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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
eywords:
arallel batch machines
nt colony optimization algorithm
akespan

nergy consumption

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.

© 2017  Elsevier  B.V.  All  rights  reserved.
reen manufacturing

. Introduction

Scheduling on batch processing machines (BPMs) [1–3],
xtended from classical scheduling, has a strong application back-
round, such as casting industry, furniture manufacturing industry,
etal industry, aeronautical industry, pharmaceutical industry,

nd logistics freight [4]. Parallel batch (p-batch) scheduling
roblem originates from the chip production of semiconductor
anufacturing process, specifically, the final stage of chip testing.

-batch scheduling differs from classical scheduling in that more
han one job can be processed on a machine simultaneously. The
rocessing time of a batch, consisting of several jobs, equals to
he longest processing time of all the jobs in the batch. Generally,
he objectives of p-batch scheduling problems are related to the
rocessing times.

Recently, the issues of environmental protection and energy

onservation in manufacturing industry have been paid more
ttention. Improving the utilization efficiency of resources and
nergy has become critical for sustainable development of modern
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f  Technology, Newark, NJ 07102, USA.

E-mail addresses: zhjia@mail.ustc.edu.cn (Z.-h. Jia), 15256090482@163.com
Y.-l. Zhang), leung@njit.edu (J.Y.-T. Leung), hfutlk@139.com (K. Li).

ttp://dx.doi.org/10.1016/j.asoc.2017.01.044
568-4946/© 2017 Elsevier B.V. All rights reserved.
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, it is 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

dx.doi.org/10.1016/j.asoc.2017.01.044
http://www.sciencedirect.com/science/journal/15684946
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CO algorithm. Section 5 provides the comparative experiments
nd the results under seven experimental metrics. The paper is
oncluded in Section 6.

. Literature review

Due to its practical significance, more and more researchers
re concerned with the batch scheduling problems (BSP) with
igh computational complexity. Ikura and Gimple [1] first stud-

ed the simplest BSP model of a single BPM. They proposed an
ffective algorithm to find the feasible solution for minimizing the
akespan with suitable release times and delivery times. Lee et al.

2] presented several dynamic programming algorithms to min-
mize the maximum lateness and the maximum tardiness and a
olynomial time dynamic programming algorithm to minimize the
umber of tardy jobs of a single BPM according to the characteris-
ics of semiconductor chip manufacturing process. Chandru et al.
7] presented an optimal branch and bound algorithm and some
euristic algorithms to minimize the total completion time on a sin-
le BPM with identical job size. Ghazvini and Dupont [8] proposed
wo heuristics for the problem of minimizing total completion
ime with non-identical job sizes on a single machine, where one
f the two shows better performance. Uzsoy [9] also considered
he batch scheduling with non-identical job sizes. He proved that

inimizing the total completion time and the makespan on a sin-
le BPM are NP-hard and presented several heuristics. Uzsoy and
ang [10] gave some effective heuristics to minimize the total
eighted completion time for a single BPM. Besides the heuris-

ic and the dynamic programming algorithms, some researchers
pplied meta-heuristic algorithms for a single batch-processing
achine with non-identical job sizes. Melouk et al. [11] presented

 simulated annealing (SA) algorithm to minimize the makespan,
hich outperforms the CPLEX solver. To minimize the makespan on

 single BPM, Chou et al. [12] proposed two different hybrid genetic
lgorithm (GA), whose performance are satisfactory.

The BSP on the parallel machines (BSPP) is an extension of
he BSP on a single machine. Chandru et al. [7] provided several
euristics to deal with the BSPP for the total completion time mini-
ization, denoted by

∑
Cj. Koh et al. [13] proposed a number of

euristic algorithms and a GA to minimize Cmax,
∑

Cj and
∑

Wj * Cj
f the BSPP with incompatible job families. Chang et al. [14] con-
idered the BSPP with non-identical job sizes and presented a SA
lgorithm and compared it with the CPLEX solver. The SA shows
etter performance in terms of both the solution quality and the
omputation time. After that, to minimize the makespan of the
SPP, Damodaran et al. [15] provided several heuristic algorithms
hat outperformed the mixed-integer solver in the comparative
xperiments.

