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ABSTRACT This article focuses on the production scheduling problem in the flexible job shop (FJS)
environment with limited buffers. Limited manufacturing resources and buffers may lead to blockage and
deadlock phenomenon. In order to establish production scheduling with minimum makespan, the timed Petri
net (PN) model of a production process is established. Based on this PN model, a novel Hybrid Estimation-
of-Distribution Algorithm (HEDA) is proposed for solving the considered scheduling problem. A candidate
solution for the problem is coded as an individual that consists of a route sequence for processing jobs
and a permutation with repetition of jobs. A deadlock prevention policy is used to check the feasibility
of individuals, such that it can be decoded into a feasible sequence of transitions, i.e., a feasible schedule.
By using an effective voting procedure of elite individuals, two probability models in HEDA corresponding to
different subsections of individuals are constructed. Based on the probability models, offspring individuals
are then produced. As an improvement strategy, simulated-annealing-based local search is designed and
incorporated into HEDA to enhance the entire algorithm’s search ability. The proposed hybrid HEDA is
tested on FJS examples. The results show its feasibility and effectiveness.

INDEX TERMS Flexible job shop (FJS), limited buffers, scheduling, hybrid estimation-of-distribution

algorithm (HEDA), petri net (PN).

I. INTRODUCTION

In the classical scheduling problems, whether job-shop or
flow-shop scheduling problems (JSSP or FSSP), infinite sizes
of buffers for storing jobs are usually assumed [1], [2]. While,
in many real production systems, the buffer space for stor-
ing jobs is usually limited, such as in flow shop [3]-[8],
job-shop [1], [9]-[19], and automated manufacturing sys-
tems [20]. In these manufacturing systems, the total resources
(machines, transportation equipment, buffers, etc.) to hold the
jobs are limited, and hence in the process of system operation,
if the resources are not allocated properly, it often encounters
blocking and/or even deadlock [11]-[13], [16], [20]-[24],
[42]-[44]. Therefore, in order to run such manufacturing sys-
tems effectively, we need to consider two problems: liveness
control and optimal scheduling. The goal of control is to
ensure the normal operation of a system without deadlock,
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so as to complete all production tasks, while scheduling is
to allocate resources to tasks reasonably, so as to optimize
the (some) performance of the system on the basis of live-
ness control. These problems create a relatively new and
more significant research direction, and have attracted many
researchers [11], [12], [20]-[25].

Papadimitriou and Kanellakis [6] studied the complexity
of FSSP with limited buffers and shown that even the sim-
plest two machine flow-shop problem with a limited buffer
between two machines is strongly NP-hard. Hence, to solve
scheduling problems of manufacturing system with limited
buffer capacities, especially, deadlock-prone manufacturing
system, in reasonable time, heuristics and metaheuristics have
to be applied. So far, many approximate algorithms have
been developed in the literature for solving such complex
manufacturing system scheduling problems.

On FSSP with limited buffers, many studies have been
done and most works concern the problem with makespan
objective [4], [5], [7], [8], [26], [27]. Compared to the
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FSSP with limited buffer constraints in the literature, JSSP
with limited buffer has received much less attention [9],
[11]-[14], [19], and in these existing studies, it is focused on
the special cases, where all buffers have capacity 0, called
the blocking job-shop problem [28]-[31]. In the literature,
one of the main reasons for neglecting the impact of finite
buffers is that compared with flexible job shop (FJS) schedul-
ing problem, FJS scheduling problem with finite buffer,
although both are NP-hard, is more complex and contains
more constraints; while the other and most important reason
is that the limited capacity buffer constraints in the job-shop
environment leads to so-called deadlocks, and the detection
and resolution of such deadlocks is also NP-hard. Mascis
and Pacciarelli [30] studied JSSP with blocking and no-wait
constraints, and established the complexity results of the
problem. Brucker et al. [9] and Heitmann [14] investigated
several types of JSSPs with limited buffer constraints by
classifying buffers into three classes: (i) machine-dependent
output buffers, (ii) machine-dependent input buffers, and
(iii) job-dependent buffers. Based on the alternative and dis-
junctive graph models, representations of feasible solutions
for job shop with limited buffers are investigated in [9] and a
constructive heuristic to find feasible solutions is presented.
Fahmy et al. [11], [12] presented an insertion heuristic based
on matrices and Latin rectangles. This heuristic is capable to
take into account limited buffer capacities and to avoid dead-
locks, and hence, can obtain a feasible schedule. However,
the computation time is longer, especially when applying the
procedure within metaheuristics. Pranzo and Pacciarelli [16]
proposed an iterative greedy algorithm to solve two types
of blocking job shop scheduling problems, one with swap
allowed and the other with no swap allowed. The need to
swap jobs between machines (and buffers) arises whenever
there is a circular set of blocking or deadlock jobs in which
each job is waiting for a machine (or a buffer space) occupied
by other jobs in the same set, that is, this set of jobs are in
deadlock state. By swapping jobs, deadlock is resolved. But
this swapping actually requires additional equipment to com-
plete. For JSSP with buffer constraints and jobs consuming
variable buffer space, Witt and VoS [19] presented a heuristic
to find feasible solutions. Gomes et al. [13] investigated the
scheduling problem of flexible job shop (FJS) with groups
of parallel homogeneous machines and limited intermediate
buffers, discrete parts manufacturing industries that operate
on a make-to-order basis. Under the assumption that after
the job is processed on the machine, there must be buffer
space to store it, the integer linear programming model of the
scheduling problem is developed, and by solving this integer
linear programming, an optimal schedule is obtained.
Automated manufacturing systems, especially flexible
manufacturing systems (FMS) can be considered as a gen-
eralization of the FJSs with limited capacity buffers. Both of
them are faced with deadlock and have the same deadlock
characteristics. The deadlock problem of FMSs has been
widely studied, and many deadlock control policies are pre-
sented [20]-[24]. Deadlocks in FJSs with limited capacity
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buffers can be handled according to deadlock control methods
in FMSs. These methods provide a necessary and feasible
control basis for solving the scheduling problem of FJSs with
limited buffers.

