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Abstract: This paper proposes a genetic algorithm (GA) to find the pseudo-optimum of integrated
process planning and scheduling (IPPS) problems. IPPS is a combinatorial optimization problem
of the NP-complete class that aims to solve both process planning and scheduling simultaneously.
The complexity of IPPS is very high because it reflects various flexibilities and constraints under
flexible manufacturing environments. To cope with it, existing metaheuristics for IPPS have excluded
some flexibilities and constraints from consideration or have built a complex structured algorithm.
Particularly, GAs have been forced to construct multiple chromosomes to account for various
flexibilities, which complicates algorithm procedures and degrades performance. The proposed
new integrated chromosome representation makes it possible to incorporate various flexibilities into
a single string. This enables the adaptation of a simple and typical GA procedure and previously
developed genetic operators. Experiments on a set of benchmark problems showed that the proposed
GA improved makespan by an average of 17% against the recently developed metaheuristics for IPPS
in much shorter computation times.

Keywords: integrated process planning and scheduling; genetic algorithm; flexible manufacturing
system,; chromosome representation

1. Introduction

A flexible manufacturing system (FMS) is aimed at automated manufacturing by connecting
general-purpose facilities such as numerical control machines and machining centers via computer
networks and automated logistics systems [1]. The improved flexibility and efficiency of an FMS can
allow it to respond rapidly to changes in customer requirements and uncertainties of the manufacturing
environments. Process planning is the process of selecting an appropriate process route, machine, tool,
and fixtures and jigs for manufacturing a product (part or job). At that time, the part information
and specifications, such as shape, materials, and tolerances, must be considered to ensure feasibility
and to increase manufacturing efficiency. However, scheduling is the process of determining the
temporal schedule of operations to be implemented on each machine so that the entire operation can
be performed efficiently with specified manufacturing resources. Process planning and scheduling
are the most vital parts of production planning, and their importance is increasing in FMSes due to
enhanced flexibility [2].

Process and schedule plans are interrelated. This implies that an optimal schedule does not induce
feasible process plans of parts and vice versa. Therefore, their independent planning is inefficient and
is also likely to cause feasibility problems. Integrated process planning and scheduling (IPPS) problems
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are aimed at determining the optimal schedule and a relevant feasible process plan simultaneously.
IPPS can consider various alternatives for the process route, operating machine, and required tool.
Moreover, it considers constraints such as tool magazine capacity and limitations in the number of
available tools. Consequently, the complexity of IPPS is higher than that of flexible job shop scheduling,
which belongs to the category NP-complete [3]. Due to the high complexity, traditional approaches for
IPPS have preferred solving the two subproblems separately, sequentially, and recursively, rather than
solving the subproblems simultaneously. However, recent improvements in computer performance
and the availability of numerous metaheuristic approaches have provided useful tools to overcome
these limitations. Therefore, there is a growing interest in IPPS for comprehensive planning.

Efficient and feasible planning and execution are essential for manufacturing companies to
maximize profits with limited resources. Manufacturing is subject to uncertainties such as equipment
failures, order cancellations, design changes, and rush orders [4]. When the uncertainties are pervasive,
independent partial optimization in the subproblems can result in long production lead times, increased
production costs, delivery delays, infeasible process plans, overloaded operations, and machine
failures [5,6]. IPPS, however, can eliminate schedule conflicts, reduce process flow times and work-in-
process inventory, and increase utilization and responsiveness to irregular fluctuations. Thus, IPPS can
increase the efficiency of manufacturing operations and enhance the competitiveness and sustainability
of an enterprise.

IPPS handles various types of flexibilities, such as process, sequence, machine, tool, and tool
access direction (TAD) flexibilities [7,8]. Flexibility implies that one of the alternatives can be selected to
manufacture a part or implement an operation. Detailed definitions are provided in Section 2. A typical
IPPS considers only the process, sequence, and machine flexibility. A few studies have additionally
addressed tool and TAD flexibility. However, if a machining center (MC) with an automatic tool
changer (ATC) rather than a numerical control machine is a main machine, consideration of the
tool flexibility is critical. In addition, most available studies reflect only precedence relation between
operations as a constraint. If MCs are utilized, the magazine capacity of the ATC should also be
considered [9]. Moreover, as the ATC holds several tools toward the end of the planning period and
the number of a particular tool is limited, tool capacity constraint should also be regarded. To our
knowledge, Kim et al. [3] has been the only study addressing such tool-related constraints.

Genetic algorithms (GAs) have shown excellent performance for combinatorial problems such as
IPPS for a long time. Several GA approaches have also been attempted for IPPS. However, the recent
metaheuristics for IPPS have been dominated by ant colony optimization (ACO) and particle swarm
optimization (PSO) [8]. To address various flexibilities and properly decode a process plan and
schedule, the chromosome of GA must contain information on the operations, process route, sequence
of operations, machine, and tool to be processed. It is challenging to combine those attributes into
a chromosome because of the difference in their properties. This results in multiple independent
chromosomes and, consequently, complex evolution procedures of a GA. Eventually, the solution
quality over computation time is lowered.

