouk et al. [11] presented
a simulated annealing (SA) algorithm to minimize the makespan,
which outperforms the CPLEX solver. To minimize the makespan on
asingle BPM, Chou et al. [12] proposed two different hybrid genetic
algorithm (GA), whose performance are satisfactory.

The BSP on the parallel machines (BSPP) is an extension of
the BSP on a single machine. Chandru et al. [7] provided several
heuristics to deal with the BSPP for the total completion time mini-
mization, denoted by > Cj. Koh et al. [13] proposed a number of
heuristic algorithms and a GA to minimize Cnax, » ,Cjand Y W;*(;
of the BSPP with incompatible job families. Chang et al. [14] con-
sidered the BSPP with non-identical job sizes and presented a SA
algorithm and compared it with the CPLEX solver. The SA shows
better performance in terms of both the solution quality and the
computation time. After that, to minimize the makespan of the
BSPP, Damodaran et al. [15] provided several heuristic algorithms
that outperformed the mixed-integer solver in the comparative
experiments.

Recently, researchers pay more attention on the BSP with
dynamic job arrivals. Lee and Uzsoy [16] investigated the problem
with dynamic job arrivals and provided polynomial and pseudo-
polynomial algorithms for several special cases. In addition, they
gave an efficient heuristic for the general case. The simulated
results verified the excellent average performance of the proposed
heuristic. Damodaran et al. [17,18] provided a greedy random-
ized adaptive search procedure and several constructive heuristics
to address the BSPP problem with arbitrary job arrivals. Li et al.
[19] presented a polynomial-time approximation scheme (PTAS)
to solve the BSPP with arbitrary job arrivals. Chung et al. [20]
proposed a mixed integer linear programming model and pre-
sented three heuristics to minimize the makespan for the BSPP
problem with non-identical ready time. Wang and Chou [21] con-
structed a mixed integer mathematical model and proposed two
meta-heuristic algorithms by combining SA and GA with dynamic
programming for the BSPP problem with different release times.

Zhang et al. [22] proposed a hybrid local search algorithm with
path relinking to minimize the makespan on a single BPM with
different job sizes, processing times and job arrivals. Arroyo and
Leung [23] proposed several heuristics to minimize the makespan
on unrelated BSPP with non-identical job sizes and unequal ready
times.

To be close to the real situation, two objectives, rather than one,
are considered. Kashan et al. [24] optimized the two objectives
of makespan and the maximum tardiness on a single BPM with
non-identical sizes simultaneously. The proposed multi-objective
GA shows good performance on both the quality and the diver-
sity of the solutions. Xu et al. [25] provided an ant colony system
(ASC) to minimize the makespan and the maximum tardiness on
parallel BPMs. With an effective solution construction mechanism,
the proposed ASC exhibits better performance than the compared
algorithms. Wang et al. [26] proposed an exact €-constraint and
two heuristic algorithms to minimize the makespan and the total
energy costs on a single BPM with non-identical job sizes, the time-
of-use electricity prices, and different energy consumption rates
of the machines. Nevertheless, the investigation of multi-objective
BPM problems is limited according to the literatures that we have
obtained.

For a detailed view on BPM problems, the readers are referred
to [27,28].

3. Problem description

The studied problem can be denoted as Py, | p-batch, 1, p;, sj,
C| (Cmax, EPC). Assume a job set J with n jobs is to be processed on
the machine set M with m parallel BPMs. Each jobJ; (j=1,2,...,n)in
Jis associated with a release time r;, a processing time p; and a job
size s;. Each machine M; (i=1, 2, ..., m) has a capacity denoted by C.
Since the machines are generally not closed during processing, each
machine has two states in the process, namely, the processing state
and the idle state, where the processing power and idle power of
machine M; are denoted by PW; and SW;, respectively. All machines
are available at time zero and any job must be completed without
interruption. The jobs in the same batch are processed simulta-
neously. Let B denote the batch set and the kth batch scheduled on
M; is denoted by By;. The release time of By;, denoted by Ry;, is the
largest arrival time of the jobs in By;, i.e., Ry; =max{rj|J; € By;}. The
processing time of By;, denoted by PTy;, is the longest processing
time among the jobs in By, i.e., PTi;=max{p;|J; € By;}. The size
of By;, denoted by Sy, is the total size of all the jobs in By;, i.e.,
Ski = ij B, Si* The size of each batch cannot exceed C, i.e., S;; <C.

After a feasible solution o is constructed, the starting time and
completion time of By; on machine M; are determined, denoted by
STi; and CTy; respectively, and defined as STy; =max{Ry;, CT(x_1)i}
and CTy; =STy; + PTy;, where B(,_qy; is the batch executed immedi-
ately before By; and CTy; =0. The first optimization objective Cpax
is the maximum completion time among all batches in o, i.e.,
Cmax = Maxp,; ¢ 5{CTy;}. The second objective, i.e., the total elec-
tricity cost, is denoted by EPC. The energy consumption at time t,
denoted by f(t), is the sum of the processing power and idle power
of all the machines from time O to t.

The decision variables Y, Xj; and zit are defined as:

1, ifbatch By; is created for machine M;

Yii = ) (1)
0, otherwise
1, ifjob J; isgroupedinto By on M;

Xjki: . @)
0, otherwise
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—

. { , if there is a batch processingon M; attime ¢t
Z: = (3)

0, otherwise

Based on the above descriptions, the mathematical model of the
problem can be formulated as follows:
Minimize Cmax (4)
Cmax m
Minimize EPC = / f(t)Z(PW,»*z,-t FSWik(1—zt))de  (5)
0 i=1
s.t. Xjki < Yii

i=1,...m; j=1,...,n, k=1,...,n (6)

m n
szjki:l j:l,...,n (7)

i=1 k=1

n

ZijjkigC i=1,....m; k=1,...,n (8)
j=1

PTii = piXpy i=1,....m; j=1,...,n k=1,...n 9)
STyi = 1iXjki i=1,...m; j=1,...,n; k=1,..,n (10)

STki = ST(k—1)i Yek—13i + PToe—1)i Ye—1)i

i=1,...m; k=2,...,n (11)

