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Abstract Ant colony optimization (ACO) is a novel
intelligent meta-heuristic originating from the foraging
behavior of ants. An efficient heuristic of ACO is the ant
colony system (ACS). This study presents a multi-heuristic
desirability ACS heuristic for the non-permutation flow-
shop scheduling problem, and verifies the effectiveness of
the proposed heuristic by performing computational
experiments on a well-known non-permutation flowshop
benchmark problem set. Over three-quarters of the
solutions to these experiments are superior to the current
best solutions in relevant literature. Since the proposed
heuristic is comprehensible and effective, this study
successfully explores the excellent potential of ACO for
solving non-permutation flowshop scheduling problems.

Keywords Scheduling - Non-permutation flowshop -
Ant colony optimization

1 Introduction

Scheduling is an effective means of allocating resources
optimally. Efficient scheduling is critical to numerous
industries, having become essential for survival in the
intensely competitive business environment. A well-known
NP-hard problem is flowshop scheduling problems (FSP).
Although extensively studied for over four decades, FSP
has not been precisely defined [1]. However, the following
general characterizations of FSP are common in pertinent
literature. Each job comprises m operations; each operation
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requires a different machine; all jobs are processed in the
same processing sequence; and the job sequence of each
machine has to be identified to minimize (or maximize) a
given objective function. The job sequence of each
machine remains unchanged in a permutation FSP, while
a problem where the sequence changes is called a non-
permutation FSP.

The flowshop system has been adopted in the electronics
manufacturing and chemical processing sectors. Relevant
literature contains numerous theoretical studies on FSP,
most of which have the objective of minimizing the
maximum completion time (makespan) [2]. This focus
occurs because the makespan is the easiest criterion to
adopt, and also indicates other benefits, such as maximizing
the machine utilization of a production line [1]. Conse-
quently, minimizing makespan is the main objective of this
study.

Reisman et al. [3] reviewed pertinent literature of FSP
and performed a statistical correlation analysis. Several
investigations have also experimentally compared various
algorithms [1, 4-6]. FSP is an NP-complete combinatorial
optimization problem involving more than two machines
[7]. Hence, even a simple FSP may require considerable
computation by exact methods. Therefore, in practice,
practitioners often seek heuristic methods that generate
near-optimum solutions at low computational cost.

The formidable computational requirements of FSP have
resulted in numerous attempts to develop heuristic
procedures, leading to interest in a new class of algorithms
called metaheuristics. The metaheuristic algorithmic frame-
work can be applied to various optimization problems with
slight modifications. Examples of metaheuristic algorithms
include genetic algorithms, simulated annealing, and taboo
search. Relevant literature indicates that these methods
have occupied a growing space in FSP and can obtain good
results [8—10]. Nevertheless, almost all published heuristics
focus on permutation schedules [2], schedules that can be
specified simply by providing a permutation of jobs are
simple to combine. Potts et al. [11] have indicated that this
simplicity is achieved at the price of significantly inferior
schedules.
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This study examines the potential of ant colony
optimization (ACO) for the non-permutation FSP. ACO
is a metaheuristic algorithm for solving discrete optimiza-
tion problems [12]. The first version of the ACO
metaheuristic, known as the ant system (AS), was
presented by Colorni et al. [13], and was further developed
in a PhD thesis by Dorigo [14]. AS is inspired by ant
colony foraging behavior. A colony of ants can identify the
shortest pathway from a food source to their nest without
using visual cues; they communicate by pheromone, an
aromatic substance. While searching, ants secrete phero-
mone on the ground and generally follow pheromone
previously laid by other ants. Ants are most likely to follow
pathways marked by large accumulations of pheromone
from other ants that have previously followed that route.
Since short pathways have higher traffic densities than long
pathways, they accumulate pheromone more rapidly.
Consequently, ants favor shorter pathways over longer
ones.

Pertinent literature indicates that ACO can yield
excellent results for wvarious NP-hard combinatorial
optimization problems, such as the traveling salesman
[15], sequential ordering [16], quadratic assignment [17],
vehicle routing [18], graph coloring [19], partitioning [20],
power system optimization [21] and telecommunications
network [22].