This article focuses on the production scheduling problem
of flexible job shop manufacturing environment with limited
capacity buffers, where buffers are machine-dependent, that
is, a machine and its buffer form a manufacturing cell or
workstation, and the buffer is used to store the jobs that
need to be processed or have been finished on the machine.
This kind of buffers is widely used in automatic production
line [9], [12], [14], [18], [28], railway network [10], [29],
aircraft traffic control [17], and so on. The shop manufactures
medium-volume discrete jobs (or, parts, products) of differ-
ent types in a make-to-order basis as in Gomes et al. [13].
An order or a type of jobs, consists of a number of jobs to
be produced and their processing routes. The re-circulation
of jobs in the considered flexible job shops is permitted,
that is, jobs can visit some machines more than once, as in
FMSs. Furthermore, as in the classical job-shop problem,
we assume that all jobs are available at the beginning time,
and each job leaves the system directly after the finishing of
its last operation, i.e. that sufficient buffer space is available
to store all completed jobs. For such a manufacturing shop,
the scheduling problem with the completion time as the opti-
mization goal is investigated in this study. From the above
literature review, the scheduling problem of such FJS with
limited capacity buffers is rarely studied. In fact, to our best
knowledge, no work has provided a systematic study and a
feasible solution to this scheduling problem.

Note that FJS scheduling problem (with infinite buffers)
and FJS scheduling problem with limited buffers have essen-
tial differences. To solve flow shop and flexible job shop
scheduling problems, many algorithms have been proposed,
such as particle swarm optimization [4], discrete differential
evolution algorithm [5], artificial bee colony algorithm [27],
estimation of distribution algorithm [33], and genetic algo-
rithm [35]. In these algorithms, the individual’s feasibility
is determined by the individual’s encoding, that is to say,
each candidate individual can be decoded into a feasible
schedule. For FJSs with limited buffers, the feasibility of
an individual cannot be guaranteed by encoding, that is to
say, a candidate individual may not be able to decode into
a feasible schedule. Therefore, it is necessary to detect the
feasibility of individuals and correct the infeasible individuals
into the feasible individuals. From this point, we can know
that the FJS scheduling problem with infinite buffers is totally
different from that with limited buffers, and the evolutionary
algorithms for the former has no deadlock avoidance mecha-
nism, and hence, cannot be directly used for the latter.

This article uses place-timed Petri nets (PNs) to model
FJSs with limited buffers. Petri net is an effective tool for
modeling discrete event systems [37]-[41]. In view of the
complexity of the considered scheduling problem, the esti-
mation of distribution algorithm (EDA) is used to solve it.
EDA is an evolutionary algorithm that has received much
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attentions of many researchers [32]. It uses neither crossover
nor mutation operator, but reproduces offsprings based on a
probabilistic model learned from a population of parents. This
model-based approach to optimization allows EDA to suc-
cessively solve many complex and large problems [32], [33].
In this article, a candidate solution for the scheduling problem
is denoted as an individual. Because of route flexibility, a fea-
sible solution not only specifies a processing route for each
job, but also determines a processing sequence of operations
of all jobs. Hence, an individual designed in this article
consists of two parts. The first part is a sequence of routes
for jobs and the second one is a permutation with repetition of
jobs. By letting the i-th occurrence of a job in the permutation
of an individual correspond to the i-th operation of the job
and using route information in the first part, the individual
can be decoded as a candidate solution. Note that such a
candidate solution may be not feasible, and can cause dead-
lock. In this article, by embedding a deadlock detection and
avoidance policy into a decoding process, the feasibility of a
candidate solution obtained by decoding an individual can be
guaranteed.

Corresponding to the structure of individuals, two proba-
bilistic models, route and operation probabilistic models, are
generated by a simple vote of elite individuals and taking into
account their weights. Based on these probabilistic models,
offspring individuals are then produced. Moreover, to balance
the global and local searches and to further improve the
performance of EDA, the simulated annealing based local
search is designed and incorporated into EDA. The proposed
hybrid EDA is tested on a set of FJS examples, showing its
feasibility and effectiveness.

The rest of this article is organized as follows. Section II
introduces the considered FJSs with limited buffers and
batch production, and develops their PN models. A novel
hybrid estimation of distribution algorithm for the consid-
ered FJS is described in Section III. An example is given to
show the effectiveness of the proposed scheduling method in
Section I'V. Section V concludes this article.

Il. PRELIMINARY

In this section, we first introduce the considered FJSs and then
establish their Petri net models. For concepts and notations of
Petri nets, a reader is referred to [34].

A. BASIC DEFINITIONS AND NOTATIONS OF PNS
A PN is a three-tuple N = (P, T, F), where P and T are are
finite sets of places and transitions, respectively., respectively,
F C (P x T)U (T x P) is the set of directed arcs. Given a
node x € P U T, the preset and post-set of x are defined as
*x ={yePUT|(y,x) e Flandx®* = {y e PUT|(x,y) €
F}, respectively. These notations can be extended to a set, for
example, let S € PUT, then *S = U;esx and S§°® = U,egx®.
A marking of N is a mapping M : P — Z where Z =
{0,1,2,...}. Given a place p € P and a marking M, M(p)
denotes the number of tokens in p at M. Let S € P be a set
of places; the total number of tokens in all places of S at M is
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denoted by M(S), i.e., M(S) = ZpeS M (p). APN N with an
initial marking My is called a marked PN, denoted as (N, My).

A transition ¢ € T is enabled at marking M, denoted by
M[t >, if Vp € °t, M(p) > 1. An enabled transition ¢ at
M can be fired, resulting in a new marking M, denoted by
M[t > My, where M{(p) = M(p) — 1,Vp € *t \ t*, Mi(p) =
M)+ 1,Vp € t*\* t, and, otherwise, M|(p) = M (p).

A sequence of transitions o = f1f7 ...t is feasible from
marking M if there exists M;[t; > M1, Vi € Z;y =
{1,2,...,k}, where M| = M. We state that M; is a reachable
marking from M. Let R(N, My) denote the set of all reachable
markings of N from M.

A path is a string T = x1x2...x;, where x; € PU T and
(xi,xiy1) € F,Yi € Zp_1. Apath T = x1xp...x; is a circuit
if x; = xx.

B. FJS WITH LIMITED BUFFERS

The FJS considered in this article consists of # workstations,
w1 —wy, and can process v types of jobs, g1 — g,. A worksta-
tion is a machine with a finite buffer. The machine is used to
process jobs, while the buffer is for staging and storing jobs.

Let W = {w;,i € Z,} and Q = {q;i,i € Z,}. Suppose
that workstation w; has machine m; and its buffer capacity
is C(wj), i.e., it can simultaneously hold at most C(w;) jobs.
Each job only occupies a unit buffer space at any time and the
machine is not idle as long as there are unprocessed jobs in
its buffer.