Recently, researchers pay more attention on the BSP with
ynamic job arrivals. Lee and Uzsoy [16] investigated the problem
ith dynamic job arrivals and provided polynomial and pseudo-
olynomial algorithms for several special cases. In addition, they
ave an efficient heuristic for the general case. The simulated
esults verified the excellent average performance of the proposed
euristic. Damodaran et al. [17,18] provided a greedy random-

zed adaptive search procedure and several constructive heuristics
o address the BSPP problem with arbitrary job arrivals. Li et al.
19] presented a polynomial-time approximation scheme (PTAS)
o solve the BSPP with arbitrary job arrivals. Chung et al. [20]
roposed a mixed integer linear programming model and pre-
ented three heuristics to minimize the makespan for the BSPP

roblem with non-identical ready time. Wang and Chou [21] con-
tructed a mixed integer mathematical model and proposed two
eta-heuristic algorithms by combining SA and GA with dynamic

rogramming for the BSPP problem with different release times.
uting 55 (2017) 226–237 227

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 Pm | p-batch, rj, pj, 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 job Jj (j = 1, 2, . . .,  n) in
J is associated with a release time rj, a processing time pj and a job
size sj. Each machine Mi (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 Mi are denoted by PWi and SWi, 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
Mi is denoted by Bki. The release time of Bki, denoted by Rki, is the
largest arrival time of the jobs in Bki, i.e., Rki = max{rj | Jj ∈ Bki}. The
processing time of Bki, denoted by PTki, is the longest processing
time among the jobs in Bki, i.e., PTki = max{pj | Jj ∈ Bki}. The size
of Bki, denoted by Ski, is the total size of all the jobs in Bki, i.e.,
Ski =

∑
Jj ∈ Bki

sj . The size of each batch cannot exceed C, i.e., Ski ≤ C.

After a feasible solution � is constructed, the starting time and
completion time of Bki on machine Mi are determined, denoted by
STki and CTki respectively, and defined as STki = max{Rki, CT(k−1)i}
and CTki = STki + PTki, where B(k−1)i is the batch executed immedi-
ately before Bki and CT0i = 0. The first optimization objective Cmax

is the maximum completion time among all batches in �, i.e.,
Cmax = maxBki ∈ � {CTki}. 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 0 to t.

The decision variables Yki, Xjki and zt
i

are defined as:

Yki =
{

1, if batch Bki is created for machine Mi

0, otherwise
(1)
Xjki =
{

1, if job Jj is grouped into Bki on Mi

0, otherwise
(2)
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t
i =

{
1, if there is a batch processing on Mi at time t

0, otherwise
(3)

ased on the above descriptions, the mathematical model of the
roblem can be formulated as follows:

inimize Cmax (4)

inimize EPC =
∫ Cmax

0

f (t)
m∑

i=1

(PWi ∗ zi
t + SWi ∗ (1 − zi

t))dt (5)

.t. Xjki ≤ Yki i = 1, . . .,  m;  j = 1, . . .,  n; k = 1, . . .,  n (6)

m

i=1

n∑
k=1

Xjki = 1 j = 1, . . .,  n (7)

n

j=1

sjXjki ≤ C i = 1, . . .,  m;  k = 1, . . .,  n (8)

Tki ≥ pjXjki i = 1, . . .,  m;  j = 1, . . .,  n; k = 1, . . .,  n (9)

Tki ≥ rjXjki i = 1, . . .,  m;  j = 1, . . .,  n; k = 1, . . .,  n (10)

Tki ≥ ST (k−1)iY(k−1)i + PT (k−1)iY(k−1)i

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

Tki = STkiYki + PTkiYki i = 1, . . .,  m;  k = 1, . . .,  n (12)

max ≥ CTki i = 1, . . .,  m;  k = 1, . . .,  n (13)

ki, Xjki, zt
i ∈ {0, 1} i = 1, . . .,  m;  j = 1, . . .,  n; k = 1, . . .,  n

(14)

t
i ∈ {0, 1} 0 ≤ t ≤ Cmax, i = 1, . . .,  m (15)

Objective (4) is to minimize the makespan. Objective (5) is to
inimize the EPC and f(t), denotes the electricity price function.

onstraint (6) ensures that the jobs can be assigned into a batch
nly when the batch is created. Constraint (7) ensures that each job
an be assigned to only one batch on one machine. Constraint (8)
nsures that the total size of all jobs in one batch does not exceed
he machine capacity. Constraint (9) denotes that the processing
ime of batch Bki is the longest time among all the jobs in Bki. Con-
traint (10) denotes that the starting time of batch Bki is at least
he largest arriving time among all the jobs in Bbi. Constraint (11)
nsures that the processing of the batches cannot be interrupted,
nd a batch cannot start until the completion of the previous batch
n the same machine. Constraint (12) defines the completion time
f Bki. Constraint (13) shows the completion time of each batch Bki
s not more than the makespan. Constraints (14) and (15) define
he binary variables.