CTlciZSTkiYki+PTI<in<i i=1,....m; k=1,...,n (12)
Cmax > CTyi i=1,...m; k=1,...,n (13)
Yiio Xiwinzi € {0,1}  i=1,...m; j=1,...,n; k=1,...n
(14)
Zfe{0,1} 0<t<Cnax, i=1,...,m (15)

Objective (4) is to minimize the makespan. Objective (5) is to
minimize the EPC and f(t), denotes the electricity price function.
Constraint (6) ensures that the jobs can be assigned into a batch
only when the batch is created. Constraint (7) ensures that each job
can be assigned to only one batch on one machine. Constraint (8)
ensures that the total size of all jobs in one batch does not exceed
the machine capacity. Constraint (9) denotes that the processing
time of batch By is the longest time among all the jobs in By;. Con-
straint (10) denotes that the starting time of batch By; is at least
the largest arriving time among all the jobs in By;. Constraint (11)
ensures that the processing of the batches cannot be interrupted,
and a batch cannot start until the completion of the previous batch
on the same machine. Constraint (12) defines the completion time
of By;. Constraint (13) shows the completion time of each batch B;
is not more than the makespan. Constraints (14) and (15) define
the binary variables.

4. Pareto-based ant colony optimization algorithm

The proposed PACO is a bi-objective ant colony optimization
algorithm. In PACO, the preferences for the two objectives are uti-
lized to control the search directions of the ants in the solution
space. The problem is generally able to be solved in two stages,
forming the batches and scheduling the batches. To improve the
optimization efficiency, PACO combines the solution of the two
subproblems together. That is, a feasible solution is directly con-
structed by assigning the appropriate jobs, one by one, to the
current batch on one machine. The details of the PACO are described
in Section 4.2.

4.1. Ant colony optimization

ACO is a meta-heuristic algorithm for complex discrete opti-
mization problems. First proposed in 1991, the ACO algorithm was
successfully applied to the TSP problem [29]. It has drawn exten-
sive attention from the researchers so that a number of ACO-based
algorithms have been proposed by adopting different search strate-
gies. Bullnheimer et al. [30] proposed a new rank based version
of the ant system with better worst case behavior. Stiitzle and
Hoos [31] presented the max-min ant system (MMAS). By limiting
the value of the pheromone trails, the MMAS shows a promis-
ing performance in preventing premature convergence. Pilat and
White [32] provided an improved ACO algorithm combined with
GA.

In recent years, ACO algorithms have been increasingly used
to solve scheduling problems. Kashan and Karimi [33] gave an
ant colony framework to minimize the total weighted comple-
tion time on a single BPM (SBPM) with incompatible job families.
The proposed algorithm outperforms the existing heuristics and
meta-heuristics with increasing problem sizes. Cheng et al. [34]
applied ACO to the makespan minimization of the SBPM problem
with unequal-size jobs under fuzzy environment. The proposed
ACO algorithm outperforms the other two meta-heuristics based
on GA [35] and SA [11], respectively, according to the simulated
experimental results. Xu et al. [36] presented an ACO algorithm to
minimize the makespan of the SBPM problem with different job
release times. The proposed algorithm is superior to CPLEX and GA
according to the simulation results. Cheng et al. [37] proposed an
ACO to minimize the total cost of production and distribution for
the manufacturers.Jiaetal. [38] proposed a meta-heuristicbased on
the MMAS to minimize the makespan on BSPP with non-identical
job sizes and incompatible job families.

With the development of the real-world applications, ACO has
been extended to deal with multi-objective optimization problems.
Yagmahan and Yenisey [39] utilized ACO algorithm to solve the
flow shop scheduling problem. The proposed algorithm is more
effective and better than existing heuristics. Li et al. [40] proposed
an ACO algorithm to minimize the makespan and total weighted
tardiness simultaneously on the parallel BPMs with incompati-
ble job families, dynamic job arrivals, and sequence-dependent
setup times. Du et al. [41] proposed an improved ACO algorithm to
minimize the makespan and the energy consumption in a hybrid
flow shop. The proposed ACO incorporates users’ preference into
the process of the solution construction to narrow the search and
magnify certain Pareto frontier where the users are interested
in.

However, few studies have applied the ACO algorithms to min-
imizing the makespan and the cost simultaneously on BPMs with
different job release times. When solving the multi-objective prob-
lems, from a given initial point, each ant starts choosing the next
unscheduled jobs based on the decision rule, and then update the
corresponding pheromone trails. The search of the ants is guided
by both the pheromone trails and heuristic information associated
with the studied problem. Once the construction of a solution is
completed, a local optimization algorithm is applied to improve it.
In each iteration, after all the ants have generated their solutions,
we update the Pareto-optimal set. The pheromone trails are then
updated with the solutions in the new Pareto-optimal set. However,
different ACO algorithms employ different strategies to choose the
nodes and update the pheromone trails.

4.2. Solution construction
4.2.1. Encoding

Encoding is the first step of ACO algorithms. To reduce the solu-
tion search space, a common way is to employ a meta-heuristic
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algorithm to form the batches first, then use a heuristic algorithm
to schedule the batches on the BPMs. This strategy is called “batch
first, schedule second” [18]. Different from this, we adopt a new
construction method, which obtains the batches and the machine
information at the same time after one job is assigned to a batch. Let
By, denote an arbitrary batch in B. Table 1 gives an example of the
encoding of a solution with nine jobs. The solution is encoded by a
2 x 9 vector. Each column j corresponds to the assignment of job J;.
The numbers in the first row and second row are the batch indexes
and machine indexes of the corresponding job. In this mechanism,
once an ant adds job J; to batch B, on machine M;, the assignment
of job J; is confirmed. A complete solution is constructed when the
locations of n jobs are determined.

4.2.2. Pheromone trails

As mentioned above, there are two objectives to be optimized
simultaneously, i.e., the makespan and the EPC. Instead of a single
pheromone matrix, an individual pheromone trail matrix is built
for each objective in PACO, so that the impact between different
objectives can be distinguished. We define the pheromone trails
as the desirability of grouping job J;, in a batch with job J; [36]. In
the process of constructing the solutions, the pheromone between
batch By, and job J; in the candidate list for the oth objective rgj, is
defined to be the average pheromone value of the total pheromone
of the candidate job and the jobs grouped in the current batch By,

0
Z]h By Thj

5y e Clo), (16)

tgj =
where o € {1, 2} denotes the objective index. That is, r;j is the
pheromone for Cpax, and rﬁj is the pheromone for EPC. |By| is the
number of jobs in the current batch By, h is the job index in By, and
Jj is the job in the candidate list CL,.