The considered FJS supports batch processing and route
flexibility. That is, there are multiple jobs of the same type
to be processed, and a job may have multiple processing
routes. A processing route of a job is an ordered sequence
of operations to be processed on machines with specified
processing time. The same type of jobs has the same set of
processing routes. Let ¢(q) be the number of type-q jobs to
be processed, and n = ) 4e0 ©(q), the total number of jobs.

Suppose that type-g jobs have wu(g) processing routes
1 — Tu(g)- Route 7r; can be expressed as m; = 01052 . .. 0j1;,
where o;; is the j-th operation in m; and [; = A(7) is
the length of route ;. In this article, suppose that each
operation requires only one predetermined machine for pro-
cessing, and the processing time of operation o;; is d(0;).
Therefore, a processing route corresponds to a sequence of
machine or workstations. Let w(o;;) denote the workstation
with the machine required for processing operation o;;. Then,
7; is determined by the sequence of workstations w(mr;) =
w(oj1)w(oi2) . . . w(oji;). Let x(g) = max{A(m;)|m; is a process-
ing route for type-g jobs}. Since the same type of jobs has the
same set of processing routes, we also use y (J) to denote the
maximum length of processing routes for job J, that is, if J
is a type-g job, then x (J) = x(g).

For convenience’s sake, to type-q jobs, two fictitious oper-
ations, ogs and og4e, are added, while w(o4) = bys and
W(04e) = by are two fictional infinite buffers used to store
raw and processed type-g jobs, respectively. Then, route 7; is
extended and still denoted as 7;,1.€., T; = 04501012 . . . 0jliOge,
or w(it;) = w(ogs)w(0i1)W(02) . . . w(0i1;)w(0ge).
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To perform its operation o, a type-g job J; first enters the
buffer of workstation w(0;;), and then, when the machine in
w(ojj) is available, it is processed for d(o;;) time units without
preemption. During the time in workstations, no matter what
state a job is in (waiting to be processed, being processed, or
has been processed), it always occupies a unit buffer space.

The scheduling objective is to minimize the completion
time of the last job to leave the system or makespan.

C. PN MODEL OF FJS WITH LIMITED BUFFERS

In this article, Petri nets are used to model the considered
FISs. To establish the PN model of such an FJS with limited
buffers, we first model processing routes of jobs, and then
the request, utilization, and release of resources (machine and
buffers) by jobs in workstations.

For a type-g job J, one of its routes, 7r; = 04501012 . . . 01
0g4e» 1s modeled by a path of transitions and operation places,
denoted as O(m;) = pgystipiitinipinatiizpilstiopi21tpiz2
tiapiatis - . - tapittin pintinpistii+1)Pqge, and called as an
operation path (O-path), where operation places pys and pge
represent fictitious operations o4y and o, respectively. Oper-
ation o;; of job J is processed in workstation w(o;j). Its activ-
ities in W(O,‘j) are simulated by path Lipij1 tijt Pij2tiPij3tiGi+1)-
The firing of transition #; implies that job J leaves the current
workstation w(o;(j—1y) or bys and enters the buffer of the next
workstation w(o;j) or b if 0j—1) is the last operation of the
job. To make it clear that the relationship between transition
ty; and operation o;;, the notation #;[0;;] will be used, and #; is
called the preparatory transition of operation o;;. The firings
of transitions f;1 and #;, represent the processing beginning
and end of operation oy, respectively. Places p;;1 and p;;3 are
used to store the jobs whose operation o;; has not started and
has completed, respectively, so they are non-timed, that is,
the sojourn time of tokens in them is O and can leave at any
time. Place p;j; represents that operation o;; is being processed
by machine, and hence it is timed, and the sojourn time of the
token in place p;j; is the processing time of operation o;;, that
is, the sojourn time is d(0;).

Hence, the PN model of routes for type-g jobs can be
denoted as

(qu MqO) = (POq U {qu, pqe}v Ty, Fy, Mq())

where Pg, is the set of operation places, pjj1, pij2, Pij3»
corresponding to various states of jobs in the workstations.
T, and F, are the sets of all transitions and arcs in all O-paths
for type-g jobs. M is the initial marking, M,0(pys) = ¢(q)
and M o(p) = 0, Vp € Pog U {pge}-

In Ny, Vt € T,, |°t] = [t*] = 1, that is, Ny is a state
machine, and consists of all O-paths from py; to pge. Such a
path corresponds to a processing route of type-g jobs. A place
p € Py is called a split place if [p®| > 1. From a split place,
jobs can choose their future processing routes.

In order to model the request and release of resources
(buffers or machines) in Petri net, assign two places corre-
sponding to workstation wy and its machine my respectively,
denoted also by wy and my for simplicity.
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A token in wy represents an available unit buffer space.
The initial marking of wy is C(wg). Let Py = {wy, ..., wy},
the set of all workstation places. Similarly, let Py =
{m, ..., m,} the set of all machine places.

A token in my, indicates that machine my is idle and avail-
able. Since we assume that buffers are machine-dependent in
this article, there is only one machine per workstation. That
is, the initial marking of place my is 1.

Now consider the request and release of resources. Let
O(m;)) = pgstitpinitinipin2tinapitatiopi1 tiz1 Pizatinapizatis .« . .
tupintinpitizPitii+1)Pge be an O-path of type-g jobs. If the
operation corresponding to p;j» is processed by machine my
in workstation wy, then add arcs (wy, ;7)) and (#ij+1), wk),
representing the job entering and leaving wy respectively.
At the same time, arcs (my, tj1) and (2, my) are added to
simulate the start and end of the operation processing on my
respectively.

Let F denote the set of all arcs related with workstation
and machine places. Then, the activities of all jobs among
workstations can be modeled by the following Petri net,
called as PN for scheduling (PNS).

(N, Mo) = (PoUPsUPgUPwUPy,T,F, M)

where Po = UgepPoq, Ps = {pyslq € O}, PE = {pgelq

€ 0}, T = UyepTy, F = Fp U Fy, and Fg = UyeoF. The
initial marking My is defined as Mo(pys) = @(q), Vpys € Ps,
Mo(p) =0, Vp € Ppo U Pg, and Mop(w) = C(w), Yw € Py.

Let us use the following example to illustrate the modeling
method.