. Pareto-based ant colony optimization algorithm

The proposed PACO is a bi-objective ant colony optimization
lgorithm. In PACO, the preferences for the two objectives are uti-
ized to control the search directions of the ants in the solution
pace. The problem is generally able to be solved in two  stages,
orming the batches and scheduling the batches. To improve the
ptimization efficiency, PACO combines the solution of the two

ubproblems together. That is, a feasible solution is directly con-
tructed by assigning the appropriate jobs, one by one, to the
urrent batch on one machine. The details of the PACO are described
n Section 4.2.
uting 55 (2017) 226–237

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. Stützle 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. Jia et al. [38] proposed a meta-heuristic based 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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lgorithm to form the batches first, then use a heuristic algorithm
o schedule the batches on the BPMs. This strategy is called “batch
rst, schedule second” [18]. Different from this, we adopt a new
onstruction method, which obtains the batches and the machine
nformation at the same time after one job is assigned to a batch. Let
b denote an arbitrary batch in B. Table 1 gives an example of the
ncoding of a solution with nine jobs. The solution is encoded by a

 × 9 vector. Each column j corresponds to the assignment of job Jj.
he numbers in the first row and second row are the batch indexes
nd machine indexes of the corresponding job. In this mechanism,
nce an ant adds job Jj to batch Bb on machine Mi, the assignment
f job Jj is confirmed. A complete solution is constructed when the
ocations of n jobs are determined.

.2.2. Pheromone trails
As mentioned above, there are two objectives to be optimized

imultaneously, i.e., the makespan and the EPC. Instead of a single
heromone matrix, an individual pheromone trail matrix is built
or each objective in PACO, so that the impact between different
bjectives can be distinguished. We  define the pheromone trails �hj
s the desirability of grouping job Jh in a batch with job Jj [36]. In
he process of constructing the solutions, the pheromone between
atch Bb and job Jj in the candidate list for the oth objective �o

bj
, is

efined to be the average pheromone value of the total pheromone
f the candidate job and the jobs grouped in the current batch Bb.

o
bj =

∑
Jh ∈ Bb

�o
hj

| Bb | (Jj ∈ CLo), (16)

here o ∈ {1, 2} denotes the objective index. That is, �1
hj

is the

heromone for Cmax, and �2
hj

is the pheromone for EPC. |Bb| is the
umber of jobs in the current batch Bb, h is the job index in Bb, and

j is the job in the candidate list CLo.

.2.3. Candidate lists
Considering the NP-hardness of the problem, we use the hier-

rchical candidate lists to reduce the search space and improve
he search ability effectively. Two different candidate lists CL1 and
L2 are proposed according to whether the current batch will be
elayed when the candidate job is inserted. STb denotes the start-

ng time of current batch Bb. During the construction of solutions,
he jobs in candidate list CL1 are considered first. If CL1 is empty,
hen CL2 are generated. CL1 is constructed as follows:

L1 = {Jj | sj ≤ C − Sb ∧ rj ≤ STb}. (17)

he size of job Jj in CL1 has to be no more than the residual space of
he current batch Bb. Additionally, the release time of job Jj does not
xceed the starting time of Bb, which avoids batch Bb being delayed.
L2 is constructed as in Eq. (18).

L2 = {Jj | sj ≤ C − Sb ∧ rj > STb}. (18)

ach job in CL2 must satisfy the machine capacity constraint and
he release time of each one being more than the starting time of
atch Bb.
.2.4. Heuristic information
Heuristic information is designed according to the specific prob-

em. It is difficult to present the heuristic information for the EPC
ince the factors affecting the EPC are complex. Due to the EPC being

able 1
n example of solution encoding in PACO.