4.2.3. Candidate lists

Considering the NP-hardness of the problem, we use the hier-
archical candidate lists to reduce the search space and improve
the search ability effectively. Two different candidate lists CL; and
CL, are proposed according to whether the current batch will be
delayed when the candidate job is inserted. ST, denotes the start-
ing time of current batch By,. During the construction of solutions,
the jobs in candidate list CL; are considered first. If CL; is empty,
then CL; are generated. CL; is constructed as follows:

CLy = {Jj Isj < C—SpArj < STp). 17)

The size of job J; in CL; has to be no more than the residual space of
the current batch By,. Additionally, the release time of job J; does not
exceed the starting time of B, which avoids batch B, being delayed.
CL, is constructed as in Eq. (18).

CLy ={Jj |sj<C—Syarj > ST} (18)

Each job in CL, must satisfy the machine capacity constraint and
the release time of each one being more than the starting time of
batch By,

4.2.4. Heuristic information

Heuristic information is designed according to the specific prob-
lem. It is difficult to present the heuristic information for the EPC
since the factors affecting the EPC are complex. Due to the EPC being

Table 1
An example of solution encoding in PACO.
Jj i J2 I3 Ja Js Js J7 Js Jo

b 2 1 3 5 4 2 3 5 1
i 3 4 2 4 1 3 2 4

directly associated with Cpax, we only define the heuristic informa-
tion for Cphax based on different candidate lists. The release time of
each job in candidate list CL; is less than the starting time of batch
By, thus only the processing times of jobs in CL; are left for consid-
eration. The heuristic information based on CLq, 77;]., is defined as
follows:

1

| PTy —pj | +1° (19)

7711;]' =
where PTj, is the processing time of current batch B, under con-
struction. The candidate list CL; is constructed when CL; is empty.
When selecting the jobs in CL,, both the processing times and the
release times related to the jobs should be considered. Thus, for the
jobs in CL,, the heuristic information nﬁj is formulated as follows:

1 1
|PTb—ij-1 rj—STb'

T = (20)
Therefore, the jobs with smaller release times have higher priority
to be selected than those arrive later. In this way, the delay will be
kept as small as possible.

4.2.5. Decision rule

PACO simplifies the solution by merging the batch formation
and the scheduling of batches into one step. During the solution
construction, each ant chooses a machine to generate a new batch
as follows:

2
argmin{zvo *fi"}, (21)
M;eM o1
wherefl.1 is the value of the completion time of machine M; and fl.2
is the value of the EPC of M;. V! and V2 are the weights of f;! and
f?,and V! +V2=1. V! is a real number generated by the uniform
distribution within [0.8, 1], which is determined by the results of
the preliminary experiments.

When the current batch B;, is empty, each ant chooses an
unscheduled job randomly to increase the diversity of feasible solu-
tions. If By, is not empty, each ant selects a job from CL; or CL, and
adds it into By, according to the probability formulated as follows:

o
(o mwe) () ,
2 @ B’ lf_]jECLl
ijeCL1(Eo:1rngo) (nbx)
ij = (Zi,] Tg‘vo)a(ni')ﬂ (22)
*21 fazﬁ, if Jj e CLy
Z}Xeaz(z(}:lfgx%) (M)
0, otherwise.

where vy, a real number in (0,1), refers to the user’s preference
to the oth objective, and v; + v, = 1. The probability distribution
is influenced by « and B, determining the relative importance of
pheromone trails and heuristic information.

4.3. Update of pheromone trails

There are two ways to update the pheromone trails: the local
update and the global update. The local pheromone update is per-
formed on the pheromone matrix of each objective once an ant
adds a job into a non-empty batch, which reduces the probability
of selecting the path ever been accessed so as to strengthen the
search in unknown solution space. The local update is formulated
as:

Ty = (1= p1)- T + o1 To, (23)

where 7 is the initial value of pheromone trails and p; € (0, 1)
is a parameter to control the speed of pheromone evaporation.
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Table 2

Parameters of the batches in the initial solution oy.
Bb B] Bz B3 B4 Bs
Ry 5 2 3 3 12
PT, 4 5 4 7

The global pheromone updating is performed by using the non-
dominated solutions (NDS) to update the pheromone trails for each
objective after all ants have constructed the solutions. The rule is
given as follows:

0 __ _ . 0‘ ) 0‘
thj = (1 /Og) rh] + ,Og ZSOIENDSAth], (24)

1 if jobs J, and J; are in the same batch;

Atp = i (25)
0, otherwise.

where fé} is the value of the oth objective function, pg € (0, 1)is a
parameter.

4.4. Local optimization strategies

After each solution is completed, we call the local optimiza-
tion algorithms for the two objective respectively to improve the
solution.

4.4.1. Local optimization for the makespan

In PACO, each ant chooses the first job randomly and groups
it into a batch. However, if a batch with larger release time is
processed earlier, the completion time of the machine will defi-
nitely increase, as well as the value of Chax. Hence, we propose a
local optimization algorithm for Cnax, called LOM algorithm. For a
generated solution, we sort the batches on each machine in ascend-
ing order of their release times. Let MB; denote the batch set of
M; and |[MB;| is the number of batches on M;. Algorithm LOM is
described in Algorithm 1.

Algorithm 1. The LOM Algorithm

1: fori=1,2,...,mdo

2: sort the batches on M; in ascending order of the release times of the
batches

3: end for

4: fori=1,2,...,mdo

5: fork=1,2,..., | MB;| do

6: if (k==1)

7: STy =RTy

8: else

9: STyi = max{RTk,-, CT(k—l)i}

10: CTyi = STy + PTii

11: end for

12: end for

Here is an example of the LOM. The parameters of the five
batches of the solution oy are shown in Table 2. The first row
denotes the batches, the second and the third rows are the release
times and the processing times of the corresponding batches. The
scheduling of the batches in o¢ is shown in Fig. 1. The improved
solution adjusted by the LOM algorithm is shown in Fig. 2.