In this study, we propose a standard GA for solving IPPS, considering tool flexibility and
tool-related constraints (hereafter called IPPST). The proposed GA uses a conventional GA procedure
and popular genetic operators to increase the convenience of application and to improve the solution
quality over the computation time. If the solution quality is remarkable, it is apparent that a
straightforward structured algorithm is preferred. To achieve this, we introduced a new integrated
chromosome representation, in which a chromosome consists of a permutation of operations, each of
which contains fundamental information for scheduling, such as job and operation identifications,
the machine and tool identifications to be performed, the related processing time, and the activation
indicator. While scheduling, the process route is automatically determined by the sequence order of
the relevant operations. By integrating all the information required for scheduling into a chromosome,
the evolutionary process is also simplified. Moreover, an identical length of chromosome for all
individual renders traditional genetic operators applicable in their present form.
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The principal contributions of this paper are summarized as follows. First, this study targets more
realistic IPPS. The IPPST we considered is close to realistic manufacturing environments by including
the capacity of machines and tools as constraints, which has not been covered by conventional IPPS.
Second, this paper proposes a rather efficient metaheuristic of a typical simple GA framework for IPPST
optimization. A new and complex approach does not always result in the best results. Even though
the approach is typical, more efficiency is better. Simple structured algorithms could be generally easy
to implement and robust to environmental differences. Third, this study compares and verifies the
performance of various types of metaheuristics with multiple sized IPPST problems. Existing studies
have been limited to evaluating specific sample problems and conventional IPPS problems without
capacity constraints. In this study, we included performance comparisons of recently developed
metaheuristics for IPPST problems composed of 76 to 310 operations.

The paper is organized as follows: Section 2 defines the IPPST and lists the relevant assumptions
regarding the manufacturing environment. Section 3 explains the proposed integrated chromosome
representation. Section 4 describes genetic operators, fitness function, and the procedure of the GA
proposed in this study. In Section 5, the benchmark problems of Kim et al. [3] are introduced, and the
experimental results of the proposed GA are compared to those of recently proposed metaheuristics
for IPPS. Sections 6 and 7 provide a discussion of the results of this study and a conclusion and future
research directions, respectively.

Notations:

S: set of operations that are not assigned

A: set of operations that are already assigned

V: set of operations that are available for assignment

i: job id

j: operation id

0; j: jth operation of ith job

oz;’t: jth operation of ith job with assigned machine m and tool ¢

P
0;,: predecessors of 0; ;

0?/]: successors of 0; j

m; ;: assigned machine id for o; ;

t; j: assigned tool id for o; ;

ptij: processing time of o; ;

act; j: activation attribute of o; ;

S\{o;;}: delete {0;,} from S

S < {0;;}: insert {0;;} into S

0;j <= S: pop left-most operation o; ; from S

Ajj: earliest starting time of o; ;

T;;: earliest completion time of 0i ]

Om: earliest starting time of machine m

6: decision parameter used in hybrid scheduling

pcx: probability of crossover

prs: probability of superior selection in tournament selection
pLcum: probability of location change mutation

pmTCcMm: probability of machine-tool change mutation

pmrL: probability of machine-tool change in each gene

2. Definition and Representation of IPPS

This study considers process, sequence, machine, and tool flexibility [3,7]. Process flexibility
implies that alternative process routes can manufacture a feature of a part: A process route is a
sequence of operations with precedence relations. Sequence flexibility is the capability to perform the
proper process notwithstanding variations in the sequence order of the operations. Machine flexibility
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refers to the capability where alternative machines can manufacture a feature. Tool flexibility is the
capability to process an operation on a machine with alternative tools. Although we do not consider
it due to an MC assumption, TAD flexibility refers to the capability to handle an operation with
alternative TADs. It applies mainly when the axis of the tool on the machine is fixed and the setup
time for the tool change is critical. These flexibilities contribute toward improved mean flow time and
machine utilization through efficient process planning and scheduling and also result in an efficient
use of bottleneck resources [10].

The IPPST can be redefined by modifying Guo et al.’s [11] IPPS definition as follows: “Given
a set of n jobs (or parts), each of which has a number of operations, the parts are processed on m
machines with alternative manufacturing plans (machines and tools). The objective of the problem
is to select suitable manufacturing resources and sequence of the operations so as to determine a
schedule wherein the precedence constraints between the operations and resource constraints (tool
capacity and tool magazine capacity of each machine) are satisfied and the makespan is minimized.”
The most convenient method to describe IPPS involves the use of network representation [12], as shown
in Figure 1a. In the graph, each node denotes an operation, and each arrowed line represents the
precedence relationship between operations. Operations 0; g and o0; , are the starting and ending nodes,
respectively, of the ith job: These are dummy operations (gray nodes) that are not actually performed.
As shown in Figure 1b, each operation consumes a different processing time depending on the machine
alternative (machine flexibility) and the tool alternative (tool flexibility). For example, in Figure 1,
02 6 can be machined for a specified processing time using one of tools 2, 5, and 7 on one of machines
1 and 3: Machine 1 and tool 5 are selected yielding a processing time of 13 units. Process flexibility
can be represented by an OR relationship in Figure 1a. A node with multiple outgoing edges can be
an AND node or an OR node, where a node not marked “OR” denotes an AND node. On the AND
node, all the operations belonging to the outgoing routes must be performed, whereas on the OR node,
the operation belonging to only one selected route is executed. In Figure 1a, all the gray nodes imply
dummy operations according to selection of process routes.

starting node

! Ay
x i" N ‘4 Ta
Machineid: [ 1 | 1 | 1|3 |3
Toolid: | 2 [ 5| 7| 2|5 |7

Processing time: |11 |13 [ 15| 9 | 12|14

ending node

dumm
job1 ok

(@) (b)

Figure 1. Network representation of an example of IPPST: (a) Network representation example for two
jobs; (b) Machine and tool flexibilities of an operation.