Jj J1 J2 J3 J4 J5 J6 J7 J8 J9

b 2 1 3 5 4 2 3 5 1
i  3 4 2 4 1 3 2 4 4
uting 55 (2017) 226–237 229

directly associated with Cmax, we  only define the heuristic informa-
tion for Cmax based on different candidate lists. The release time of
each job in candidate list CL1 is less than the starting time of batch
Bb, thus only the processing times of jobs in CL1 are left for consid-
eration. The heuristic information based on CL1, �1

bj
, is defined as

follows:

�1
bj = 1

| PTb − pj | +1
. (19)

where PTb is the processing time of current batch Bb under con-
struction. The candidate list CL2 is constructed when CL1 is empty.
When selecting the jobs in CL2, both the processing times and the
release times related to the jobs should be considered. Thus, for the
jobs in CL2, the heuristic information �2

bj
is formulated as follows:

�2
bj = 1

| PTb − pj | +1
· 1

rj − STb
. (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:

arg min
Mi ∈ M

{
2∑

o=1

Vo ∗ f o
i

}
, (21)

where f 1
i

is the value of the completion time of machine Mi and f 2
i

is the value of the EPC of Mi. V1 and V2 are the weights of f 1
i

and
f 2
i

, and V1 + V2 = 1. V1 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 Bb is empty, each ant chooses an
unscheduled job randomly to increase the diversity of feasible solu-
tions. If Bb is not empty, each ant selects a job from CL1 or CL2 and
adds it into Bb according to the probability formulated as follows:

Pbj =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(
∑2

o=1�o
bj

vo)
˛

(�1
bj

)
ˇ

∑
Jx ∈ CL1

(
∑2

o=1�o
bx

vo)
˛

(�1
bx

)
ˇ

, if Jj ∈ CL1

(
∑2

o=1�o
bj

vo)
˛

(�2
bj

)
ˇ

∑
Jx ∈ CL2

(
∑2

o=1�o
bx

vo)
˛

(�2
bx

)
ˇ

, if Jj ∈ CL2

0, otherwise.

(22)

where vo, a real number in (0,1), refers to the user’s preference
to the oth objective, and v1 + v2 = 1. The probability distribution
is influenced by  ̨ and ˇ, 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:
�o
hj = (1 − �l) · �o

hj + �l · �0, (23)

where �0 is the initial value of pheromone trails and �l ∈ (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 �0.

Bb B1 B2 B3 B4 B5

T
d
o
g

�

�

w
p

4

t
s

4

i
p
n
l
g
i
M
d

A

1
2

3
4
5
6
7
8
9
1
1
1

b
d
t
s
s

Rb 5 2 3 3 12
PTb 4 5 4 7 5

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

o
hj = (1 − �g) · �o

hj + �g ·
∑

sol ∈ NDS
��o

hj, (24)

�o
hj =

⎧⎨
⎩

1
f o
hj

if jobs Jh and Jj are in the same batch;

0, otherwise.
(25)

here f o
hj

is the value of the oth objective function, �g ∈ (0, 1) is a
arameter.

.4. Local optimization strategies

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

.4.1. Local optimization for the makespan
In PACO, each ant chooses the first job randomly and groups

t into a batch. However, if a batch with larger release time is
rocessed earlier, the completion time of the machine will defi-
itely increase, as well as the value of Cmax. Hence, we propose a

ocal optimization algorithm for Cmax, called LOM algorithm. For a
enerated solution, we sort the batches on each machine in ascend-
ng order of their release times. Let MBi denote the batch set of

i and |MBi| is the number of batches on Mi. Algorithm LOM is
escribed in Algorithm 1.

lgorithm 1. The LOM Algorithm

: for i = 1, 2, . . .,  m do
:  sort the batches on Mi in ascending order of the release times of the

batches
:  end for
: for i = 1, 2, . . .,  m do
:  for k = 1, 2, . . .,  | MBi| do
: if (k ==1)
: STki = RTki

: else
: STki = max{RTki , CT(k−1)i}
0: CTki = STki + PTki

1: end for
2: end for

Here is an example of the LOM. The parameters of the five
atches of the solution �0 are shown in Table 2. The first row

enotes the batches, the second and the third rows are the release
imes and the processing times of the corresponding batches. The
cheduling of the batches in �0 is shown in Fig. 1. The improved
olution adjusted by the LOM algorithm is shown in Fig. 2.

Fig. 1. Gantt chart of the initial solution �0.
Fig. 2. Gantt chart of the solution �1 adjusted by the LOM.

Definition 1. Suppose there exists a feasible schedule � and Bb
is the current batch, STb is the starting time of Bb, Rb is the release
time of Bb (STb ≥ Rb). If STb and Rb satisfy the following condition,
we say that Bb is processed on time; otherwise, it is delayed.