ML 1 2 3

M2 4 5
01 23435678 91001121314151617181920

Fig. 1. Gantt chart of the initial solution .

M1 2 3 1

M2 4 5
01234546 78 91011121314151617 1819 20

t

Fig. 2. Gantt chart of the solution o adjusted by the LOM.

Definition 1. Suppose there exists a feasible schedule o and B,
is the current batch, ST}, is the starting time of By, R, is the release
time of By, (ST, > Ry). If ST, and R, satisfy the following condition,
we say that By, is processed on time; otherwise, it is delayed.

ST, =R, VB, ¢ B (26)

According to Fig. 1, the original value of Cpax is 18. On My, By is
processed on time, B, and B3 are delayed by 7 and 11, respectively.
Thus, the total delay of o is 18. Additionally, the release time of
Bq is the largest among all the batches but By is processed first
leading to both B, and B3 being delayed. It is easy to observe that
the total delay would be decreased if more batches are processed
on time by scheduling as early as possible the batches that arrive
earlier. Therefore, the algorithm LOM improves the initial solution
0o and generates a new solution o1, by replacing the original batch
order By — B, — B3 by a new order B, — B3 — By, as shown in Fig. 2.
According to Fig. 2, B, is processed on time, B3 and B; are delayed
for 4 and 6, respectively. Thus, the total delay is 10. It is obvious
that the total delay of the batches on M; is reduced by 8, and the
completion time of M; decreases from 18 to 15. As for the batches
on M,, since they are all processed on time, the batch order is not
adjusted. In all, compared to the initial solution oy, the value of
Cmax of 01 decreases from 18 to 17 by using LOM.

4.4.2. Local optimization for the EPC

Based on the fact that EPCis influenced by the electricity price as
well as Cmax, we propose the second local optimization algorithm
LOC to improve the EPC on the condition that the value of Cpax
is not increased. That is, LOC tries to move the processing of the
batches from the period of high electricity price to that of low price.
Algorithm LOC is described as Algorithm 2.

Algorithm 2. The LOC Algorithm

1: fori=1,2,...,mdo
2: for k=|MB;|,|MB;|-1,...,1do
3: if (k== MB;|)
4: tinin = STki
5: tmax = Max{Cmax, CTk+,~ —VPTk,-
6: STy = argmin i f(q)-PW;dq [* if there is more than one t
timin <t<tmax
that makes the value the same, then choose the maximal t. */
7: else
8: tmin = STyi
9: tmax = ST(k+1)i — PTii
. t+PT . .
10: STy = argmin f: f(q)-PW;dq [* if there is more than one t
tmin <t<fmax
that makes the value the same, then choose the maximal t. */
11: CTy; =STy; + PTy; [*update CTy;*/
12: end for
13: end for

The adopted electricity price function is a segmented periodic
function of time ¢, illustrated in Fig. 3.

For solution o in Fig. 2, it can be observed that there is no
space to make any objective value better by moving batch Bs on
M,. However, B, is processed on the high-price period. Moreover,
an idle period [10,12] between the completion of B4 and the start-
ing time of Bs is of the low price. Therefore, B4 can be delayed to
reduce the electricity cost of M,. For M1, By is completely processed
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Fig. 3. The function of electricity price.

in the low-price period. B, is processed in the high-price period.
During the processing period [7,10], B3 is in high price and is in
low price during [10,12]. There is also an idle period [15,17], the
distance between the completion of B; and Cpax. Postponing the
process of B; by two will not only reduce the electricity cost,
but also reserve more space for adjusting the batches assigned
before B;. In this case, a free low-price period emerges between
the completion time of B3 and the starting time of By. Similarly,
B3 can be started from time nine, so that B3 is mostly processed
in the low-price period, which further reduces the electricity cost.
Similar to By, B, is adjusted to begin processing from time four.
Fig. 4 gives the scheduling, denoted by o5, after improvement by
LOC. The total electricity cost of o, is decreased from 1670 to
1530.

4.5. Description of the proposed algorithm

During the solution construction, a taboo list, denoted by DE, is
used to record the processed states of the jobs. DE is a 1 x n vector
with initial value (1, 2, 3, ..., n), corresponding to the job indexes.
Once job Ji(j=1, ..., n) is assigned to a batch, then the value of the
corresponding position in DE is changed to zero. Thus, DE=(0,0,.. .,
0) means that all jobs have been grouped into batches. Addition-
ally, a Pareto set, namely DNS, is used to store the non-dominated
solutions during the search. NDS is initialized as @#. The proposed
algorithm, called PACO, is described as Algorithm 3.

Algorithm 3. The PACO Algorithm

1: Initialize the pheromone matrix; the number of jobs n; the number of
machines m; the capacity of the machine C; the number of ants N; the
maximum number of iterations Tpay; the initial value of pheromone
7o, the evaporation rates p; and pg; the relative importance of
pheromone trails and heuristics « and §;

t=1;

if t> Tinax, then output NDS;

a=1;

generate the user’s preference vector V = (Up, Vepc ), randomly;

initialize the taboo list DE=(1, 2, 3, ..., n);

if DE # (0,0, ..., 0) then go to Step 7; else go to Step 10;

ant a chooses machine M; according to Eq. (21); constructs a new

empty batch B, on machine M;; chooses an unscheduled job at random

and adds it into the current batch; updates DE;

8: ant a constructs the candidate lists CL; and CL;;

9: if CL; # ¢, then ant a selects the next job with the largest probability
according to Eq. (22) from CL;, updates DE and the local pheromone
according to Eq. (23) and go to Step 8; else if CL, + ¢, then ant a selects
the next job with the largest probability according to Eq. (22) from CL;,
updates DE and the local pheromone according to Eq. (23) and go to
Step 8; else go to Step 6;

10: call the algorithms LOM and LOC, respectively; update NDS after insert
the generated solution into NDS;

11: a++; if a> Ny, update the global pheromone according to Eq. (24), then
go to Step 12; else go to Step 5;

12: t++; go to Step 3.

oA WN

N

The running time of the PACO algorithm mainly consists of
five parts. That is, the initialization, the solution construction, the
LOM algorithm, the LOC algorithm and the update of the global
pheromone.

Ml 2 3 1

M2 4 5
0123456 7891011 I121314I151617181920 7

t

Fig. 4. The obtained solution 02 by LOC algorithm.