We assume the following manufacturing conditions throughout this study:

e Alljobs and their network representations are known;
e At the beginning of scheduling, all machines are empty. Thus, any starting operation can be
processed from the start time if the assigned machine is available;
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e Raw materials are always available;

e  Preemption and separation of an operation are not allowed;

e Tools installed in an ATC do not change during the planning period;

e  Processing time includes setup time and transportation time;

e  Each tool is limited in quantity and is not replenished;

e  The number of tool slots in each ATC is fixed, and the number of tool slots consumed depends on
the type of tool.

The objective of the IPPS is to minimize the makespan, i.e., the maximum completion time of
all jobs.

3. Proposed Chromosome Representation

3.1. Conventional Chromosome Representation

The most important factor that determines the overall procedure and performance of a GA
is chromosome representation. As IPPS can be regarded as a job shop scheduling problem (JSP)
combined with process, machine, and tool flexibilities, it is common to extend GA representations
used in JSP. Cheng et al. [13] classified the types of representation for JSP into direct and indirect
according to whether they can directly decode the phenotype from the genotype. Abdelmaguid [14]
provided a more rigorous definition, distinguishing the representation types as model-based and
algorithm-based depending on the information possessed by the chromosome. The model-based
representation constructs chromosomes with decision variables. It can generate a solution directly from
the chromosome, and then repairs the infeasibility caused by genetic operations by using a separate
repairing algorithm. According to the types of information, it can be further classified into disjunctive
graph-based, operation-based, permutation of operations-based, random key-based, preference
list-based, and completion time-based. The algorithm-based representation stores the priority rule or
order, rather than the decision variables, in the chromosome. It is mainly applied to a constructive-type
algorithm such as Giffler and Thompson [15]. There are three types of algorithm-based representation:
Priority rule-based, machine-based, and job-based. For a detailed description of the other types,
refer to Cheng et al. [13].

To construct a solution, i.e., a schedule of operations including process plans, IPPS requires
information on the sequence of operations, selected process routes, and the machine and tool
to be processed in each operation. Therefore, an effective chromosome representation for IPPS
must include such information completely. A conventional GA for IPPS prefers an operation-based
representation due to its direct interpretation. It consists of several distinct chromosomes, such as
sequence of operations, machine identifications (ids), and tool ids, as shown in Figure 2a [8,16-18].
Nevertheless, during scheduling, the information from all the chromosomes must be combined and
interpreted simultaneously, because the information is interrelated. Moreover, each chromosome
evolves independently. It complicates the GA procedure and consumes additional computation time.
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) jobl ) job2 .
I 1 1
Operation |01,1 |01,2 |01,3 |01,4 |01,5 Iol,s |01,7 Ioz,l |02,2 |02 3 |02,4 Ioz,s Ioz,s |02,7 |
sequence | 1 | 4|63 0] o]n2]7[u]s]s]2]5]14]
machine | 3 [ 1|3 |s |z ]2]2]s]1]1]s]2]1]2]
tool | 7 [« ]34 7] 7]a]2]6]7]6]2]5]3]
process route n
(a)
permutation of operations |0y |o§;§ 074 035 oFe |oy's |or5 0373
(b)
permutation of operations |0y o35 |34 |01 [oz5 [015 027 |02 [ora |ous |22 [or7 |02k 027
process plan n
(c)
permutation of operations [0y ‘022,’3 o @05,’3 |013,‘§’ |0§','f |0§,'37 ors Ioi'; @Off: “’za_flozzfg l
(d)

Figure 2. Comparison of operation-based chromosome representations: (a) Typical operation-based
representation; (b) Typical permutation of operations-based representation for only active operations;
(c) Typical permutation of operations-based representation with additional process route string;
(d) Proposed integrated chromosome representation with activation indicator.

Permutation of operations-based representation forms a permutation vector of operations that has
all the information required for scheduling. This type is convenient to address: However, it is known to
have low exploitation capability. Typical chromosome structures of the permutation of operations-based
representation for IPPST (or IPPS) are depicted in Figure 2b,c, where each gene represents an operation
and the locus represents the order of the operation. The first type of chromosome representation [19]
in Figure 2b consists of only active operations that must be processed depending on the selection of
OR relations. The dummy operations are eliminated from the chromosome. For example, the IPPS in
Figure 1a can be represented by the structure shown in Figure 2b. The most significant disadvantage of
this type of representation is that the length of the chromosome varies according to the selected process
routes. Thus, a suitable crossover operator that can address different sizes of chromosome must be
provided. The second type [3,20], in Figure 2c, retains two distinct chromosomes: An operation string
and a process plan string. The operation string is composed of all the operations in the IPPS network,
and each operation has information on job id, operation id, machine id, and tool id. The process plan
string has information on the selected process routes. There are several formations on the process plan
string: However, here, we will describe a straightforward binary string as an example. In Figure 1a,
job 1 has an OR node, and job 2 has two OR nodes. Suppose that the binary process plan string has a
length equivalent to the number of OR nodes in the IPPS network and that the value of a gene is 0 for
the left route and 1 for the right route. In Figure 1a, the right one is selected in OR;, and the right and
left routes are selected in OR; and OR;3, respectively. Therefore, the process plan string on the right
side of Figure 2b becomes 1, 1, and 0. The dummy operations on the unselected routes are determined
by the process plan string during scheduling according to decision rules, as shown in Figure 3b.
This type of representation has a fixed chromosome length for an IPPS. It enables the conventional
genetic operators applicable. However, it requires an independent evolution process for each
chromosome and additional computation to determine the dummy operations during scheduling.