Ant colony system (ACS) is an efficient ACO heuristic.
This study presents a multi-heuristic desirability ant colony
system (MHD-ACS) heuristic for the n-job, m-machine
non-permutation FSP to minimize the makespan. Some
previous publications have focused on applying ACO to
different scheduling environments, such as the single
machine [23, 24], permutation flowshop [25, 26], jobshop
[27] and openshop [28]. Nevertheless, this study is
apparently the first to adopt ACS for non-permutation
FSPs. The n-job, m-machine non-permutation FSP with
minimizing makespan (C,,,,) can be presented using the
classical notation as F||Cpax [29]- The F||Ciax problem
generally makes the following assumptions:

—  The number of jobs, and their processing times on each
machine, are known in advance.

—  The number of machines is known, and all machines
are continuously available.

— The setup times of the operations are included in the
processing times, and are sequencing-independent.

— All the jobs are available at start time.

— Every job is processed on a maximum of one machine
at a time without preemption.

— Every machine can process no more than one job at a
time.

— Every job must be processed once on each machine
and in the same machine order, for example,
MMy, -, My,

2 Development of MHD-ACS heuristic

The problem of implementing a multi-heuristic desirability
ant colony system (MHD-ACS) for F||Ciax is transformed
into the following disjunctive graph model in advance.

Representing F||Cnax by a disjunctive graph model

The F||Cnax problem can be reduced to a graph model.
Individual instances of this problem can be associated with
a disjunctive graph G=(0,C,D), where O denotes a set of
nodes; C represents a set of conjunctive directed arcs, and D
is a set of disjunctive undirected arcs (see Fig. 1). The nodes
of O represent all of the processing operations Oy; (the jth
operation of job i; i=1,2, ---,n;j=1,2, ---,m ) that
act upon the 7 jobs; C denotes the precedence relationships
between the processing operations of each job, and D
represents the machine constraints of operations belonging
to different jobs. Moreover, two dummy nodes, the nest N
and food source F exist, where N has conjunctive directed
arcs emanating to the first operations of the » jobs, and F
has conjunctive directed arcs originating from all the final
operations of the n jobs. Therefore, a total of (n-m +2)
nodes are available, where all nodes of the same machine
are linked in a pairwise manner in both directions. For
conciseness, all the arrows of nodes in the figure that are
linked in a pairwise manner in both directions are omitted.

Figure 1 shows an instance of the F||Cpax problem
involving three jobs and four machines. The disjunctive
undirected (broken) arcs form four cliques, one for each
machine, representing the sequence in which operations are
performed on the machine. This instance clearly reveals
that solving the F||Ciax problem identifies a path of the
disjunctive graph G in which all nodes have to be visited,
thus minimizing the makespan.

The example in Fig. 2 helps visualize the possible
successive decisions of an ant, as well as the final feasible
solution to the F||Cp,x problem. An ant was positioned on
the nest node N (see Fig. 2a) at the beginning of the process
of obtaining a solution. In the figure, U denotes the set of
nodes not yet visited, and S represents the set of nodes whose
predecessors have previously been visited. Nodes belonging
to S are labeled in the figure. Initially, U = O + {F'} and S

————— arcs for machine 2
— arcs for machine 4

arcs for machine 1
arcs for machine 3 —_—

Legend:

Fig. 1 An instance of the F'||Cp,x problem
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< Fig. 2a—e An example of an ant constructing a feasible solution

include all the nodes corresponding to the first operation of
each job.

An ant selects the next moving node by the state
transition rule when constructing the set of feasible routes.
The selected node is then added to a taboo list and removed
from U and S The passed arc is thickened, and useless arcs
are removed. If the selected node is not the last in its job,
then its immediate successor is appended to S. The process
is iterated until / has been chosen. If the ant chooses to go
to node Oy, thus bringing O, into S then the result is as
shown in Fig. 2b. If the ant proceeds to node O5; during the
next step, then the result is as depicted in Fig. 2c. Finally,
the assumed complete route is as illustrated in Fig. 2d. The
node permutation (011031021012032022023024013033
034014F) of the above route can be derived from the
taboo list. This route determines the sequence in which the
operations are performed on each machine, and corre-
sponds to the following acyclic-oriented graph (see
Fig. 2e). The length of the longest path from N to F (i.e.,
the makespan of the corresponding feasible solution) can
then be calculated.