Example 1: Consider an FJS with five workstations
w1 — ws. The buffer capacities of workstations are 1, 1, 1,
2, and 2, respectively, i.e., C(w;) = C(wz) = C(w3) = 1
and C(wg) = C(ws) = 2. The system can process two
job types, types-A and B, with 3 and 2 jobs to be pro-
cessed, respectively, i.e., p(A) = 3 and ¢(B) = 2. Type-
A jobs can be processed through wiwowz or wiwswsws,
while type-B jobs through wswswj. Then the PN model
of jobs through workstations is shown in Figure 1, where
three processing routes mq, mp, and w3 are modeled by

O—paths O(7r1) = pastiipiiitinipiiztinzpiiztizPi21ti21p122

1120p123113P131131P1320132P133014PAe, O(T2) = pastiipiin
1111 p112f112 p113122p2211221P222 1222P223123P2311231P2321232
P233124P1311131P1328132P133H14PAe, and O(m3) = pgs

131P3111311P312 1312P313132P3211321P3221322P323133P3311331P332
1332P333134PBe, TESpECtively.

When all the jobs have been processed, the system reaches
the final state where no job is in the system and all resources
are available oridle, or (N, Mp) reaches the final marking My,
where My(p) = 0, Vp € Po U Pg; My(p) = Mo(p), Vp €
Pw U Pyr; Mg (pge) = Mo(pys), Ypge € PE.

Let « be a sequence of transitions of (V, Mp). If o can lead
(N, Mp) from My to My, i.e., Mola > My, itis called to be fea-
sible. Under the assumption that all transitions on « are fired
as early as possible, « is a (feasible) schedule of the system,
and in this case, the firing time of the last transition in « is the
makespan of schedule «. The scheduling problem considered
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FIGURE 1. The PNS model of an FJS.

in this article is to find one with minimum makespan among
all feasible sequences.

lIl. PROPOSED ALGORITHM

Papadimitriou and Kanellakis have proved in [6] that the
two machines FSSP with limited buffers, as a particular case
of our problem, is strongly NP-hard. So when the problem
size increases, it becomes impractical to obtain the optimum
solution of the considered scheduling problem within a rea-
sonable time. Thus intelligent optimization methods [35] are
widely used. In this article, we introduce a new HEDA to
solve our scheduling problem. The proposed HEDA is the
combination of basic EDA, local search, and DAPs. Its main
components are as follows.

e Representation and amending of individuals;

e Fitness function;

e Initialization;

e Probabilistic model and generating new individuals;

e Local search.

In the rest part of the paper, we use J = (J1,J2, ..., Jn)
to denote a permutation with a given order of all jobs, and
suppose that there are a total of K job processing routes. Then
m = (my, m, ..., k) is used to denote a route permutation
with a fixed order. For example, in Example 1, there are five
jobs to be processed through three routes 71 — 73, three type-
A jobs, denoted as J1 — J3, and two type-B jobs, J4 and Js.

165400

Then J = (J1, J2, J3, Ja, J5) and m = (1, w2, m3) are given
job and route permutations, respectively.

A. REPRESENTATION AND AMENDING OF INDIVIDUALS

1) INDIVIDUAL REPRESENTATION

In our HEDA, a permutation with repetition of jobs is used
to represent operation information of jobs and as a part of
individual coding. On the other hand, a job may have different
processing routes, and hence, the route information of jobs is
also included in individual coding. Because the route of a job
is unique within a workstation, in order to simplify the indi-
vidual coding, the coding used in this article is only limited
to the operation level or the corresponding workstation level,
and the activities of jobs in workstations will be arranged
according to the principle of first arrival and first processing.
That is, an individual / contains two parts: operation part S,
and route part S,, i.e., I = (S,; S»), where each type-gq job
appears x(q) times in S,, and S, = (o1, 02,...,03) is an
n-dimension vector and o} is a processing route of job Ji
specified by /. Note that elements of S, and J form one-to-one
correspondence relation.

For a given individual I = (S,; S;), let the i-th appearance
of type-q job Ji in S, represent the i-th operation of J; in
route g, omitting redundant Jy if the length of my, is less than
x(q), i.e., M(7x) < x(g). In such a way, S, is translated into a
sequence of operations, denoted as A(S,). Then, according
to the given route for each job in §,, and matching each
operation with its preparatory transition in (N, Mp), A(S,) or
I is interpreted as a sequence of transitions in Petri net model,
denoted as &'([). Thus, any individual can be decoded into a
sequence of transitions in (N, Mp).

For a given individual I = (S,; S;), although A(S,) con-
tains all operations of jobs to be processed, «’(7) is not a com-
plete sequence of firing transitions from My to My. In o'(I),
there is a lack of transitions that represent the activities of jobs
in workstations, as well as the last transition of the processing
route to each job.

Note that the activity sequence or route of jobs in each
workstation is uniquely determined, taking the form of
tipij1tiji Pijatij2pij3, and as long as a job enters a workstation,
its corresponding operation can always be completed, that
is, jobs in p;j; and p;p always reach p;3 as time goes on.
This kind of token transfer only takes up the processing
time of the machine, and has no effect on the liveness of
the system. Therefore, it can be considered that the token
generated by #;;-firing directly reaches p;j3, and for simplicity,
transitions #;; and f;; are omitted in the transition sequence of
coding a/(I).

On the other hand, the processing order of jobs in the same
workstation can be arranged in many ways, such as in first
come first processing, or the same type of jobs can be put
together for continuous processing as much as possible if the
set-up time of machines is considered. Therefore, in order
to reduce the encoding length, this article does not code the
activity order of jobs in the workstations, but leaves it in
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the simulation algorithm, and the principle of “first come
first process” is adopted in the simulation of the proposed
algorithm.

Therefore, in order to make «’(/) complete, we only need
to add the last transition of the processing route of each job to
the back of ’(I), and denote the resulting transition sequence
as a(l).