STb = Rb ∀Bb ∈ B (26)

According to Fig. 1, the original value of Cmax is 18. On M1, B1 is
processed on time, B2 and B3 are delayed by 7 and 11, respectively.
Thus, the total delay of �0 is 18. Additionally, the release time of
B1 is the largest among all the batches but B1 is processed first
leading to both B2 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
�0 and generates a new solution �1, by replacing the original batch
order B1 − B2 − B3 by a new order B2 − B3 − B1, as shown in Fig. 2.
According to Fig. 2, B2 is processed on time, B3 and B1 are delayed
for 4 and 6, respectively. Thus, the total delay is 10. It is obvious
that the total delay of the batches on M1 is reduced by 8, and the
completion time of M1 decreases from 18 to 15. As for the batches
on M2, since they are all processed on time, the batch order is not
adjusted. In all, compared to the initial solution �0, the value of
Cmax of �1 decreases from 18 to 17 by using LOM.

4.4.2. Local optimization for the EPC
Based on the fact that EPC is 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 Cmax

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: for i = 1, 2, . . .,  m do
2: for k = | MBi |, | MBi | −1, . . .,  1 do
3: if (k == | MBi |)
4: tmin = STki

5: tmax = max{Cmax , CTki} − PTki

6: STki = arg min
tmin≤t≤tmax

∫ t+PTki

t
f (q) · PWidq /* if there is more than one t

that makes the value the same, then choose the maximal t. */
7:  else
8: tmin = STki

9: tmax = ST(k+1)i − PTki

10: STki = arg min
tmin≤t≤tmax

∫ t+PTki

t
f (q) · PWidq /* if there is more than one t

that makes the value the same, then choose the maximal t. */
11: CTki = STki + PTki /*update CTki*/
12: end for
13: end for

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

For solution �1 in Fig. 2, it can be observed that there is no
space to make any objective value better by moving batch B5 on

M2. However, B4 is processed on the high-price period. Moreover,
an idle period [10,12] between the completion of B4 and the start-
ing time of B5 is of the low price. Therefore, B4 can be delayed to
reduce the electricity cost of M2. For M1, B1 is completely processed
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that batch Bk1 is scheduled before batch Bk2 on the same machine
Fig. 3. The function of electricity price.

n the low-price period. B2 is processed in the high-price period.
uring the processing period [7,10], B3 is in high price and is in

ow price during [10,12]. There is also an idle period [15,17], the
istance between the completion of B1 and Cmax. Postponing the
rocess of B1 by two will not only reduce the electricity cost,
ut also reserve more space for adjusting the batches assigned
efore B1. In this case, a free low-price period emerges between
he completion time of B3 and the starting time of B1. Similarly,
3 can be started from time nine, so that B3 is mostly processed

n the low-price period, which further reduces the electricity cost.
imilar to B1, B2 is adjusted to begin processing from time four.
ig. 4 gives the scheduling, denoted by �2, after improvement by
OC. The total electricity cost of �2 is decreased from 1670 to
530.

.5. Description of the proposed algorithm

During the solution construction, a taboo list, denoted by DE,  is
sed to record the processed states of the jobs. DE is a 1 × n vector
ith initial value (1, 2, 3, . . .,  n), corresponding to the job indexes.
nce job Jj(j = 1, . . .,  n) is assigned to a batch, then the value of the
orresponding position in DE is changed to zero. Thus, DE = (0, 0, . . .,
) means that all jobs have been grouped into batches. Addition-
lly, a Pareto set, namely DNS, is used to store the non-dominated
olutions during the search. NDS is initialized as ∅. The proposed
lgorithm, called PACO, is described as Algorithm 3.

lgorithm 3. The PACO Algorithm

: Initialize the pheromone matrix; the number of jobs n; the number of
machines m; the capacity of the machine C; the number of ants Na; the
maximum number of iterations Tmax; the initial value of pheromone
�0; the evaporation rates �l and �g; the relative importance of
pheromone trails and heuristics  ̨ and ˇ;

: t = 1;
: if t > Tmax , then output NDS;
: a = 1;
: generate the user’s preference vector V = (vmk, 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 Mi according to Eq. (21); constructs a new

empty batch Bb on machine Mi; chooses an unscheduled job at random
and  adds it into the current batch; updates DE;

:  ant a constructs the candidate lists CL1 and CL2;
:  if CL1 /= ∅, then ant a selects the next job with the largest probability

according to Eq. (22) from CL1, updates DE and the local pheromone
according to Eq. (23) and go to Step 8; else if CL2 /= ∅, then ant a selects
the next job with the largest probability according to Eq. (22) from CL2,
updates DE and the local pheromone according to Eq. (23) and go to
Step 8; else go to Step 6;

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

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

2: t ++; go to Step 3.