Structure of the MHD-ACS heuristic

The proposed MHD-ACS heuristic links the length of an
edge to the ranking index of the operation of a randomly
selected constructive heuristic. The pheromone trail level is
an adaptive memory, which represents the weight of the
operation ranking index of the selected constructive
heuristic, and is updated by the ants at runtime. Based on
the analogy between ant colony foraging behavior and the
process of solving the scheduling problem, the structure of
MHD-ACS heuristic is as shown in Fig. 3. Three
procedures are repeated until predetermined end conditions
(e.g., maximum number of iterations, or maximum
computation time allowed) are verified. First, the param-
eters m,qo, o, 3,p are set during the initialization step. For
each edge (x,u), the initial pheromone trail level 7(x, u) =
(n-m-UB)™" is deposited, where UB denotes the upper
bound of the optimum solution obtained from the bench-
mark problem set.

Second, a colony of m ants is initially positioned on the
nest node during the main loop step. Each ant then
randomly selects a constructive heuristic z according to the
following probability distribution:

_ Zbest

Pz—N

where Zy. 1S the number of the best solutions of the
construction heuristic z for all test instances, and N is the
number of the test instances.

Meanwhile, the heuristic desirability n.(x,u) for each edge
(x,u) is set to the ranking index of operation u of the
randomly selected constructive heuristic z Notably, n(x,u)
denotes the reciprocal of a cost measure (e.g. distance) from
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/* Step 1: Initialization */
Set the parametersm, q,, &, B, and p.

For each edge (x, u), the initial pheromone trail level

7(x,u)=(n-m-UB)™" is deposited.

/* Step 2: Main loop */
a Acolony of m ants is initially positioned on nest node.

b Build a schedule for each ant as follows:
Loop
The heuristic desirability 7,(x, ) for each edge (x, u)

is set to the ranking index of operation u of the
randomly selected constructive heuristic z.
Loop
Each ant applies the state transition rule to select the
next processing operation.
Store the selected operation into taboo list.
Until a schedule is constructed.
Ants reduce the amount of pheromone on the edges they
have visited by adopting the local updating rule.
Until all ants have built complete schedules.
¢ The makespans of all constructed schedule are calculated.
d The global updating rule is applied to increase pheromone
levels on the edges of the best schedule up to the current
iteration, and to reduce pheromone levels on other edges.

/* Step 3: Stopping criterion */
If either maximum number of iterations or the maximum allowed
computation time is reached, then STOP; otherwise all the taboo
lists are emptied and go to Step 2.

Fig. 3 The structure of MHD-ACS heuristic

nodes x to u in the original ACS, but is revised to 1.(x,u) in
the proposed approach, where it denotes the ranking index of
operation u of the randomly selected constructive heuristic z.

Each ant then repeatedly applies the state transition rule
to select the next processing operation until a complete
schedule is constructed (i.e., all the nodes are visited). Both
the heuristic desirability and pheromone quantity guide the
schedule construction operations. The probability of being
selected increases with both the heuristic desirability and
the pheromone quantity. The selected operations are
sequentially stored in a taboo list. During schedule
construction, ants also reduce the amount of pheromone
on the edges they have visited by adopting the local
updating rule to shuffle the tour of other ants and avoiding
local optima. The makespans of all constructed schedules
are calculated once all ants have established complete
schedules. The global updating rule is then adopted to
increase pheromone levels on the edges of the best

schedule up to the current iteration, and to reduce
pheromone levels on other edges. This pheromone-
modifying rule generally provides the most pheromone to
edges selected by ants, causing all ants to converge to the
best schedule.

Third, the procedure is iterated until it reaches either the
maximum number of iterations or the maximum allowed
computation time. If neither of these stopping criteria is
reached, then all the taboo lists are emptied and the main
loop step is iterated continuously. The following subsection
discusses the relevant rules in detail.