Sustainability 2019, 11, 502 7 of 23

Process plan string Sequence order of List of dummy
in Figure 2 (b) operations in operations
chromosome of (complementary sub-
( is \ OR Value Figure 2 (c) routes)
ol
26 0 01,4 K01 01,4
1
jobid=2 1 012 K054 012, 013
operation id = 6 0 0 <o o 000
machine id = 1 5 2,1 2,5 2,51 V2,60 V2,7
tool id =5 1 025 K 051 021, 022, 023, 024
activation = true 0 032 < 033 023
3
1 02,3 K0z, 02,2
(a) (b)

Figure 3. Supporting information for the chromosome representations: (a) Attributes of an operation;
(b) Decision rules for the dummy operations in OR relations.

3.2. Integrated Chromosome Representation

In this paper, we propose a new type of chromosome representation (Figure 2d), namely integrated
chromosome representation (ICR). As it includes all the operations of an IPPS network, the length of
the chromosome is a constant. Each gene contains all five attributes required for scheduling, as shown
in Figure 3a: Job id, operation id, machine id, tool id, and activation. As the remaining attributes
can be conveniently inferred from the name, we explain only the activation attribute. It is a Boolean
variable that indicates whether the operation should be performed. If it is true (white cell in Figure 2d),
the operation is active. Otherwise (gray cell in Figure 2d), it is inactive, i.e., a dummy operation.
The structure resembles that of the second type of the permutation of operations-based representation:
However, it operates in a completely different manner. The key concept is to use the order of operations
as a selection rule for process routes in OR relations, as shown in Figure 3b, rather than a separate
process plan string. At the beginning of decoding, all the activation attributes in all the operations are
set as true. During the decoding, if the first operation in a subroute under OR relation is located toward
the left of one of the complementary subroutes, the subroute is selected as the process plan. Then,
all the operations belonging to the complementary subroutes are deactivated. For example, in OR; of
Figure 1a, subroutes 01 4 and 015 — 013 are in an OR relation. Therefore, the order of 0; 4 and 0y is
important. In the chromosome in Figure 2d, 0; 4 is ahead of 01 : Therefore, the route 0y 4 is selected as
the process plan and the operations 01 » and 01 3 are deactivated as dummy nodes. Similarly, for OR,
of Figure 1a, as the order of 0, 5 precedes 0, ; in the chromosome, the activation status of 0y 5, 026, and
02,7 are maintained as active, and the operations 0 1, 027, 023, and 03 4 in the complementary subroute
become dummy nodes. In ORg, all the operations in the subroutes are already inactive: Therefore,
the selection procedure is skipped.

Using ICR, the process plan and the schedule plan (in case of the use of semi-active scheduling)
can be represented in a chromosome. In the example in Figure 2, the process plan becomes 071 —
014 — 016 — 015 — 01,7 for job 1 and 025 — 026 — 057 for job 2. The schedule of each operation is
determined from the left to the right sequentially by semi-active scheduling. In addition, ICR requires a
chromosome for an individual, and therefore, only an evolution procedure is necessary. It simplifies the
structure of GA and consequently results in a shorter computation time. The same chromosome length
also facilitates the development of new genetic operators and enables the adoption of conventional
operators without modification. To decrease the computation time further, the pair information on the
complementary subroutes can be stored in a separate repository in advance and can be retrieved on
demand. This is because all the feasible alternative process subroutes in OR relations are determined
by process engineers prior to the execution of IPPS.
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4. GA Procedures

4.1. Decoding Methods

The ICR directly describes process plans: However, the final schedule must be decoded from
the chromosome by a scheduling algorithm. It is well known that the optimal schedule is an active
schedule in JSP and, consequently, IPPS and IPPST. The most popular active scheduling algorithms are
Giffler-Thompson [15] and the hybrid scheduling algorithm [3,21], as shown in Figure 4.

Those active scheduling algorithms generally provide significantly more effective solutions
than those by a straightforward semi-active scheduling, as shown in Figure 5. However, from the
perspective of computational efficiency, they are not always superior, particularly in GAs for IPPST.
Active scheduling includes numerous search procedures, as shown in Figure 4. Therefore, it consumes
substantial computation time compared to semi-active scheduling. If the number of candidate
operations for the next operation is large, such as in IPPST, the computation time increases rapidly.

Hybrid (Active) Scheduling Procedure for IPPST:
Construct a set S = {0, ;|Vi,/};

Let acti,j = true, Ai,j = 0, and Tij = 0 VOL',]' € S,
Let §,, =0 Vm;

Construct sets V = {0;;|0;; € S,0,, = @} and A = @;
While V # @ do

Calculate Ai,j = max {/11"}', 6mij} and TL',]' = Ai,j + ptl Voi,j € V,

g
Calculate T* = min{z;;|o;; € V};
Let the machine of the operation with t* be m”*;
Constructa set B = {oij|0ij eV,my; = m*};
Calculate A* = min{/lij|oij € B};
Construct a set C = {oi]-|o,'j EBA;<6T"+(1-0)1,0<0 < 1}
oij < € S\{oi;}: V\{oi;}: V < {oil0; €0,,0,, € A} A< {o];}:
If act;; = true then

Tij =iy +ptiy

If of; is the first operation in subroutes in OR relation, then

Let act;; = false for all operations in the complementary sub-routes;

End If
Else
Tij = i
End If
Set 4;; =1;; forall o;; €0,; and Sm;j =1
End While
Return A4;

Figure 4. Pseudocode of the hybrid scheduling procedure for integrated process planning and
scheduling (IPPS).