(1) The time complexity of the parameter initialization is deter-
mined by the initialization of the pheromone matrixes, i.e.,
o(n?).

(2) During the process of solution construction, the time complex-
ity of initializing the taboo list and choosing the machine is O(n)
and O(m), respectively. The time complexity of choosing one
unscheduled job, constructing the candidate list and comput-
ing of the probability of jobs in candidate are all O(n). The time
complexity of updating the local pheromone is O(1). Thus, the
total running time of the above process is O(n+mn+n?). Since
n is generally far more than m, the time complexity of solution
construction is O(n?).

(3) In the LOM algorithm, the complexity of sorting the batches
and computing the starting time and the completion time of
the batches are O(mn2) and O(mn), respectively. Thus, the com-
plexity of LOM algorithm is O(mn?).

(4) The running time of the LOC algorithm is determined by recal-
culating the starting time of batches whose complexity is
O(mn). Hence the time complexity of LOC algorithm is O(mn).

(5) The update of the global pheromone trails is O(n?2).

The algorithms LOM and LOC will be executed after each ant
completes its solution. Therefore, the time complexity of each iter-
ation is O(Ngmn2). In all, the complexity of the proposed PACO
algorithm is O(TmaxNamn?).

5. Computational experiments

To evaluate the performance of the proposed algorithm, we
compare PACO with NSGA-II [42] and SPEA2 [43], two classi-
cal multi-objective optimization algorithms. Another compared
algorithm is the ACO algorithm from [41], denoted by DACO, to
minimize the makespan and the total energy consumption of the
machines for the job shop scheduling problem. To extend the three
algorithm to our problem and reduce the complexity of NSGA-II and
SPEA2, we use the Best-Fit-LPT (BFLPT) rule to form batches first
and then call the three algorithms to schedule the batches on the
machines, respectively. In the DACO, once all the jobs are grouped
into batches by the BFLPT, the batches are then sorted in non-
descending order of their arrivals. The generated batch sequence
is called the old sequence, namely OBS. The ant colony construct
a new batch sequence, NBS, based on OBS. According to NBS, the
batches are scheduled on the BPMs by the LS algorithm [41]. The
sequence index of each batch B, 1 in OBS is denoted by POS(k1). The
heuristic information 7 x is defined as follows:

©(k1, k2) = |B| — |POS(k1) — POS(k2)| (27)

It means that the next batch whose release time is closer to that of
the current batch is preferable to be selected. Similar to PACO, two
pheromone trail matrixes are designed for the two objectives, sep-
arately, where r;(’l.kz, (k1,k2 =1, ..., b)is defined as the the times
that batch By is scheduled before batch By, on the same machine
for the oth objective. The initial value of Ty y» is set to 1. Addition-
ally, the users’ preferences are also incorporated into generating
NBS in the DACO. Moreover, the local optimization algorithm LOC
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Table 3
Factors and levels.
Factors Levels
n N1=20,N2=50,N3=100
s S1=U[1,15],S2=U[15,35]
pj U[8,48]
i U[1,LB]
m M1=2,M2=4
C 40
Sw 1
PW 8

and LOM in PACO are both combined into DACO to ensure the fair-
ness of the comparison.

5.1. Experimental settings

The random test instances were generated based on the method
in [36]. To increase the diversity of the testing problem instances,
we consider several factors with different levels, as shown in
Table 3. Note that LB is calculated based on the method proposed
in[18].

The electricity price function adopted here, as shown in Fig. 3,
is formulated as follows:

10, 20d—20 <t <20d-10
f()={

28
5, 20d-10<t < 20d (28)

where d is a natural number.

The detailed parameter setting of the four algorithms is shown
in Table 4, where Qq is the size of the archive set in SPEA2. The
comparative experiments were programmed in C++ and executed
on a PC with Intel Core 3 processor and 4G RAM.

5.2. Evaluation metrics

To measure the performance of the three multi-objective
optimization algorithms, the following performance metrics are
considered.

(1) Number of Pareto solutions metric (NPS): this metric presents
the number of non-dominated solutions obtained by each algo-
rithm.

(2) Coverage metric (C): this metric allows clear differentiation of
two sets E and F[44]. The value of C(E, F) presents the percentage
of solutions in F dominated by at least one solution in E, which
can be calculated by Eq. (29).

|[{ff e Fl3e e E:e>f}|
| F| ’

The value of C(E, F) is between 0 and 1. The closer the value
of C(E, F) to 1, the more solutions in F are dominated by the
solutions in E, as well as E is more better than F. However, this
metric is not symmetrical. That is, C(E, F)=1— C(F, E) usually

C(E,F) = (29)

does not hold. Consequently, both the values of C(E, F) and C(F,
E) need to be calculated.

(3) Hypervolume indicator (H): this metric describes the similarity
between the non-dominated solution sets and the Pareto fron-
tier [43]. This metric was proved to be Pareto compliant [45].
Thatis, for set E and set F, if E dominates F, the value of E, namely
H(E), must be more than that of F, namely H(F). The bigger the
value of H(E), the closer E is to the Pareto frontier.

We selected a point x™ = (X, Xepc)» which is dominated by all
the solutions of the four algorithms. It can be calculated as in
Eq. (30) [46].

Xs = max;s + ¢(maxs — ming), (30)

where s € {mk, epc}, maxs and min; are respectively the maxi-
mum and the minimum value of s among all the solutions found
by the four algorithms; ¢ is set to be 0.1.

(4) Diversity (DVR): this metric represents the area covered by the
solutions, which is calculated as follows:

DVRp = maxCE —minCé maxEPCé — minEPCE 31
2 (EG.Q max Fe max)X(EE.Q Feg ) (31)

(5) Spacing (SPC): this metric measures the spread of the solutions
along the Pareto frontier, which is computed as follows:

_ 1172
1121 ¢ colds -]

d
where d¢ is the Euclidean distance between solution & and its
closest neighbor in the Pareto frontier £2, d= éZEe ng.