State transition rule

While constructing a schedule, an ant & located at the
current node of operation x selects the next operation y to
which it should move by adopting the state transition rule
given by

arg max
u€Sy(x)

ﬁdnunwumww} it g < g0
Y otherwise

(M

y:

where the desirability measure T(x,u) is the cumulative
pheromone trail of edge (x,u), which represents the weight
of the ranking index of the randomly selected constructive
heuristic, and is updated on execution by the ant
cooperative learning mechanism. The heuristic desirability
1.(x,u) denotes the ranking index of operation, u, of the

randomly selected constructive heuristic z; S; (x) repre-
sents the set of feasible successive operations that remain to
be visited by ant & positioned on node x; 3(>0) is a
parameter that determines the weight dimension of ranking
index; g denotes a random number uniformly distributed in
[0, 1], and ¢¢(0 < go < 1) represents the probability of
exploiting the best edge instead of other edges. Further-
more, Y'is an operation that is randomly selected according
to a probability distribution, termed the random-propor-
tional rule, given by

e ] Il n)l”
> i) e P S
u€Sk(x)
pr(x, y) =
0 otherwise
(2)

The state transition rule derived from Egs. (1) and (2)
tends to move to operations with edges that have large
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Instance UB SPT LWKR LRM SPT/TWKR SPT TWK
flemax_20_15_3 4437 6511 4699 4779 5515 5075
flemax_20_15_6 4144 6083 4585 4681 5305 5368
flemax_20_15_4 3779 5816 4579 4143 4988 5116
flemax_20_15_10 4302 7340 4437 4631 5422 7458
flemax _20_15_5 4373 6409 4704 4799 5347 5357
flemax_20_20_1 4821 7846 5010 5036 5604 5796
flemax_20_20_3 4779 6862 5146 5542 6249 5774
flemax_20_20 9 4944 7665 5345 5332 6065 6172
flemax_20_20 2 4886 8113 5209 5259 6145 6016
flemax_20_20_10 4717 7172 5311 5034 6345 6092
flemax_30_15_3 5226 8058 5805 5891 6976 6336
flemax_30_15_4 5304 9549 6060 5838 7526 7073
flemax_30_15_9 5079 8710 5699 5509 6665 6418
flemax_30_15_8 5605 9384 6013 5652 6817 7014
flemax_30_15_6 5147 8605 6097 5806 7327 7341
flemax_30_20 3 6183 10539 6426 6507 7978 7976
flemax_30_20_1 6037 9514 6980 6851 7432 7962
flemax_30_20_6 6241 9163 6883 6699 7573 7781
flemax_30_20_10 6095 9898 6432 6825 7792 7690
flemax_30_20_2 5822 9755 7042 7048 8269 8268
flemax_40_15_5 6986 10781 7701 7024 8412 8594
flemax_40_15_9 6351 11601 6978 7000 8929 8481
flemax_40_15_2 6506 10536 7229 7423 8888 8796
flemax_40_15_10 6845 11431 7236 7088 8704 8049
flemax_40_15_8 6783 11022 7533 7437 8801 8680
flemax_40_20 3 7154 13565 8006 8247 10787 9339
flemax_40_20_9 7528 12959 7685 8351 9765 8730
flemax_40_20_6 7469 12980 8342 8538 9828 9559
flemax_40_20_7 7608 13173 8195 8133 9561 9405
flemax_40_20_5 7219 11699 7773 8471 9923 8841
flemax_50_15_6 7673 12618 8370 8717 10742 9605
flemax_50_15_5 7679 12759 8208 8595 10676 9766
flemax_50_15_1 7416 13467 8724 8132 9823 10689
flemax_50_15_8 7548 13727 8285 8818 10563 10079
flemax_50_15_2 7750 13764 8712 8835 10540 9486
flemax_50_20_2 8838 15676 9809 9858 11535 11295
flemax_50_20 1 8539 14145 9023 9124 11122 10419
flemax_50_20_7 8417 14802 9360 9168 11254 10930
flemax_50_20_8 8590 12906 9290 9109 10177 11116
flemax_50_20 4 8493 15191 9436 9615 11457 10324

ranking indices and ranking index weights in the randomly
selected constructive heuristic. This selection process can
generally be executed by a roulette wheel. Every time an
ant k in operation x must select an operation y to which to
move, it samples a random number ¢ from uniform
distribution [0, 1]. If g <gqo , then the operation
corresponding to the argument (arg) with maximum
[7(x, u)]- [n.(x, u)]” is selected (exploitation), else an
operation is selected according to Eq. (2) (exploration).