The running time of the PACO algorithm mainly consists of

ve parts. That is, the initialization, the solution construction, the
OM algorithm, the LOC algorithm and the update of the global
heromone.
Fig. 4. The obtained solution �2 by LOC algorithm.

(1) The time complexity of the parameter initialization is deter-
mined by the initialization of the pheromone matrixes, i.e.,
O(n2).

(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  + n2). Since
n is generally far more than m, the time complexity of solution
construction is O(n2).

(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(mn2).

(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(n2).

The algorithms LOM and LOC will be executed after each ant
completes its solution. Therefore, the time complexity of each iter-
ation is O(Namn2). In all, the complexity of the proposed PACO
algorithm is O(TmaxNamn2).

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 Bk1 in OBS is denoted by POS(k1). The
heuristic information �k1,k2 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 �o

k1,k2, (k1, k2 = 1, . . .,  b) is defined as the the times
for the oth objective. The initial value of �k1,k2 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
sj S1 = U[1,15], S2 = U[15,35]
pj U[8,48]
rj U[1,LB]
m  M1  = 2, M2 = 4
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nd LOM in PACO are both combined into DACO to ensure the fair-
ess of the comparison.

.1. Experimental settings

The random test instances were generated based on the method
n [36]. To increase the diversity of the testing problem instances,

e consider several factors with different levels, as shown in
able 3. Note that LB is calculated based on the method proposed
n [18].

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

 (t) =
{

10, 20d − 20 ≤ t < 20d  − 10

5, 20d − 10 ≤ t < 20d
(28)

here d is a natural number.
The detailed parameter setting of the four algorithms is shown

n Table 4, where Qa is the size of the archive set in SPEA2. The
omparative experiments were programmed in C++ and executed
n a PC with Intel Core 3 processor and 4G RAM.

.2. Evaluation metrics

To measure the performance of the three multi-objective
ptimization algorithms, the following performance metrics are
onsidered.

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).

C(E, F) = |  {f ∈ F | ∃e ∈ E : e 
 f } |
| F | . (29)
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

able 4
arameter settings.

PACO DACO N

Na :100(n=20) Na :100(n=20) N
Na :150(n=50) Na :150(n=50) N
Na :200(n=100) Na :200(n=100) N
Tmax =200 Tmax =200 T

C
M

uting 55 (2017) 226–237

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].
That is, 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* = (xmk, xepc), which is dominated by all
the solutions of the four algorithms. It can be calculated as in
Eq. (30) [46].

xs = maxs + �(maxs − mins), (30)

where s ∈ {mk, epc}, maxs and mins 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:

DVR˝ = (max
	 ∈ ˝

C	
max − min

	 ∈ ˝
C	

max) × (max
	 ∈ ˝

EPC	 − min
	 ∈ ˝

EPC	) (31)

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

SPC˝ =

[
1/ |  ̋ |

∑
	 ∈ ˝(d	 − d̄)

2
]1/2

d̄
,  (32)

where d	 is the Euclidean distance between solution 	 and its

closest neighbor in the Pareto frontier ˝, d̄ = 1
˝

∑
	 ∈ ˝d	 .

(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  ̋ is mea-
sured by its distance to the lower bound, denoted by DLB˝, and
formulated as follows:

DLB˝ =

∑
	 ∈ ˝ min

{
C	

max−CLB
max

CLB
max

, EPC	−EPCLB

EPCLB

}
|  ̋ | , (33)

where |˝|  is the number of non-dominated solutions. CLB
max, the

lower bound of Cmax [47], is computed as follows:
Step 1. Let J1 be the set of jobs in J that satisfy the following
relation:

J1 = {Jj ∈ J | S − sj < minJi ∈ J{si}}. (34)

Each job in J1 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
J1(i. e ., J2 = J \ J1). Divide each job Jj in J2 into sj jobs with unit
size, each of which has the release time rj and the processing

SGA-II SPEA2

a :100(n=20) Na :100(n=20)
a :150(n=50) Na :150(n=50)
a :200(n=100) Na :200(n=100)
max =200 Qa :50(n=20)
rossover probability 1.0 Qa :80(n=50)
utation probability 0.01 Qa :100(n=100)

Tmax =200
Crossover probability 1.0
Mutation probability 0.01
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time pj. 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:

L =
⌈∑

Jk ∈ J2 sk

C

⌉
. (35)

Step 3. A lower bound of the optimal makespan CLB
max can be

calculated as follows:

CLB
max = max

{⌈∑
Jj ∈ J1

pj +
∑L

l=1
PTl

m

⌉
+ minJj ∈ J {rj}, maxJj ∈ J {rj + pj}

}
,

(36)

where m is the number of machines, C is the machine capac-
ity. EPCLB is calculated according to CLB

max 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.