Example 2: Consider the FJS in Example 1. Its PNS model
is shown in Figure 1. There are five jobs to be processed:
three type-A jobs, denoted as J; — J3, and two type-B jobs,
denoted as J4 and J5. Type-A jobs have two processing routes
71 and 7o, while type-B jobs have only one route 3. Then,
Sy1 = (m2, mo, 71, 73, 73) is the route part of an individual,
where the routes of Ji, J, J3, J4, and Js are set to o, 7o,
w1, 73, and w3, respectively. Since A(w1) = 3, AM(m) = 4,
M(r3) = 3, we know that x (A) = max{A(m1), A(72)} = 4, and
X (B) = A(mw3) = 3. Then the numbers of type-A and B jobs
that are contained in the operation section of an individual
should be 4 and 3, respectively. For example, S,1 = (J2, J2,
Jo, Ji, Ja, Ju, Ju, I3, I3, Jay Is, T, TS, gy o, J3, Js, J3)
can be regarded as the operation part of an individual.
Then, Iy = (So1; Sr1) = (2, J2,J2,J1, Ja, J1, Jh, I3, 3,
Ja, Js, 1, Js5, Ja, I, I3, Js, J3; o, T2, T, 3, 3) Tepresents
an individual. According to the given route in S,, we can
obtain the sequence of operations corresponding to Sy,
A(So1) = (021, 022, 023, 011, 041, 012, 013, 031, 032, 042, O51,
014, 052, 043, 024, 033, 053), Where oy; is the i-th operation of
job Ji. Then by matching an operation with its preparatory
transition, we have the sequence of transitions corresponding
to Iy, o' (1) = (111, 122, 123, 111, 131, 12, 123, 111, t12, 132, 131,
tha, 132, 133, 124, 113, 133), Wwhere commas are added just for
clarity.

Note that x(A) = 4, and each of Jy, J>, and J3 appears
4 times in S,1. The route for J3 specified in S,1 is ;7 and
has 3 operations, and hence, the 4-th J3 in S, is redundant
in converting S, to A(Sy1). On the other hand, the second
operation of J3, 033, is processed in w», and its preparatory
transition is t1p, that is we have #12[032]; while the routes for
J1 and J, given by S, are m>. Then their second operations
o012 and 0y are processed in w4, and hence their preparatory
transitions are typ, and f23[012] and f2[022] is hold. Then
the complete transition sequence for individual /; is «(I}) =
(11, 122, 023, 111, 131, 022, 123, 111, 112, 132, 131, D24, 132,133, 124,
113, 133, 14, 114, 114, 134, 134).

2) AMENDING

According to the above encoding and decoding method, indi-
vidual / corresponds to the unique transition sequence a(/).
Although «(7) includes the number of transitions required
from My to My, but a(]) itself may not be feasible. It may
not be fired in order, and/or cause deadlock. Thus, the mod-
ification of such 7 or «(/) is necessary. For example, con-
sider individual /; and its corresponding transition sequence
a(l}) in Example 2. Let a(l}) = o102 where o =
Hitntstiitzitaatstittiz, and Moloy > M;. Then M| #
My, and under My, all transitions are dead. Thus a(ly) is

VOLUME 8, 2020

not feasible. Thus, the feasibility of each individual should
be checked and the infeasible individuals are translated into
feasible ones. In this article, the detection and amending
algorithm (Algorithm DA) proposed in [25] is embedded in
a decoding process to obtain the feasible sequence of firing
transitions from M to My. The reader can refer to [25] for
more details.

B. FITNESS FUNCTION

The fitness function could be used to guide the EDA. In this
article, it is the makespan, i.e., the completion time of the
last job.

For an individual and its complete and feasible sequence
of transitions a(I) = fot1tr...1p—1, let Mi[tx > M4,
k=0,1,...,L — 1, and f (t%[o0;;]) denote the firing time of
f, i.e., when job J; enters workstation w(o;;). Since there is
only one machine that can process jobs in w(0;;), job J; cannot
be processed immediately after transition #; fires when the
machine is busy.

Let s(o0;) denote the start time of operation oy, the j-th
operation of J;, that is, for example, the firing time of tran-
sitions #111 or #331 in Figure 1. Then, f(#[o;]) < s(oij), and
s(ojj) = f(tloj]) only if the machine is idle when job J;
enters workstation w(o;;).

For J;, t[o0;;] can be fired only after operation 0;;—1) is
finished. Hence, f(#x [Oz'j]) > S(O,’(/_l)) + d(O,‘(j_l)). On the
other hand, the transitions in «(/) are sequentially fired, and
the firing time of f#;[o;;] should be after the firing of #_1,
ie., f(tlo;]) = f(tx—1). Then, we have

f(tloyl) = max{s(o;j—1)) + d(oij—1),f -1} (1)

If there are no other jobs in workstation w(o;;) when job J;
enters it for its operation oy, job J; can start its operation o,
i.e., the start time of 0;; is

s(oi) = f(tlog]) (2)

If there exist other jobs in w(o;;) that arrive earlier than job
Ji, then the start time of oj; is not earlier than the completion
time of any of their operations that have already been started
at f(tx[o;;]) or before. That is, the start time of o is

s(0ij) = max{s(omn) + d(0mn), f (tx[05])|W(Omn)
= w(oy) and f(tilomn]) < f(tklo;])} 3)

By (1)-(3), the firing time of every transition and the start
time of every operation can be computed recursively. The
fitness function of individual / is obtained

S = f@r-1).

C. INITIALIZATION

The initial population can be randomly generated. For gen-
erating an individual I = (S,; S;), first randomly create a
permutation with repetition of jobs in which each type-¢g job
appears x (g) times, and then, randomly select a route for each
job from its route set. Through Algorithm DA, the infeasible
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individuals are amended into feasible ones. Let €2 denote the
current population of feasible individuals.

Decoding each individual in €2 and calculating their fitness
values. Sort all individuals in © according to the ascending
order of their fitness values, and select the best p x |2|(p €
(0, 1]) individuals as the elite set, denoted as €2.. In the
simulation of this example, the p value is obtained by using
an experimental optimization approach, and p = 0.3.

D. PROBABILISTIC MODEL AND GENERATING

NEW INDIVIDUALS

The probabilistic model represents a main issue for EDA and
its performance is closely related to it [32]. The best choice
of a model is crucial. On the other hand, the efficiencies
of model constructing and information sampling are closely
related to the performance of the algorithm. Hence, the choice
of the probabilistic model plays an important role in EDA’s
success.

In this article, the probability model is designed as a domi-
nance matrix. It is based on the global statistic information
from the elite set. Since an individual contains two parts:
operation and route, two kinds of probability sub-models
are constructed, i.e., the operation probability model IT, and
the route probability model E. They are used together to
construct a new individual. Such two probability models are
first constructed as follows.

Let ITy = (a;;) be an n x L matrix where  is the number of
jobs to be processed and L is the length of S,. Let y;; denote
the number of individuals in €2, in which job J; is at position
J of their operation parts, and a;; = y;i/|2).