(6) Distance with the lower bound (DLB): this metric measures the
solution quality of the algorithms. That is, how close the solu-
tions on the obtained Pareto frontier are to the lower bound
of the problem. The accuracy of the Pareto frontier £2 is mea-

sured by its distance to the lower bound, denoted by DLB,, and
formulated as follows:

SPCo = [

) (32)

min Chax—CB.  EpCE_ppclB
ZE e cLB > EpclB

max
|82 ] '

where |£2| is the number of non-dominated solutions. C, ., the
lower bound of Cpyax [47], is computed as follows:
Step 1. Let J! be the set of jobs in J that satisfy the following
relation:

_]1 = UJ € _] | S—Sj < min]iej{si}}. (34)

Each jobinJ! can be only assigned to one batch and will not
accommodate any other job in the same batch. The release
times of such a batch will be the release time of the job in
that batch.

Step 2. Let J2 include the jobs in J that do not belong to
J(i.e..J2=]\J1). Divide each job J; in J? into s; jobs with unit
size, each of which has the release time rj and the processing

(33)

Table 4
Parameter settings.
PACO DACO NSGA-II SPEA2
N, :100(n=20) N, :100(n=20) N, :100(n=20) N, :100(n=20)
Ng :150(n=50) Ng :150(n=50) Ng :150(n=50) Ng :150(n=50)
N, :200(n=100) N, :200(n=100) N, :200(n=100) N, :200(n=100)
Tmax =200 Tmax =200 Tmax =200 Q4 :50(n=20)
Crossover probability 1.0 Qg :80(n=50)
Mutation probability 0.01 Q,:100(n=100)
Tmax =200

Crossover probability 1.0
Mutation probability 0.01
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time p;. Sort these unit-size jobs in decreasing order of their
processing times and group the first C unassigned jobs into
an individual batch one by one until all the jobs are batched.
Thus, the total number of the batches L can be calculated as
follows:

Ejk eJ?5k
C

L= (35)

Step 3. A lower bound of the optimal makespan C:,, can be
calculated as follows:

L
Zl/ Pit Zl:]PTI
m

Cr’;fax = max + minjj eJimils max,j i +pi} o

(36)

where m is the number of machines, Cis the machine capac-
ity. EPC is calculated according to CLB,, where all the jobs
are processed in the low electricity price period.

(7) Run time (T): this metric is usually used to compare the
time performance of the algorithms run in the same situa-
tion with the same population size and the same iteration
number.

5.3. Experimental results

Table 5 presents the mean number of non-dominated solutions
for each group of instances by using the four algorithms. The sym-
bols in the first column, i.e., “Grp. Code”, denote the group codes
of the instances in the experiments corresponding to the levels
in Table 3. Take the first group code in Table 5 for an example,
“M1N1S1” denotes the group of ten random instances with 20

233

small-size jobs on two machines. Columns 2-4, 5-7, 8-10 and
11-13 denote the mean of the maximum “MAX”, the minimum
“MIN” and the average numbers “AVG” of the non-identical solu-
tions obtained by PACO, DACO, NSGA-II and SPEA2, respectively.
Specifically, for each instance group, we run each algorithm on each
instance ten times, and calculate the maximum (minimum, or aver-
age) numbers of solutions of the ten runs first. Then, we compute
the average maximum (minimum, or average) numbers of solutions
over the ten instances in the same group. Note that in Table 5, the
best average results of each groups, the largest value in each row,
are shown in boldface. The more non-identical solutions, the better
the performance of the multi-objective optimization algorithm is.

The top six rows of Table 5 show the results over small-size
jobs, from which we can observe that PACO beats the other three
algorithms on all the instances with small-size jobs except the min-
imum solution number for the group M1N2S1. The bottom six rows
of Table 5 present the results on large-job instances. For large-job
instances, the mean of the maximum and the minimum numbers
of the solutions obtained by PACO are all more than those of the
other three algorithms, except the maximum solution number for
M2N1S2. Nevertheless, PACO finds the most average solutions on
all the large-job instances among the four algorithms. Generally
speaking, the more the jobs are, the more the non-dominated solu-
tions are obtained by the algorithms. Moreover, the superiority of
PACO to the other three algorithms on large-job instances is becom-
ing obvious with the increasing number of jobs. In terms of the NPS
metric, PACO is significantly superior to the other three algorithms
and its average solution number could be up to 13.5 for the group
M1N2S2.

Table 6 presents the mean coverage metric of the four algo-
rithms. The final Pareto solution set of each algorithm is obtained
by combining the solutions of ten runs for each instance. The first
column is defined the same as that of Table 5. The numbers in each

Table 5
Comparison of the four algorithms using the NPS metric.
Grp. Code PACO DACO NSGA-II SPEA2
MAX MIN AVG MAX MIN AVG MAX MIN AVG MAX MIN AVG
M1N1S1 29 24 2.8 2.7 2.3 2.5 1.6 1 1.24 2.1 14 1.7
M1N2S1 9.2 3.8 6.72 6.8 53 6 33 1 1.52 3.2 1 2.08
M1N3S1 9.9 3.7 6.7 6.6 32 4.7 3.6 1 1.82 4 1 1.8
M2N1S1 24 23 231 1 1 1 1 1 1 1 1 1
M2N2S1 54 2 3.57 4.2 1.9 32 2.2 1 1.46 24 1 1.51
M2N3S1 9.1 3 5.97 8.1 24 5.6 3 1 1.57 3.7 1 1.57
M1N1S2 11 7.7 9.26 9 43 8.3 3.1 1 1.6 2.7 1 1.37
M1N2S2 13.5 59 9.35 7.5 2.2 5.5 4.2 1 1.99 41 1 1.77
M1N3S2 8.8 2.7 5.56 6.1 14 4.1 3.5 1 2 4.2 1 1.69
M2N1S2 1.3 13 13 1.3 1.1 1.2 1.6 1 1.13 1.8 1 1.07
M2N2S2 55 22 3.75 4.7 14 35 3.2 1 1.65 2.6 1 1.35
M2N3S2 6 1.9 3.88 5.1 1.1 3.1 33 1 1.69 4.9 1 2.33
Table 6
Comparison of the three algorithms using the C metric.
Grp.code  C(PACO, NSGA-II)  C(PACO,SPEA2)  (C(PACO,DACO) C(DACO,PACO) C(NSGA-IPACO) C(NSGA-II,SPEA2)  C(SPEA2,PACO) C(SPEA2,NSGA-II)
MI1N1S1 0.75 0.7 0.49 0.01 0.1 0.1 0 0.32
M1N2S1 0.82 0.75 0.62 0.04 0.02 0.13 0.04 0.67
M1N3S1 0.7 0.78 0.32 0.03 0.0125 0.208 0.025 0.75
M2N1S1 1 1 0.5 0.1 0 0.1 0 0
M2N2S1 0.73 0.7 0.37 0.17 0 0.19 0.06 0.59
M2N3S1 0.8 0.7 0.18 0.16 0.04 0.23 0.088 0.68
M1N1S2 0.85 1 0.66 0.07 0.018 0.23 0 0.64
M1N2S2 1 1 1 0 0 0.39 0 0.37
M1N3S2 1 1 0 0 0.75 0 0.08
M2N1S2 1 1 0.3 0 0 0.2 0 0.8
M2N2S2 1 1 1 0 0 0.31 0 0.5
M2N3S2 1 1 1 0 0 0.55 0 0.4
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Table 7