More importantly, active (or hybrid) scheduling does not utilize the information on a sequence
of operations. As shown by the procedure in Figure 4, active scheduling completely disassembles
the sequence of operations and reassigns it to the schedule according to precedence relation and the
assignment rules. It implies that the inheritance characteristic of GA diminishes in active scheduling,
as Shi [22] has indicated. For example, consider two chromosomes that are composed of the same
operations and only whose sequences are different. Then, active scheduling generates almost identical
schedules for both the chromosomes. A crossover operation of the two individuals is also ineffective
because it only changes the sequence of operations. This reduces diversification and degrades the
performance of the GA. However, semi-active scheduling can improve the quality of solution by a
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crossover operation if it is effective because it inherits an important partial sequence. To summarize, in
the GA that utilizes active scheduling as a decoder, the optimization of the process plan is performed
by the GA, and the optimization of the schedule is performed by the active scheduling. However,
in a GA using semi-active scheduling as a decoder, the optimization of both the process plan and
schedule is managed by the GA, and semi-active scheduling serves only as a pure decoder. For these
reasons, in the main procedure of the proposed GA, we adopted semi-active scheduling to increase
computational efficiency.

Semi-active Scheduling Procedure for IPPST:

Construct sets S = {0;;|Vi,j} and A = @;
Let act;; = true, 4;; =0,and 7;; =0 Vo,; €S;
Let §,, =0 vm;
While S # @ do
0j; « S A{o}:
Calculate 47 ; = max {/’lz j,Sm;j};
If act;; = true then
T = A+t
A {oj}
If o; is the first operation in subroutes in OR relation, then
Let act;; = false for all operations in the complementary sub-routes;

End If
Else
Tij = A
End If
Set A;; = t;; forall o;; €0,; and Om; = Tis
End While
Return A4;

Figure 5. Pseudocode of the semi-active scheduling procedure for IPPS.

4.2. Fitness Function

The most popular objective function is a makespan, so we employed the inverse of makespan as a
fitness function. In IPPST, however, the penalties on constraints on tool magazine capacity and tool
capacity should be considered. In this study, we adopted the fitness function of Kim et al. [3] with a
marginal modification, which adds penalties to the violation of the constraints. Fitness is calculated by
Equation (1):

100, 000

fitness =
makespan + ¢1 Y [2TP(£)]* 4 ¢ ¥, [2MP(m)]P

)

Here, TP(t) is the tool capacity penalty, indicating the excess amount of tool ¢ over the tool capacity,
and MP(m) is the tool magazine capacity penalty, indicating the number of overused slots relative to
the tool magazine capacity of machine m. If both the penalties do not exceed the capacities, they are
zeros. In addition, ¢;, ¢z, &, and B are the parameters that determine the magnitude and the degree
of the penalties. Several preliminary tests revealed that the fitness function of Kim et al. [3] derived
infeasible solutions for large-sized problems. Thus, we modified it as Equation (1) by multiplying two
on TP(t) and MP(m) in the original one. The coefficients (c1, ¢2, «, B) were also changed from (10, 10,
0.5, 0.5) to (200, 200, 2, 2) for the same purpose.

4.3. Overall GA Procedure

The proposed GA follows the typical GA procedure, as shown in Figure 6. In the beginning,
a certain number of precedence-preserved individuals are generated as an initial population by using
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the hybrid scheduling in Figure 4. At the end of each generation, fitness evaluation for all individuals
is performed. Reproduction follows the conventional selection—crossover—-mutation procedures.
The proposed GA uses binary tournament selection for reproduction to increase diversification,
wherein a superior individual is selected if a random number is less than or equal to prs, and an
inferior individual is selected if the number is larger than prs. In crossover, the precedence-preservative
crossover (PPX) is executed for the selected parents with a probability of pcx. The generated offspring
is applied with a location change mutation (LCM) with a probability of p;cps. It moves the locus of a
randomly selected operation while satisfying precedence relations. Then, the offspring is applied with
a machine-tool change mutation (MTCM) with a probability of ppircp. In the procedure, the machine
and tool of randomly selected operations with ppry are replaced by a machine and tool inducing a
minimal processing time. The next generation is constructed as follows: 50% of individuals with good
solutions in the population survive, and the rest are replaced by superior solutions in the offspring.
A termination condition is a number of generations. Detailed procedures will be described in the
following subsections.

s ~
Generate initial population using
the hybrid scheduling
v
{ '
Evaluate fitness

for every individual

\.

&

A

Select parents using binary
tournament selection with prg
v
Perform crossover using PPX
with pcy
v
Perform mutation
using LCM with p;cp,
\_and MTCM with pyrcy & Purr

Are all offspring
generated?

A Construct a population for
the next generation
with 50% of replacement
policy

Yes No
[ Evaluate ﬁtlle§S 4
for every offspring

Figure 6. Overall genetic algorithm (GA) procedure for IPPST.