Local updating rule

An ant diminishes the pheromone level on its visited edges
during schedule construction by the following local
updating rule:

T(x,y)i=(1=p) 7(x.y) +p-(n-m-UB)""

where p (0<p<I1) denotes the local pheromone evaporating
parameter.

The local updating rule dynamically changes the
desirability of each edge, thus shuffling the tour. An ant
is more likely to obtain an improved schedule if every ant
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explores a different schedule than if they all search in a
narrow neighborhood of the current best schedule. Every
time an ant constructs a schedule, the local updating rule is
adopted to reduce the pheromone levels in the visited edges
and reduce their attractiveness. Hence, the edges of one
ant’s schedule are less likely to be selected in constructing
the schedules of other ants. Consequently, ants favor the
exploration of edges not yet visited, preventing conver-
gence to a common schedule.

Global updating rule

Global updating is performed after all ants have completed
their schedules. To focus the search, pheromone levels at
the edges of the current best schedule are increased, while
pheromone levels at edges not belonging to the schedule
are reduced. Pheromone levels are modified according to
[15]:

T(x,y) = (1 —a) 7(x,y) + - Ar(x,y)

where

(Lbest)_1 if (x, y) € incumbent best schedule
AT(x, y)=
0 otherwise

In the above equations, x(0<o«<l1) denotes the phero-
mone evaporating parameter of global updating, and L.
represents the makespan of the current best schedule.

Selection of the heuristic desirability

The heuristic desirability n(x,u) of ACS is defined as the
reciprocal of a cost measure (e.g., distance) from node x to
node u. In this study, the heuristic desirability is revised to
1.(x,u), and is set as the ranking index of operation u of the
randomly selected simple constructive heuristic (SCH) z.

The constructive heuristic is a single-pass method that
constructs a schedule by fixing, at each step, the job
position based on a simple rule in the sequence [11]. If the
ranking indices of the randomly selected SCH z are ranked
in non-ascending order, then the heuristic desirability from
nodes (operations) Oy(i=1,2,---,n;j=1,2,---,m)
and N to nodes (operations) oy(k =1,2,---,n; =1,
2,---,m; k #1i; 1 #)) are defined as the ranking indices
of nodes Ok[ (R[k[), i.e., n, (Oij, Ok]) = RIk[ ) T]Z(N, Ok]) =R
Iy. Otherwise, the reciprocal of the ranking indices of
nodes Ol (i.e., HZ(OU, Okl) = I/lel; ’I]Z(N, Okl) = I/R[kl)
are adopted.

Several constructive heuristics applicable to the FSP

have been assessed [30-32]. Since various parameters
affect the relative performance of these heuristics, no single
best SCH exists [33]. In the next section, 20 SCHs that
have been evaluated in the literature are studied through

further experiments. The Appendix shows the selected
heuristics and their R/;; formulae. James and Michael [30],
Haupt [31] and Chang et al. [32] have all described these
heuristics in detail.

3 Computational results and discussion
Test problems

The effectiveness of the proposed heuristic was verified by
performing computational experiments on a well-known
benchmark problem set established by Demirkol et al. [34]
containing 600 randomly generated instances for six basic
shop scheduling problems. This benchmark problem set
allows researchers to compare their proposed algorithms
with those of other researchers using an identical test
problem set. The test problem set adopted herein was their
40 test instances for the F||Cp,x problem, which were
randomly generated as follows. All jobs are available at
time zero, and the operation processing times are generated
by a discrete uniform distribution between 1 and 200. The
test instances involved two machine number values (m=15,
20) and four job number values (n=20, 30, 40, 50),
resulting in eight combinations of m and n and a total
number of operations ranging from 300 to 1000. The ratio
of n to m varies between 1 and 3.3. These combinations
yield a problem set which is not based on a specific
application. Ten instances were generated for each of the
eight combinations of m and n.