Comparison of the four algorithms using the H metric.
Grp. Code PACO DACO NSGA-II SPEA2
MI1N1S1 21,309 6979.2 4013.8 4926.7
M1N2S1 345,927.2 151,580.2 73,434.2 66,132.6
M1N3S1 606,371.9 572,944.3 132,541.8 157,977.4
M2N1S1 5610.6 788.4 643.9 643.9
M2N2S1 40,3724 34,095 10,779.3 11,607.3
M2N3S1 399,452.7 218,037.1 52,668.1 74,837.1
MI1N1S2 1,552,174 883,946.7 211,817.3 34,584.4
M1N2S2 3,588,616.8 385,522.1 34,108.7 52,562
M1N3S2 12,987,453.5 1,021,087.9 261,909.1 110,222.6
M2N1S2 52,052.9 36,120 33,208.2 1097.2
M2N2S2 623,750.9 84,928.1 22,842.7 23,660.4
M2N3S2 5,230,355.2 426,957.3 87,939.1 151,548.3

column of Table 5 are the average of the C metric values on the ten
instances of the corresponding instance group. The top and bottom
six rows show the results on instances with small jobs and larger
jobs, respectively. According to the average C values on each group,
it can be observed that PACO outperforms the others, especially on
instances with large job sizes. That is, the solutions of all groups
found by DACO, NSGA-II and SPEA2 are almost dominated by those
of PACO on the instances with large job sizes. Thus, in terms of the
coverage, PACO is the best among all the algorithms.

Table 7 presents the results of the four algorithms in terms of
the metric Hypervolume indicators over each group of instances.
The top six rows show the results on small-job instances, where
the average H values of PACO are all larger than those of the other
three algorithms. According to the numbers in the bottom six rows,
the average H values on each group of large-job instances, PACO
is significantly superior to the other three algorithms. Obviously,
PACO performs better than the other three algorithms on H met-
ric, which means the solutions of PACO are closer to the Pareto
frontier.

Table 8 presents the results of the four algorithms in terms of
the two metrics DVR and SPC. Similarly, the real numbers in each
row of Table 8 are the average values on the ten instances of each
group. For each metric, the best result for each instance group is in
boldface. The larger the value of DVR, and SPC, the better the solu-
tionis. Columns 2,4, 6 and 8 of Table 8 present the average diversity
metric of the algorithms. It can be observed that the average DVR
values of PACO are larger than those of DACO, NSGA-II and SPEA2.
According to the results on the instance groups with small-size jobs,
as shown in the top six rows of Table 8, the average values of DVR
of the DACO, NSGA-II and SPEA2, being zero on group M2N1S1, are
worse than those of PACO. The bottom six rows of Table 8 show the
average values on the large-job instance groups, where the average
DVR values of PACO are all larger than those of DACO, NSGA-II and

SPEA2. That is, PACO outperforms the other algorithms in terms of
DVR over all instance groups.

The results of the SPC metric are shown as columns 3, 5, 7 and
9 of Table 8. The SPC values of PACO are more than those of DACO,
NSGA-II and SPEA2, which means that the solutions found by PACO
distribute more uniformly along the Pareto frontier than the oth-
ers. Additionally, the top six rows, the average values of SPC over
the small-job instances, show that PACO performs better than the
others. The bottom six rows list the average results on the large-job
instances. Consistent with the results on instances with small jobs,
the performance of PACO in terms of the SPC is the best. Further-
more, on the groups M2N1S1 and M2N1S2, the SPC values of DACO,
NSGA-II or SPEA2 are zero, due to the solutions found by the three
algorithms being too closed. Especially, according to Table 4, it can
be seen that DACO, NSGA-II and SPEA2 are only able to find one
Pareto solution for M2N1S1.

Table 9 shows the average results of the DLB and the run time of
the solutions of the four algorithms. Each run time of one algorithm
is obtained as follows: first, average the run time of ten indepen-
dent runs over every instance of each group; second, average the
result of each group over its ten instances. For each metric, the best
value of each instance group is in boldface. Note that the smaller the
values of the DLB, as well as the runtime, the better performance
the algorithm has.

Columns 2,4, 6 and 8 present the results in terms of the DLB met-
ric on all groups of the four algorithms. It can be observed that the
average DLB value of PACO of each group are the smallest among
the four algorithms. PACO outperforms the other three not only on
the small-job instances but also on the large-job instances, which
signifies that the solutions obtained by PACO are closer to the lower
bound of the two objectives compared to those of the other algo-
rithms. In addition, the results of the algorithms on several groups
are smaller than the other groups. The reason may be that the solu-
tion space of the corresponding instance group is relatively small,
as well as the LB being tight, especially on the instances with four
machines.

The results of the average run time of the four algorithms on
each group are shown in columns 3, 5, 7 and 9. The run time of all
algorithms increases with the job numbers, as well as the machine
numbers. According to the results of the small-job instances, the
run time of PACO is more than that of the others, in that updat-
ing the pheromone trails and the local optimization increase its
time complexity. Moreover, each ant constructs one feasible solu-
tion at every iteration. However, in DACO, NSGA-II or SPEA2, the
batches are formed by a heuristic first and then scheduled by a
meta-heuristic. The computation time of the heuristics is much less
than that of the meta-heuristics. Additionally, in terms of the run
time, PACO beats the other algorithms in 5 out of 6 groups of the
big jobs except on M2N1S2 and M2N3S2.