4.4. Generation of Initial Population

The initial population affects the quality of the solution. Although the proposed GA uses a
semi-active scheduling as a main decoder, the hybrid scheduling in Figure 4 is adopted for generating
the initial population to obtain more effective initial solutions, as shown in Figure 7.
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Initial Population Generation Procedure:

Construct a set POP = @;
For k = 1:population size do
Construct a set S = {0;;|Vi,j};
For oi,j €S do
Assign m;; and t;; randomly from alternatives;
Determine pt; ; dependmg on m;; and t;
End For
Execute Hybrid Scheduling Procedure for IPPS with 6 = 0.5 for S;
POP « S,
End For
Return POP;

I.]a

Figure 7. Pseudocode of the initial population generation procedure.

4.5. Crossover Operation

Because the proposed GA uses semi-active scheduling as a decoder, the precedence relationship
among the operations in the chromosome must be retained always. Hence, we adopted the PPX of
Bierwirth and Mattfeld [21] for a crossover. Although the procedure of PPX is popular, we describe it
via the example of Figure 8. If a random number is larger than pcx, a string composed of one or two is
generated arbitrarily with an identical length to the individual chromosome. Starting from the first
element, if the value is one, the first operation of P1 (P2 if two) is copied to the leftmost empty gene of
the offspring (O), and the operation with identical job and operation ids is deleted from the parents
(P1 and P2). This process is repeated until all the operations are assigned to the offspring.

12swing | 1|12 faf2]2]2]2|af1|2]1]1]

31| 22] 34
Pl o;; [02'5 |01 012 M"ls b‘b‘b‘ M017 Iggﬂ

3.1 ey 33 1,3 23
(S (o 025 021 014 012 22 016 026 023 013 015 2.4 17 027
P2 021 M”zz W{]}ﬂom |026 |023 l;?{lou W‘?ﬂ}{]

Figure 8. Precedence-preservative crossover (PPX).

4.6. Mutation Operation

Mutation is an important genetic operator to enhance diversification of GA. The typical mutation
operation is to change the locus of a selected gene. Thus, we employed an LCM (location change
mutation), as shown in Figure 9a. First, an operation (og’%, black-arrowed gene) is randomly selected,
and the loci are changed arbitrarily to the first locus. At this time, to retain the precedence relationship,
the permissible range of loci (within white arrows) is restricted between the predecessor (029 or
nothing) and successors (ogg and 0 ) of the operation 05’ % If the ICR is adopted, LCM can change the
selected process route as well as the sequence of operations. Note that the dummy operations are also
changed in Figure 9a.
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. 2

31| 22| 31| 34| 14| 37| 33| 21| 1533|1713 24]23
011 (025 [0271 012 [012 |922 |O16 |926 |9233 [91,3 [O15 [02,4 |01,7 |02,7

/

31| 31| 22 34| 14| 37|33 21( 15[ 33| 17| 132423
Locus Change |0, |07 055|015 (012|022 (015 [026 [0273 013 [01)5 (0274 [017 (027

(a)

Binary String | 0 [ 1 [0 [o oo [1[1]ofo][1]0o]0]0]

Machine & Tool| 31| 32| 22| 34| 14| 37| 23| 32| 15| 33| 32| 1,3 24| 23
Change 021 911 925 (01,4 (91,2 (922 (91,6 [%2)6 [923 [913 [O15 [O24 (017 [O27

(b)

Figure 9. Procedure description of mutations: (a) Location change mutation (LCM); (b) Machine-tool
change mutation (MTCM).

Though LCM increases intensification of GA well, our preliminary experiments revealed that the
improvement of solution quality was unsatisfiable due to the large solution space of IPPST. Therefore,
we adopted another mutation operator, namely, MTCM (machine-tool change mutation). It increases
the intensification capability of GA and therefore helps to improve solution quality even with a
reasonable size of population. The fundamental concept of MTCM is to change the machine and tool of
an operation into the combination that induces the minimal processing time. The detailed procedure is
illustrated in the example of Figure 9b. First, a random binary string of the length of the chromosome
is generated, in which the number of ones is the largest integer less than or equal to pysrr times the
chromosome length. Then, at each gene, if the value is one, the machine and the tool are reassigned
as the machine and tool set of the minimal processing time: Otherwise, the existing assignments are
retained. For instance, the minimal processing time 9 of 0,4 is derived from machine 3 and tool 2,
as shown in Figure 1b. Thus, og:é is changed into 0%2 in Figure 9b.

The factors that significantly influence the schedule in IPPST are the sequence of operations,
the selected process route in OR relations, and the machine and tool to be processed. LCM changes the
sequence of operations and the selected process route. On the other hand, MTCM changes the machine
and tool. Machine change can be effective in reducing the idling time between operations because it
changes the starting time of the operation and distributes the resources. Particularly, a change in the
early period affects all the subsequent schedules. Tool change only changes the processing time of
the operation. However, changes in machine and tool influence the feasibility of the solution due to
the constraints.