.3. Experimental results

Table 5 presents the mean number of non-dominated solutions
or each group of instances by using the four algorithms. The sym-

ols in the first column, i.e., “Grp. Code”, denote the group codes
f the instances in the experiments corresponding to the levels
n Table 3. Take the first group code in Table 5 for an example,
M1N1S1” denotes the group of ten random instances with 20

able 5
omparison of the four algorithms using the NPS metric.

Grp. Code PACO DACO 

MAX  MIN  AVG MAX MIN AV

M1N1S1 2.9 2.4 2.8 2.7 2.3 2.5
M1N2S1 9.2 3.8 6.72 6.8 5.3 6 

M1N3S1 9.9 3.7 6.7 6.6 3.2 4.7
M2N1S1 2.4 2.3 2.31 1 1 1 

M2N2S1 5.4 2 3.57 4.2 1.9 3.2
M2N3S1 9.1 3 5.97 8.1 2.4 5.6
M1N1S2 11 7.7 9.26 9 4.3 8.3
M1N2S2 13.5 5.9 9.35 7.5 2.2 5.5
M1N3S2 8.8 2.7 5.56 6.1 1.4 4.1
M2N1S2 1.3 1.3 1.3 1.3 1.1 1.2
M2N2S2 5.5 2.2 3.75 4.7 1.4 3.5
M2N3S2 6 1.9 3.88 5.1 1.1 3.1

able 6
omparison of the three algorithms using the C metric.

Grp. code C(PACO, NSGA-II) C(PACO,SPEA2) C(PACO,DACO) C(DACO,PACO) 

M1N1S1 0.75 0.7 0.49 0.01 

M1N2S1 0.82 0.75 0.62 0.04 

M1N3S1 0.7 0.78 0.32 0.03 

M2N1S1 1 1 0.5 0.1 

M2N2S1 0.73 0.7 0.37 0.17 

M2N3S1 0.8 0.7 0.18 0.16 

M1N1S2 0.85 1 0.66 0.07 

M1N2S2 1 1 1 0 

M1N3S2 1 1 1 0 

M2N1S2 1 1 0.3 0 

M2N2S2 1 1 1 0 

M2N3S2 1 1 1 0 
uting 55 (2017) 226–237 233

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

NSGA-II SPEA2

G MAX MIN  AVG MAX  MIN  AVG

 1.6 1 1.24 2.1 1.4 1.7
3.3 1 1.52 3.2 1 2.08

 3.6 1 1.82 4 1 1.8
1 1 1 1 1 1

 2.2 1 1.46 2.4 1 1.51
 3 1 1.57 3.7 1 1.57
 3.1 1 1.6 2.7 1 1.37
 4.2 1 1.99 4.1 1 1.77
 3.5 1 2 4.2 1 1.69
 1.6 1 1.13 1.8 1 1.07
 3.2 1 1.65 2.6 1 1.35
 3.3 1 1.69 4.9 1 2.33

C(NSGA-II,PACO) C(NSGA-II,SPEA2) C(SPEA2,PACO) C(SPEA2,NSGA-II)

0.1 0.1 0 0.32
0.02 0.13 0.04 0.67
0.0125 0.208 0.025 0.75
0 0.1 0 0
0 0.19 0.06 0.59
0.04 0.23 0.088 0.68
0.018 0.23 0 0.64
0 0.39 0 0.37
0 0.75 0 0.08
0 0.2 0 0.8
0 0.31 0 0. 5
0 0.55 0 0.4



234 Z.-h. Jia et al. / Applied Soft Comp

Table 7
Comparison of the four algorithms using the H metric.