Since the size and complexity of the instances make
exact solutions impractical, Demirkol et al. [34] solved
each instance by five different constructive heuristics and
three versions of the shifting bottleneck procedure.
Extensive numerical research has indicated that the shifting
bottleneck heuristic is extremely effective [35]. All
algorithms were run on a SUN SPARC server 1000
Model 1104 with a 50 MHz processor, which is a
multitasking system running under Unix. The upper
bound (UB) for each instance was the best solution found
by any of the algorithms. The computational time was

Cmax
6300 4
6200
6100
6000 4 [ﬁ
5900 I
number of
5800 I I I I I I I I I I iterations
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S & 5 &5 5 &5 & & & &
— N o < vy = [ o0 (=2} 2

Fig. 4 Evolution of best solutions achieved in the flcmax-30-20-10
problem



recorded by the method that provided the best solution. If
more than one algorithm found the best solution, then the
algorithm with the shortest computational time was
selected. The best available solutions for the test problem
set in the literature appear to be those proposed by

Demirkol et al. [34].

A lower bound (LB) can be obtained for each instance
by relaxing the capacity constraints on all but one machine
and solving to optimality the resulting single machine
problem of minimizing makespan with release and delivery
times [35]. Demirkol et al. [34] performed this method for

Table 2 Computational results of MHD-ACS and CHD-ACS
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each machine, and reported the highest makespan value
obtained as a lower bound in each instance. To obtain a
more compact and challenging set of test problems,
Demirkol et al. ranked the instances according to
decreasing order of percentage gap between the upper
and lower bounds for each combination of m and n. Only
the first five instances for each combination were finally
presented. Thus, a total of 40 test instances were obtained
for the F||Cpax problem as listed in Table 1, where the
instances are denoted by the term flemax n_m_Instance-
Number.

Instance Benchmark problem MHD-ACS CHD-ACS

LB UB Time Cnax Time Cnax Time
flemax 20 15 3 3354 4437 69.93 4420 46 4455 45
flemax 20 15 6 3168 4144 0.09 4044 46 4124 45
flemax_20_15_4 2997 3779 57.86 3786 46 3926 45
flemax_20_15 10 3420 4302 66.68 4265 45 4298 44
flemax 20 155 3494 4373 57.54 4310 45 4370 45
flemax 20 20 1 3776 4821 159.12 4819 59 4878 57
flemax_20_20 3 3758 4779 148.21 4723 60 5002 57
flemax 20 20 9 3902 4944 175.74 4922 60 5023 56
flemax_20_20 2 3881 4886 202.58 4878 60 4941 57
flemax_20_20_10 3823 4717 164.07 4715 60 4932 56
flemax_30_15_3 4020 5226 148.99 5210 93 5319 90
flemax_30_15_4 4080 5304 163.22 5284 94 5473 89
flemax 30 15 9 4022 5079 108.63 5075 95 5375 89
flemax_30_15_8 4490 5605 0.17 5593 94 5603 90
flemax_30_15_6 4184 5147 147.33 5149 93 5421 89
flemax_30_20 3 4806 6183 0.24 5987 121 6059 116
flemax_30_20_1 4772 6037 470.73 5989 124 6238 117
flemax_30_20 6 5004 6241 394.33 6195 124 6512 116
flemax_30_20_10 4899 6095 320.22 5923 121 6105 115
flemax 30 20 2 4757 5822 388.40 5840 123 6255 117
flemax_40_15_5 5560 6986 155.97 6972 154 7219 144
flemax 40 15 9 5119 6351 223.64 6310 154 6417 145
flemax_40_15 2 5290 6506 289.02 6532 154 6956 144
flemax_40_15_10 5596 6845 186.49 6712 156 6913 145
flemax 40 15 8 5576 6783 0.24 6771 156 6783 146
flemax_40_20 3 5693 7154 615.49 7132 210 7564 198
flemax 40 20 9 5998 7528 645.20 7496 208 7698 197
flemax_40_20_6 5990 7469 673.92 7476 209 8103 198
flemax 40 20 7 6170 7608 681.51 7588 207 7884 197
flemax_40_20 5 6011 7219 605.76 7217 210 7635 198
flemax_50_15_6 6290 7673 313.15 7631 238 7889 224
flemax_50_15_5 6355 7679 298.54 7496 240 7517 225
flemax_50_15_1 6198 7416 283.88 7402 240 7965 224
flemax_50_15_8 6312 7548 307.38 7558 237 8143 223
flemax_50_15_2 6531 7750 353.77 7712 236 8206 223
flemax_50_20 2 6740 8838 798.83 8836 312 9412 297
flemax_50_20 1 6736 8539 0.52 8521 312 8557 297
flemax 50 20 7 6756 8417 706.38 8425 313 9369 296
flemax_50_20 8 6897 8590 0.55 8536 313 8905 296
flemax_50_20_4 6830 8493 1336.74 8502 312 8815 297
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Results and discussion