In T} = (a;) defined above, each individual in €,
is treated equally. In order to distinguish their importance,
in this article, we set a weight for each individual according
to their fitness values.

Let I, and I, be the worst and best individuals in cur-
rent elite set ,. The weight of individual I € £, is
defined as g(I) = (f) — fU) + 1)/fUp). It is obvious
that individuals with smaller fitness values or makespans
are given larger weights. With this weight function g(/) and
[Ty = (a;j) defined above, we can design our operation prob-
ability matrix IT and route probability matrix E. IT has the
same dimension as [1; and can be obtained by modifying I,
and E is an n x K matrix, where K is the total number of all
different processing routes for all jobs.

The detailed algorithm for constructing probability Models
IT and E is given in algorithm CPM.

In the above Algorithm CPM, the operation probability
matrix IT and route probability matrix E are determined by
the voting method of elite individuals in €2.. Although each
elite individual in €2, participates in voting, the better the
individual is, the greater the contribution to IT and E.

With probability models IT and E, we can construct new
individuals. Two methods for constructing new individuals
are proposed in this article. In them, element g; in IT is
considered as the probability of selection of job J; in the j-th
position. In the first one, we first extend n x L matrix IT
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Algorithm CPM //Constructing Probabilistic Models
Input: 2,;
Output: IT and E; Begin
1: At the beginning, set IT = (a;)nx =0; B = (bjj)uxr =
0; E = (cit)nxk =0; D = (di)nxk =0;
2:for(i= ;i <mi++H){/J=1,J2,...,Jy)is given.
3: for (each I € QH){ /I = (S,,S,) where S, =
(p(), N ,pL_1) and Sr = (O’], 02y ..y O'n).
4: g =[f ) —fU) + 11/f Up);
5: for(I=1;1<L;l++);
6: if (pr =J)ai :==ai +1; by :=by +gU); };
7:  }end for (1);
8: for(k = 1k < K;k+ +){// for mrj and m =
(w1, m2, ..., k) 1S given;
9: if (07 = m){cik == cik + 1 dig :=di +8(D); };
10:  }end for (k)
11: }end for (each I)
12:}end for(i)
13:for j = 1;j < L;j+ +){
14: I1; := II;/|2|; // 1 normalization; I1; is the j-th
column of IT.
15: Let bj = ), bj; Bj := Bj/bj; I/ B; is the j-th column
of B.
16: IT:= (IT 4 B)/2; // TI operation probability matrix.
17: } end for (j)
18:for (i=1;i <n;i++){
19: Letc¢; = Zj cij; B; := B;/c;; // E normalization; E;
is the i-th row of E.
20: Letd; = Zj djj; D; := D;/d;; I/ D normalization; D;
is the i-th row of D.
21: E := (& + D)/2;// E route probability matrix.
22:}end for (i)
23:Output IT and E;
End

to L x L matrix [T, so that a row of IT corresponding to
job J; is x (J;) rows of I,y in succession. Then, according to
the descending order of elements in I,y and for maximum
element a;;, set job i to position j in the sequence of a new
individual, and then set all elements on the row and column
in which a;; is into —1. Repeat until all the elements of IT.y,
are —1.

In the second method, selecting job for each position and
a route for a job in the new individual is done by roulette
based on IT and E. The details of algorithms called CNI1 and
CNI2 where CN represents Constructing New-individuals are
as follows.

E. LOCAL SEARCH

To balance the global and local searches and to further
improve the performance, a simplified simulated annealing
(SSA) algorithm is employed as the local search. Note that
simulated annealing has been successfully combined with
other intelligent optimization methods. SSA is acted on new
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Algorithm CNI1 // Constructing a New Individual I =
(So; Sr) Through IT and B
Input: IT and E;
Output: / = (S,; S;); Begin
1: Let S, and S, be 1 x L and 1 x n empty arrays;
2: Let I1,,; be the extended matrix of IT; Let E; = E;
3: for (count = 0; count < L; count + +){ // Constructing
S, through IT,y;.
4: 1.1) Find an element ¢,; with the maximum value in
I,y ; // (select the first one if there is more than one such
element);
5: 1.2) If the row, in which e,; is located, corresponds to
job J;, add job J; at position j in S,;
6: 1.3) Set all elements in row u and column j of I1,,; as
-1;
7: } end for // S, is constructed;
8: for (count = 0; count < n; count + +){ // Constructing
route S, for S, through E
9: 2.1) find an element ¢;; with the maximum value in E;
10: 2.2) add route 7; at position i in S, that is, set 77; as the
route of job J; in S;;
11: 2.3) Set all elements in row i of E as -1;
12:}end for // S, is constructed;
Output: I = DA(S,; S;); // A new feasible individual I is
constructed.

End

individual with a probability py(py € (0, 1]). Its parameter
temperature, Temp, is supposed to be constant. If individual
I is selected to execute local search, Temp = f(I)/(U x n)
where U is a constant. Its termination condition is that the
maximum number of iterations, i,,,y, is reached or I has been
improved for x times. In the simulation, we set i,;4x = 30
and x = 3. A new individual is produced by the so-called
Neighbor Search (NS), in which three operations, job-insert,
job-swap, and route-change, are executed sequentially. These
three operations are defined as follows.

Job-insert: Randomly choose two different jobs from the
operation part S, of /, and then insert the back one before the
front one.

Job-swap: Randomly select two different jobs J, and J,
from the operation part S, of 7, and then swap them.

Route-change: Randomly select a job with multiple routes,
and then change its current route in route part S, of I to any
one of its other routes.

Algorithm SSA is shown as follows.

F. PROPOSED HYBRID ESTIMATION OF

DISTRIBUTION ALGORITHM

With the above design, we can propose the HEDA procedure
for solving flexible job shop manufacturing environment with
limited capacity buffers as follows. It contains two main
parts in every generation. At global exploration, a probability
model is built with the elite individuals of an entire population
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Algorithm CNI2 // Constructing a New Individuals Through
[Tand E
/I constructing S, through IT = (a;);
1: Let S, and S, be 1 x L and 1 x n empty arrays;
2:LetIl =1II; Let B = &;
3: Let A[n] = (0,0,...,0); / A[j] is the number of J;
appearing in S,;
4:for(i=0;i <L;i++){
5: w =rand(0, 1);
6: for(G=1;j <mn;j+ +)
Tooif(e < Yo jaik && Alj] < x(Uj){ // Select a job
for position i by Roulette;
8: add job J; at position 7 in S,; A[j] <—Alj] + 1; break;
9: }
10:  }end for(j)
11: } end for(i)
/I Constructing route S, for S, through E.
12:for (i =0;i < n; i+ +){
13: u =rand(0, 1); // generating a random number.
14: for =057 < K;j+ +){
15: if (u < Yy jcis){ // Select a route for job i by
Roulette.
16:  addroute 7; at position i in S, i.e., set 7; as the route
of job J; in S;; break;}
17: }end for(j)
18:} end for(i) // S, is constructed;
19:Output I = DA(S,; S;); //A new feasible individual 7 is
constructed.