Grp. Code PACO DACO NSGA-II SPEA2

M1N1S1 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 40,372.4 34,095 10,779.3 11,607.3
M2N3S1 399,452.7 218,037.1 52,668.1 74,837.1
M1N1S2 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
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meta-heuristic. The computation time of the heuristics is much less

T
C

M2N3S2 5,230,355.2 426,957.3 87,939.1 151,548.3

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

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

Table 8 presents the results of the four algorithms in terms of
he two metrics DVR and SPC. Similarly, the real numbers in each
ow of Table 8 are the average values on the ten instances of each
roup. For each metric, the best result for each instance group is in
oldface. The larger the value of DVR, and SPC, the better the solu-
ion is. Columns 2, 4, 6 and 8 of Table 8 present the average diversity

etric of the algorithms. It can be observed that the average DVR
alues of PACO are larger than those of DACO, NSGA-II and SPEA2.
ccording to the results on the instance groups with small-size jobs,
s shown in the top six rows of Table 8, the average values of DVR
f the DACO, NSGA-II and SPEA2, being zero on group M2N1S1, are

orse than those of PACO. The bottom six rows of Table 8 show the

verage values on the large-job instance groups, where the average
VR values of PACO are all larger than those of DACO, NSGA-II and

able 8
omparison of the four algorithms using the DVR and SPC two metrics.

Grp. Code PACO DACO 

DVR SPC DVR 

M1N1S1 3689.5 0.38 1554 

M1N2S1 42,340 1.10 6623.5 

M1N3S1 83,051 0.86 17,753 

M2N1S1 2490.5 0.24 0 

M2N2S1 6564.5 0.52 1977.5 

M2N3S1 57,806 1.13 8107 

M1N1S2 20,171.5 0.67 15,384.5 

M1N2S2 73,263 0.72 36,221.5 

M1N3S2 135,289 0.84 48,290.5 

M2N1S2 1097 0.12 13.5 

M2N2S2 20,538 0.50 12,997.5 

M2N3S2 53,825.5 0.46 22,928.5 
uting 55 (2017) 226–237

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
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.

NSGA-II SPEA2

SPC DVR SPC DVR SPC

0.27 4 0.08 653 0.07
0.37 1573 0.21 1374.5 0.23
0.50 939.5 0.36 1631.5 0.49
0 0 0 0 0
0.19 672 0.16 601.5 0.41
0.86 942.5 0.29 698.5 0.22
0.52 874 0.37 872.5 0.21
0.70 863 0.09 2101.5 0.29
0.74 2651 0.28 4478 0.45
0 35 0 14.5 0
0.43 519.5 0.20 1041 0.10
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 1.35 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 2.91 0.01 2.47 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

t
F
t

Fig. 5. Solution distribution of the four algorithms on Ins. 20-2-1-4.
To compare the solution quality of the four algorithms clearly,
he solution distributions of some instances are illustrated as
igs. 5–10. The x-axis and the y-axis denote the values of Cmax and
he EPC, respectively. The four numbers linked by dashes, i.e., the

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

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

Fig. 9. Solution distribution of the four algorithms on Ins. 50-4-2-10.

Fig. 10. Solution distribution of the four algorithms on Ins. 100-4-2-3.
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Fig. 11. Solution convergence of PACO algorithm on Ins. 20-2-1-4.

of PAC

o
t
t

i
t
F
c
l
a
l
t

Fig. 12. Solution convergence 

nly the numbers of the Pareto-optimal solutions but also the dis-
ribution of the solutions obtained by PACO outperform those of
he other algorithms.

To show the convergence of the proposed algorithm, we
llustrate the Pareto solutions of every thirteen iterations for
wo different instances, i.e., Ins. 20-2-1-4 and Ins. 50-2-2-2, as
igs. 11 and 12. The non-dominated solutions found by the ant
olony at each iteration are connected by the line segments. The

ines with different colors correspond to different iterations which
re shown in the below of the two figures. Each symbol in the
ine represents one non-dominated solution to the instance at
he iteration. From the two figures, it can be observed that the
O algorithm on Ins. 50-2-2-2.

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 Cmax, 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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o improve the solutions, respectively. Taking into account differ-
nt evaluation metrics, such as the diversity of the non-dominated
olutions, the run time and the distribution of the Pareto-optimal
olutions, the PACO was compared with three other algorithms.
he simulated results showed that the proposed PACO algorithm
ignificantly outperforms the compared algorithms, DACO, NSGA-
I and SPEA2. As a result, PACO is effective and efficient since PACO
s able to obtain the satisfactory Pareto solutions within reasonable
omputation time.

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