5. Benchmark Problems and Experimental Environment

For the performance evaluation of the proposed GA, the set of problems of Kim et al. [3] was
selected as a benchmark. The problems are well defined and also have the advantage of being
convenient to compare to available results. In fact, most IPPS studies that do not consider tool flexibility
and tool-related constraints use Kim et al.’s [3] problem set as a benchmark. As shown in Table 1,
the total number of benchmark problems is 31, and each problem consists of a subset of 18 jobs (parts),
as shown in Table 2. Each job consists of 12-22 operations (#ops) with precedence relations, and the
number of OR nodes (#ORs) is 1-4. The number of operations (#ops) for each problem varies from 76
to 310.
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Table 1. Benchmark problems for IPPST.
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Problem  #ops Job Number Problem  #ops Job Number
P1 89 1,2,3,10,11,12 P16 160 2,3,6,9,11,12,15,17,18
P2 100 4,5,6,13,14,15 P17 155 1,2,4,7,8,12,15,17,18
P3 121 7,8,9,16,17,18 P18 155 3,5,6,9,10,11, 13, 14, 16
P4 99 1,4,7,10,13,16 P19 159 4,5,6,7,8,9,10,11,12
P5 102 2,5,8,11,14,17 P20 151 1,2,3,13,14,15,16,17,18
P6 109 3,6,9,12,15,18 P21 189 1,2,3,4,56,10,11,12,13, 14,15
p7 103 1,4,8,12,15,17 P22 221 4,5,6,7,8,9,13,14,15,16,17,18
P8 96 2,6,7,10,14,18 P23 201 1,2,4,5,7,8,10,11, 13, 14, 16, 17
P9 111 3,5,9,11,13,16 P24 211 2,3,5,6,8,9,11,12,14,15,17,18
P10 105 4,5,6,10,11,12 P25 199 1,2,4,6,7,8,10,12,14,15,17,18
P11 76 7,8,9,13,14,15 P26 207 2,3,56,7,9,10,11, 13, 14,16, 18
P12 105 1,2,3,16,17,18 P27 205 4,5,6,7,8,9,10,11,12,13, 14,15
P13 142 1,2,3,56,10,11,12,15 P28 212 1,2,3,7,8,9,13,14,15,16,17,18
P14 168 4,7,8,9,13,14,16,17,18 P29 262 2,3,4,5,6,8,9,10,11, 12,13, 14, 16,17, 18
P15 150 1,4,5,7,8,10, 13,14, 16 P30 266 1,4,5,6,7,8,9,11,12,13, 14, 15,16, 17, 18
P31 310 1,2,3,4,5,6,7,8,9,10,11, 12,13, 14, 15,16, 17, 18
Table 2. Job description of the benchmark problem for IPPST.
Job id #ops #ORs Job id #ops  #ORs Job id #ops #ORs

1 12 2 7 21 4 13 18 3

2 14 1 8 20 4 14 13 2

3 19 2 9 20 3 15 15 2

4 16 2 10 11 1 16 21 3

5 18 2 11 15 2 17 22 4

6 20 2 12 18 2 18 17 3

The facility has machine magazine capacity and tool capacity, as mentioned in Section 2. There are
in total 10 machining centers, and each machine operates a magazine with 26-38 tool slots, as shown
in Table 3. There are 20 types of tools, each of which exhibits a certain quantity: The number of slots

required in the magazine varies according to each tool.

Table 3. Magazine capacity and tool capacity of the benchmark problems.

Magazine Capacity Tool Capacity
Machineid  #Slots | Toolid #Copies #Required Slots | Toolid #Copies #Required Slots
1 28 1 6 1 11 7 1
2 31 2 7 2 12 10 2
3 38 3 6 2 13 9 3
4 28 4 6 2 14 8 2
5 36 5 10 1 15 6 2
6 37 6 6 2 16 10 2
7 29 7 10 3 17 9 1
8 28 8 9 2 18 6 2
9 29 9 7 1 19 8 2
10 26 10 5 2 20 7 3

The proposed GA was implemented using Julia language version 1.0, which is a recently
introduced programming language based on a low-level virtual machine (LLVM) just-in-time (JIT)
complier. The experiment was performed on an Intel® Core™ i7-6700U CPU@3.4 GHz with 16 GB
memory. The computation time was measured by CPU time in seconds.
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6. Experimental Results

6.1. Determination of Operating Parameters

A preliminary test was performed to determine the parameters pcx, prcm, PmMTcM, PTS, and pyTL-
Two or three levels were assigned to each parameter. The experimental conditions were as follows:
The selected problems were P1, P13, P21, P29, and P31; the number of repetitions was 10 for each
treatment; the population size was 50; and the number of generations was 1000. Table 4 shows the
experimental results of the average makespan (Cpqx) and the sum of the average computation time
(Xtcomp) according to the level of parameters for the five selected problems, where the last column of
Ciax is the rank of the sum of Cyay (ECay) in ascending order. Figure 10ab shows the boxplots of

2Cax and Ztcomp depending on the level of the five parameters.

Table 4. Average makespan according to operating parameters for the five selected problems.

Pcx Prem Pmrem Prs PMIL 7 T R 51 (;,’72";" P31 EC,.. Rank Ztcomp
005 | 1779 2145 2901 3807 4490 15212 41 | 161

06 010 | 1682 2092 2745 3653 4822 14994 34 | 17.38

0.1 o; 005 | 1881 2111 2848 3699 4631 15170 40 | 1698

7010 | 1717 2108 2797 3551 4554 14727 23 | 17.12

01 005 | 1694 2108 2820 3592 4530 14744 26 | 17.39

06 010 | 1703 1995 2704 3583 4543 14528 16 | 17.72

0.2 005 | 1729 2089 2789 3706 4211 14524 15 | 17.13

07 010 | 1762 2044 2749 3660 4423 14638 21 | 17.72

0.3 005 | 1722 2097 2747 3790 4730 15086 36 | 16.97
06 010 | 1702 1972 2808 3580 4263 14325 6 | 17.49