A series of preliminary experiments was performed to
investigate 20 simple constructive heuristics (SCHs).
Table 1 only shows five of these heuristics owing to
considerations of space (Table 3 presents the analyses of all
of the SCHs). The computational results reveal that LWKR
and LRM can include all of the best solutions, which are
thus randomly selected in the experiments conducted in
this study.

The computational times for all SCHs were below one
second, implying that SCH is a quick but ineffective
scheduling method.

Parameter selection may influence the quality of the
results. Five different ant sizes (i.e., m=5, 10, 20, 50, 100)
were tested in the preliminary experiments under the
constraint of a maximum computation time, where size 5
was superior and was adopted for all further studies. All the
runs were terminated after 5000 iterations. The search was
still actively proceeding at each iteration, as indicate by
plotting each current best solution (see Fig. 4). If solution
quality is extremely important, then a better solution can be
obtained through making additional computational effort.
The solution presented herein is adequate for most
applications. To determine the appropriate values of
parameters gg, &, {3, and p, a preliminary optimization
phase was performed on ten randomly selected instances
from the above benchmark problem set. Three of these four
parameters were fixed in each experiment, at values
q0=0.9, o=0.1, =2 and p=0.1, and the effects of the
unfixed parameter were analyzed at five levels (i.e., qo, &,
p, €{0.1,0.3,0.5,0.7, 0.9}, $<{0.1,0.5,1,2,5}). Five trials
were performed for each instance, and the best solution was
selected. The computational results indicate that the best
solution quality was obtained at values around «=0.1, 3=2,
p=0.1 and ¢¢=0.9, so these values were used for the
experiments in this study. The experiments conducted
herein reveal that g, and p are robust at values around 0.9
and 0.1, respectively. Additionally, the convergence speed
is slower and the solution deviation of different trials rises
for smaller g values. In particular, the selected parameter
values were found to be largely independent of the
problem.

The proposed heuristic was coded in Visual C"" and run
on a PC with Intel Pentium 4 (1.5 GHz) CPU. Each
instance was tested for five trials to evaluate the heuristic.
The best trial and its computation time (CPU time in
seconds) were then recorded. Table 2 shows the final
results.

As revealed in Table 2, the proposed MHD-ACS
heuristic yielded solutions lower than the upper bounds
(UB) of the benchmark problems in 32 of 40 instances.
Although the solutions of the remaining eight instances are
inferior, their values closely approach the UBs with an
average deviation of 0.17% and a maximum deviation of
0.39%.

Notably, the computation time of the proposed heuristic
is almost the same for same-size instances. Since the
computation time varies with the hardware and software,

this study cannot directly compare the computational
efficiency. However, even for problems involving up to
1000 operations, the proposed heuristic can produce good
solutions at reasonable computational costs, revealing that
the proposed heuristic can be applied to real world
problems.

This study also considers the case where the heuristic
desirability is constant (i.e., n(i, u)=1) for all jobs (i.e.,
where the heuristic desirability plays no role in the
algorithm). Table 2 indicates that the performance achieved
by the constant heuristic desirability (CHD-ACS) method
is worse than that achieved by the MHD-ACS heuristic.
This finding helps evaluate the impact of the multi-
heuristic desirability measure on the algorithm.

Table 3 shows the computational results of the proposed
MHD-ACS heuristic and the SCHs. These data demon-
strate that SCH is an ineffective scheduling method.
Additionally, Table 3 indicates that the proposed MHD-
ACS heuristic improved the upper bounds of the bench-
mark problem set, with an average deviation of —0.056%
and a minimum deviation of —3.16%.