End

to generate new individuals. At local search, the newly gener-
ated individuals adopt in probability p, multiple local search
operators based on the problem characteristics for further
exploitation. The algorithm stops when the maximum number
of generations Gy, is reached.

If p, is set to O, the local search SSA is not called in every
generation, and the algorithm is simplified into so-called
basic EDA.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

FJS with limited buffers is a new scheduling problem that
is first attempted to be studied in this article. In current
literature, there are no any algorithms and benchmarks to
be developed for it. As a result, except for the algorithms
proposed in this article, it is unrealistic to carry out a wider
comparison. In this section, the proposed HEDA is tested
by a simple FJS with limited buffers, which consists of nine
workstations wi — wg. Each of wy, w3, wy, we, and w7 has a
buffer with capacity 2 while wy, ws, wg and wg each have
a buffer with capacity 1. The considered FJS can process
three types of jobs, types-qi, g2, and g3. Its PN model is
shown in Figure 2. There are ¢(q;) = n;, i € Z3, type-g;
jobs to be processed, and n = n; + ny + n3. O(wy) = pis
ipifin priztizpistizpi2ifi2ip1224122p123413pP1314131P132
1132 P133 114P1411141P1421142P143115P1511151P1528152P153816P 1e»
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Algorithm SSA(I)

Algorithm HEDA

Input: 7, Iy // I and Iy are individuals and Iy is the best one
in the current population €2;
Output: Indy; Begin
lindy < I;Ind| < I,
2:Temp =f()/(U xn);u=v=20;
3: While (the termination condition is not satisfied){
4: Indy < NS(Indy), Ind|, < DA(Ind,);
5: I(f(ndy) < f(Indo))
6: Indy < Indi;v <—v+1;
7: } Else {
o If ((rand(0, 1) < exp(—(f(Ind 1) — (f (Ind))/Temp){
9:  Indo <Indy; //accept worse individual,
10: }Elsef
11: Indy <NSWy), Ind, < DA(Ind»);
12: If (f(Indy) < f(Indg)){ Indy <Ind,}}
13: } //end Else
14: Ind| <Indy;
15: u < u—+ 1;//end Else
16:} end while
17:Return DA(Ind); // Return an feasible individual.

End

oo

FIGURE 2. PNS of the FIS.

and O(14) = pa4s141P4111411P412 1412P413142D421 14214221422
P423143D4311431D4321432PA33144D 4411441 P4421442 D443 145D 4511451
Pasata5opas3tagPae, respectively. Type-go» jobs have two

165404

1:Initial parameters Giuax, Npop, Nescs NNew, and pg;
2:Randomly generate initial population €2;
3: Sorting €2 // according to in ascending order of individual
fitness values, and denote 2 as Q2 = {Ip, I, . .., Inpop};
4: select 2, = {lo, I, ..., INesc—1}; // I is the best indi-
vidual in €2;
5:For (g = 0; ¢ < Gpax; § + )1
6: Let(TT, ) = CPM(£2.); // establish IT and E from £2,.
7. Indo = CNII(IT, B);
8: For(i=1;i < Nyew; i+ +){
9: Ind; = CNI2(II, B)
10:  If (rand(0, 1) < pe){
11: Ind; = SSA(Ind;); }
12: Add Ind; to Q1;
13:  } // end For(i)
14:  Sorting 2 U Q1; select the first N,y best individuals
as Q,, Q. = {o, I, ..., INesc—1}; // the best individual is
denoted as Ij.
15: }end For(g)
16:output lo;
End

TABLE 1. Job numbers in different instances.

Instances ni ny ns
In01 2 3 2
In02 3 5 4
In03 5 7 6
In04 7 7 8
In05 8 10 10
In06 10 10 10
In07 12 10 10
In08 12 12 10
In09 12 12 12
In10 14 12 14
Inll 16 14 14
In12 16 16 16
In13 16 18 16
In14 18 18 18
Inl5 18 18 20
Inl6 20 20 20

processing routes, O(72) = past21p2110211P2120212P213122P221
1221P2221220P223123D2311231D2321232D233124P2411241P2421242P243
t25p2s1tas1P2521252P253126P2¢ OF O(3) = pastaip211t211P212
1212P213132P321 1321P3221322P323 133P3311331P3321332P333134D341
13413421342 P343135P2511251P2521252P253 126 P2e - Sixteen instan-
ces with different numbers of jobs, (n1, n2, n3), are designed
to evaluate the performance of the proposed HEDA, and they
are shown in Table 1. In these instances, we suppose that job
processing time is randomly distributed in the range [4, 40],
and the detailed values are shown in Table 2.
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TABLE 2. Processing time for operations.

Type-q1 Type-qo Type-q3
1 ) 3 T4
01128 02114 04115
012:24 022223 032132 042122
013:5 023:8 033:6 0434
014121 024138 034120 044217
01524 02525 04526

TABLE 3. Parameter values of different factor level.
Parameters Factor level
1 2 3
P) 0.1 03 0.5
Npew 10 20 30
Pa 0.02 0.04 0.08
U 14 16 18

A. PARAMETER DETERMINATION

In the simulation calculation, the first two parameters of
Algorithm HEDA, population size |2| and maximum number
of generations Gy, are set as | 2| = 100 and G = 50 X n,
respectively. The other four parameters, the elite individual
percentage p, the number of new individuals Ny, the prob-
ability of acting SSA on a new individual p,, and temper-
ature constant U, will be determined by using the Taguchi
method [36].