Table 8

Comparison of the four algorithms using the DVR and SPC two metrics.
Grp. Code PACO DACO NSGA-II SPEA2

DVR SPC DVR SPC DVR SPC DVR SPC

MI1N1S1 3689.5 038 1554 0.27 4 0.08 653 0.07
M1N2S1 42,340 1.10 6623.5 0.37 1573 0.21 1374.5 0.23
M1N3S1 83,051 0.86 17,753 0.50 939.5 0.36 1631.5 0.49
M2N1S1 2490.5 0.24 0 0 0 0 0 0
M2N2S1 6564.5 0.52 1977.5 0.19 672 0.16 601.5 0.41
M2N3S1 57,806 1.13 8107 0.86 942.5 0.29 698.5 0.22
M1N1S2 20,171.5 0.67 15,384.5 0.52 874 0.37 872.5 0.21
M1N2S2 73,263 0.72 36,221.5 0.70 863 0.09 2101.5 0.29
M1N3S2 135,289 0.84 48,290.5 0.74 2651 0.28 4478 0.45
M2N1S2 1097 0.12 135 0 35 0 14.5 0
M2N2S2 20,538 0.50 12,997.5 043 519.5 0.20 1041 0.10
M2N3S2 53,825.5 0.46 22,928.5 0.41 1516 0.08 1641 0.28
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Table 9
Comparison of the three algorithms using the DLB and time metrics.
Grp. Code PACO DACO NSGA-II SPEA2
DLB Time DLB Time DLB Time DLB Time
M1N1S1 0.15 135 0.27 0.59 0.26 0.71 0.26 0.61
M1N2S1 0.23 7.99 0.40 1.70 0.38 3.36 0.37 2.89
M1N3S1 0.34 31.84 0.50 4.79 0.50 13.22 0.49 10.43
M2N1S1 0.01 1.92 0.06 0.78 0.06 0.86 0.06 0.69
M2N2S1 0.02 7.81 0.07 2.12 0.07 4.02 0.07 2.98
M2N3S1 0.05 33.28 0.13 5.89 0.13 13.97 0.12 11.17
M1N1S2 0.21 1.66 0.25 1.94 0.23 2.23 0.31 1.91
M1N2S2 0.35 7.36 0.50 9.94 0.51 18.07 0.51 16.63
M1N3S2 0.30 27.15 0.56 43.80 0.56 96.14 0.60 87.41
M2N1S2 0.005 2.98 0.016 291 0.01 247 0.036 2.03
M2N2S2 0.02 13.02 0.08 15.70 0.07 19.44 0.07 17.34
M2N3S2 0.01 69.52 0.14 73.93 0.13 108.72 0.14 92.28
10100 76300
10000 + PACO | + PACO
' 75800 a i
9900 B NSGAI A m nsea
9800 4 SPEA2 75300 4 SPEA2
9700 .
o 9600 & 74800
&
9500 n
74300
9490 | * E-rS
9300 ¢ . *
. . - 73800
9200 A ¢ .
9100 . 73300 .o
9000 680 700 720 740 760 780 800
102 104 106 108 110 112 114 116 118 120 122 Cmax
Cmax

Fig. 5. Solution distribution of the four algorithms on Ins. 20-2-1-4.

To compare the solution quality of the four algorithms clearly,

the solution distributions of some instances are illustrated as
Figs. 5-10. The x-axis and the y-axis denote the values of Cipax and
the EPC, respectively. The four numbers linked by dashes, i.e., the

EPC

22200 S
*
22000 | ¢,

® NSGAI

SPEA2

21800 *

* A
21600
21400 A A

21200 LN
21000
20800 ¢

20600

20400

240 250 260

Cmax

270 280 290

Fig. 6. Solution distribution of the four algorithms on Ins. 50-2-1-6.
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Fig. 7. Solution distribution of the four algorithms on Ins. 50-4-1-4.

Fig. 8. Solution distribution of the four algorithms on Ins. 50-2-2-2.

code of an instance, in each caption represent the job number, the
machine number, the type of the job size (“1” and “2” represent
the small size and large size separately), and the instance index in
each group, respectively. From these figures, it can be seen that not
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Fig. 10. Solution distribution of the four algorithms on Ins. 100-4-2-3.
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Fig. 12. Solution convergence of PACO algorithm on Ins. 50-2-2-2.

only the numbers of the Pareto-optimal solutions but also the dis-
tribution of the solutions obtained by PACO outperform those of
the other algorithms.

To show the convergence of the proposed algorithm, we
illustrate the Pareto solutions of every thirteen iterations for
two different instances, i.e., Ins. 20-2-1-4 and Ins. 50-2-2-2, as
Figs. 11 and 12. The non-dominated solutions found by the ant
colony at each iteration are connected by the line segments. The
lines with different colors correspond to different iterations which
are shown in the below of the two figures. Each symbol in the
line represents one non-dominated solution to the instance at
the iteration. From the two figures, it can be observed that the

non-dominated solution set found by the ant colony are both
gradually closer to the two axes iteration by iteration.

6. Conclusions

In this paper, we addressed a bi-objective scheduling problem
on parallel BPMs with dynamic job arrivals and non-identical job
sizes for minimizing the makespan and total electricity cost by a
proposed PACO algorithm. For the objective Crpax, We construct
two candidate lists to reduce the search space, and provide dif-
ferent dynamic heuristic information to guide the search. Finally,
two object-oriented local optimization algorithms are incorporated
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to improve the solutions, respectively. Taking into account differ-
ent evaluation metrics, such as the diversity of the non-dominated
solutions, the run time and the distribution of the Pareto-optimal
solutions, the PACO was compared with three other algorithms.
The simulated results showed that the proposed PACO algorithm
significantly outperforms the compared algorithms, DACO, NSGA-
Il and SPEA2. As a result, PACO is effective and efficient since PACO
is able to obtain the satisfactory Pareto solutions within reasonable
computation time.

Future research can be extended to more complex manufactur-
ing environments, such as flow shop or job shop, as well as the
constraints related to the difference between the BPMs, such as
the non-identical velocities and the unequal machine capacities.
Additionally, other objectives could also be considered, such as the
maximum tardiness, the total completion times, and so on.
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