4 Conclusions

This study examines the potential of the ACS heuristic for
F|| Cinax. The proposed heuristic improves the upper bounds
of the benchmark problems in 32 of 40 instances.
Experimental results reveal that the MHD-ACS success-
fully solves the F||Cpax problem. The analytical results

Table 3 Computational results of MHD-ACS and SCHs

Heuristic Minimum Maximum Mean
deviation (%) deviation (%) deviation (%)
MHD-ACS -3.16 0.39 -0.56
SPT 43.58 89.61 65.20
LPT 60.24 105.51 86.75
LWKR 2.08 21.16 9.97
MWKR 0.54 21.05 10.24
SRM 2.08 21.16 9.97
LRM 0.54 21.05 10.24
SPT/TWK  18.75 54.68 32.70
LPT/TWK  48.58 114.15 70.03
SPT/TWKR 16.24 50.78 31.03
LPT/ 47.92 89.16 68.61
TWKR

SPT-TWK  14.37 73.36 28.41
LPT-TWK  46.33 110.25 67.92
SPT-TWKR 14.99 64.64 27.95
LPT-TWKR 42.01 103.72 64.72
SSO 25.05 204.18 116.20
LSO 37.66 190.66 120.07
SPT+SSO 12.95 175.01 112.89
LPT+LSO  20.58 209.46 124.42
SPT/LSO 40.54 198.02 125.43
LPT/SSO 59.53 217.88 141.36




clearly indicate that such a heuristic is worth exploring for
solving different scheduling problems. Since MHD-ACS is
a versatile heuristic, the heuristic proposed herein can be
easily generalized to different criteria and other combina-
torial optimization problems with minor modifications.
Hence, we believe that ACS has significant potential for
application in FSP.

This study has made a step towards establishing an
efficient heuristic for the F||Cpax problem. Future research
can extend this study in several possible ways. First, the
MHD-ACS provides various options and parameter
settings that are worth examining in detail. Second, the
developed heuristic can be extended to other manufactur-
ing environments and to the FSP with different perfor-
mance criteria. Finally, other ACO algorithms may be used
on continue research into this problem.

Appendix

Simple constructive heuristics and its formulas
of RI, kil

1. SPT: Select the job with the shortest processing time;

Rl = pp-
2. LPT: Select the job with the longest processing time;

Rl = pu-
3. LWKR: Select the job with the least work remaining;

Rl = Zpku
4. MWKR Select the job with the most work remaining;

Rly = Zpku-

u=I[
5. SRM: Select the job with the shortest remaining
work, excluding the operation under consideration;

6. LRM: Select the job with the longest remaining
work, excluding the operation under consideration;
m

Ry = > P
u=[+1

7. SPT/TWK: Select the job with the smallest ratio of the

Pk / Zpku

8. LPT/TWK: Select the job with the largest ratio of the

Zpku

9. SPT/TWKR: Select the job with the smallest ratlo
of the processing time to the total work remaining;

Ry =sz/ZPku

10. LPT/TWKR: Select the job with the largest ratio of
the processing time to the total work remaining;

m
Zpku-
u=I[

processing time to the total work; Rl =

processing time to the total work; Rl; = py

Rly = pu

801

11. SPT-TWK: Select the job with the smallest value
of the processing time multiplied by the total work;

Rly = pu - Z DPhu-

12. LPT-TWK: Select the job with the largest value of
the processing time multiplied by the total work;
m

Rly =pu - > Pru-

13. SPT-TWKR: Select the job with the smallest value of
the processing time multiplied by the total work

remaining; Rl = p - Y Piu-
u=I

14. LPT-TWKR: Select the job with the largest value of the
processing time multiplied by the total work remain-

Pil - Epku

15. SSO: Select the ]Ob with the shortest subsequent
operation; Rl = pr.i+1-

16. LSO: Select the job with the longest subsequent
operation; Rl = pi.11-

17. SPT+SSO: Select the job with the smallest value of the
processing time of the current plus the subsequent
operation; Rly; = pi + pi,i41-

18. LPT+LSO: Select the job with the largest value of the
processing time of the current plus the subsequent
operation; Rly; = pi + pi.it1-

19. SPT/LSO: Select the job with the smallest ratio of
the processing time to the subsequent operation;
Rl = pit/Pr.is1-

20. LPT/SSO: Select the job with the largest ratio of
the processing time to the subsequent operation;

Rl = pit/Pr.is1-

ing; Rl =
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