Parameter p determines directly the size of the elite set that
provides information for the probability model. If it is too
large, some poor individuals are included and have bad effect
on the probability model; while if it is too small, the popu-
lation may mature too early. Parameter N,,, determines the
size of the seed set. A small N,,,, leads to obtain only a few
good genes and has a too fast convergence speed while a
large value implies that poor individuals could be involved
in. Parameter p,, is the probability of local search conducted
on new individuals, which balances the global search and the
local search. Temperature Temp in SSA has influence on the
probability accepting a worse solution. It is proportional to
a constant U, i.e., Temp= f(I)/(U x n). The value domains
these four parameters are set as p € {0.1, 0.3, 0.5}, Ny €
{10, 20, 30}, po € {0.02,0.04,0.08}, and U < {14, 16, 18},
respectively. For each parameter, three factor levels are used
and listed in Table 3, and hence, the orthogonal array Lo(3%)
is chosen. For each parameter combination of Lg(3%), HEDA
is run 10 times independently regarding instance In03. The
makespan average in 10 run times is used as the response vari-
ables (RV). The orthogonal array and the values of response
variables are listed in Table 4, and then the statistic results are
summarized in Table 5.
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TABLE 4. Orthogonal array Lg(3%) and response variable values.

Factor level

Trail P Niew Pa U RV
1 1 1 1 1 277.1
2 1 2 2 2 264.5
3 1 3 3 3 260.8
4 2 1 2 3 266.8
5 2 2 3 1 261.5
6 2 3 1 2 271.7
7 3 1 3 2 270.8
8 3 2 1 3 275.8
9 3 3 2 1 260.1
TABLE 5. Statistic results.
RV
Factor level N o T
1 267.47 271.57 274.87 266.23
2 266.67 267.27 263.8 269
3 268.90 264.20 264.37 267.8
Delta 2.23 7.37 11.07 2.77
Rank 4 2 1 3
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FIGURE 3. The convergence tendency of EDA and HEDA with makespan
on In03 and In08.

From Table 5, it can be seen that p, has the most signifi-
cant impact on HEDA performance. N, ranks the second,
U the third, and p the last. According to their corresponding
factor levels (the bold face), the suggested parameter set-up
for HEDA are determined as p = 0.3, Nye = 30, po = 0.04,
and U = 14.

B. EXPERIMENTAL RESULTS

In order to test the effectiveness of our proposed algorithms
and explain the improvement effect of SSA on EDA, Algo-
rithms EDA and HEDA are run 10 times independently on
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TABLE 6. Comparison of simulation results and runtime of EDA and HEDA.

Instances EDA HEDA

BST TIME/B AVG TIME/A BST TIME/B AVG TIME/A
In01 118 2 124.5 2.0 108 4 109.2 4.9
In02 196 12 208.9 12.0 174 26 179.5 26.1
In03 303 44 312.0 43.1 247 93 264.2 100.5
In04 378 76 389.9 79.3 295 183 327.3 177.4
In05 490 162 505.6 169.2 402 374 422.3 376.8
In06 540 184 558.1 198.0 406 445 452.7 4443
In07 597 245 608.2 245.6 453 542 500.3 503.0
In08 655 270 666.5 282.8 491 656 528.0 655.2
In09 667 336 695.3 347.6 495 748 542.3 755.3
In10 747 467 777.6 478.5 578 997 620.1 1025.7
Inll 845 581 867.8 640.8 668 1308 714.6 1259.9
Inl12 922 887 949.1 833.0 714 1696 754.6 1643.2
In13 980 883 993.8 862.5 759 1778 806.3 1794.4
In14 1049 978 1079.5 1126.5 805 2326 861.1 2313.9
In15 1082 1470 1107.2 1323.7 800 2622 886.5 2565.5
Inl6 1173 1383 1210.9 1490.1 893 3273 964.6 2993.3

all 16 instances and their experimental results are compared.
Their average and best (or minimum) makespan values are
listed in Table 6, where BST denotes the best makespan
among 10 trials, TIME/B denotes the runtime of a trial
through which the best makespan is obtained, and AVG and
TIME/A denote the average makespan and average runtime
of 10 trials, respectively.

From Table 6,we know that two algorithms can give fea-
sible solutions for each instance in a relatively short time.
The shortest time is only a few seconds, and the longest
average time is 2993.3 seconds of HEDA for In16. For each
instance, the makespan results obtained by HEDA are supe-
rior to those obtained by the basic EDA. This shows that
the embedding SSA has greatly improved the performance
of EDA. The larger the scale of the problem, the greater the
improvement. For example, the performance improvement
for average makespans of In01, In08, In09, and Inl6 are
(124.5-109.2)/124.5 = 12.3%, 20.8%, 22%, and 20.3%,
respectively. Of course, these improvements are time-
consuming. Thus, it is better to run algorithm HEDA in order
to obtain at the better schedules at the expense of more time.

The convergence tendency of EDA and HEDA of In03 and
In08 with makespan is shown in Figure 3. It can be seen that
EDA is easy to mature early, and converges faster than HEDA.
It also shows that SSA plays a certain role in overcoming the
early maturing phenomenon and HEDA owns better global
searching ability. HEDA’s makespan is improving globally
and constantly, especially for InO8 and hence, it is reasonable
and necessary to increase the maximum iteration times as
the scale of the problem increases, i.e., Gpax = 50 X n.
For In08, an optimal or suboptimal schedule with makespan
491 is obtained by HEDA.
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V. CONCLUSION

In this article, the production scheduling problem of FJS
with limited buffers is studied. Based on the place-timed
Petri net model of the considered system, a novel hybrid
estimation of distribution algorithm (HEDA) is proposed to
minimize the makespan. A candidate solution is coded as an
individual that consists of two sections. In the first section,
a processing route is set for each job; and the second part
is a possible sequence of operations. Under the monitoring
of a deadlock controller, such an individual can be decoded
as a feasible schedule. Corresponding to different sections of
an individual, two probability models, route and operation
probability models, are established via a voting procedure in
which individual weighted differences are considered. Based
on these models, an effective procedure for constructing
offspring individuals is proposed. For each new individual,
a simple local search, SSA, is performed with a certain prob-
ability in order to improve the performance of EDA. Simu-
lation results show the effectiveness of the proposed method
over EDA.

This work is of important practice significance for job-shop
scheduling with limited buffers. Since no existing compara-
ble results are available, more studies for establishing more
effective methods are needed in the future. On the other hand,
there are many evolutionary algorithms that may be used to
solve the problem considered here. But for each different
algorithm, as done in this article, we need to establish the
corresponding encoding and decoding scheme, the relevant
operators, and the parameter setting scheme, and how to
improve the performance of the algorithm by embedding
appropriate local searches. All these are worthy of further
study.
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