0.1 005 | 1774 2093 2850 3797 4619 15133 39 | 16.68

07 010 | 1674 2031 2665 3573 4635 14578 19 | 17.06

0.2 005 | 1722 2120 2698 3477 4269 14286 5 | 17.24

06 = 010| 1701 2009 2633 3662 4653 14658 22 | 17.46

b2 005 | 1693 2052 2807 3587 4241 14380 9 | 16.89

07 1040 | 1711 1993 2753 3521 4456 14434 13 | 1737

005 | 1775 2273 2972 3679 4613 15312 45 | 1781

06 010 | 1696 2088 2791 3718 4824 15117 37 | 17.99

0.1 005 | 1774 2091 2924 3729 4739 15257 42 | 17.66

07 010 | 169.6 2067 2903 3571 4498 14735 24 | 17.95

01 005 | 1770 2106 2864 3503 4723 14%.6 33 | 17.99

06 010 | 1715 2063 2710 3639 4281 14408 11 | 1843

0.2 005 | 1752 2027 2898 3853 4589 15119 38 | 1755

05 07 010 | 1737 2067 2783 3513 4288 14388 10 | 1831
: 005 | 1758 2197 2825 3684 4552 15016 35 | 17.58
06 010 | 1701 2103 2750 3530 4283 14367 7 | 17.87

0.1 005 | 1727 2160 2846 3693 4514 14940 32 | 17.44

07 010 | 1722 2137 2716 3518 4360 14453 14 | 17.60

Iz 005 | 1743 2131 2780 3452 4268 14374 8 | 17.70

06~ 040°| 1693 2051 2614 3584 4107 14049 3 | 1828

2 005 1696 2012 2805 3474 4431 14418 12 17.60

07 040 1691 2021 2688 3470 4181 14051 4  17.89

005 1724 2158 2968 3914 4963 15727 48 1850

06 010 1715 2124 2813 3461 4754 14867 31 1875

0.1 005 1865 2239 3002 3735 4509 15350 46 1846

07 010 1710 2123 2784 3638 5018 15273 43 1871

0.1 005 1803 2197 2902 3610 4284 14796 29  18.86

06 010 1744 2037 2708 3780 4470 14739 25 1938

0.2 005 1736 2118 2826 3657 4488 14825 30 1859

o 07 010 1723 2022 2748 3575 4484 14552 18  19.06
: 005 1785 2261 2875 370 4673 15295 44  18.63
06 010 1745 2114 2742 3616 4573 14790 28  18.69

0.1 005 1774 223 2925 3905 4706 15540 47  18.14

07 010 1702 2064 2704 3556 4610 14636 20 1845

0.2 005 1745 2122 2754 3681 4455 14757 27  18.68

06 010 1689 1967 2642 3415 4240 13953 1  19.02

nz oy 005 1701 2054 2672 3607 4508 14542 17 1824

0.10 170.9 2089 2623 3474 409.1 1398.6 2 18.94
average 1733 2095 2789 363.0 4503 1475.0 17.90
standard deviation 4.3 7.0 9.4 12.2 21.1 41.0 0.70
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In Figure 10, pcx only affected computation time critically, while the remaining parameters
affected both makespan and computation time. To confirm the effects of each parameter, a Kruskal-
Wallis test was performed on XCpuy and Ztemp, and the results are summarized in Table 5.
All interaction effects were pooled because they were not statistically significant at a significance
level of 0.05. In the table, parameters affecting makespan were p;cuy, pmrcm, and ppyrr, and only pex
was statistically significant at computation time. Preferentially, p;cy, pmrcem, and pyrr were selected
as 0.2, 0.2, and 0.1, respectively, and were statistically significant and yielded less makespan. Although
pcx was statistically significant at computation time, the temporal differences between parameter
values were negligible. Therefore, pcx and prs were determined to be 0.7 and 0.6, respectively, which
showed the best rank. The final determined values of the parameters are shown in bold in Table 4.
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Figure 10. Boxplots depending on the level of parameters: (a) ZCpax; (b) Ztcomp-

Table 5. Kruskal-Wallis test results for ZCpyax and Ztcomp.

Parameters ECinax Ztcomp

p-Value p-Value

pcx 0.372 0.000 **
PLcm 0.004 ** 0.332
pmrcm 0.000 ** 0.208
PTs 0.837 0.322
PmTL 0.001 ** 0.061

6.2. Performance Comparison to Previous Metaheuristics

The performance of the proposed GA was compared to that of four other metaheuristics:
asymmetric multileveled symbiotic evolutionary algorithm (AMSEA) proposed by Kim et al. [3],

Note: ** means p-value < 0.05.
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modified PSO (mPSO) by Miljkovi¢ and Petrovi¢ [23], feasible sequence discrete PSO (FSDPSO) by
Dou et al. [24], and enhanced ACO (E-ACO) by Zhang and Wong [25]. Besides AMSEA, all other
metaheuristics were proposed in the last two years. AMSEA is a multilevel evolutionary algorithm.
It divides an IPPS into four layered hierarchical subproblems: An integrated layer, a process planning
layer, a part layer, and a resource layer. Each subproblem is optimized through its own evolutionary
process. The metaheuristic mPSO has a conventional PSO procedure but adopts GA operators such
as crossover and mutation to increase diversification. FSDPSO follows conventional continuous PSO
conceptually, but it adopts genetic operations in all updating procedures of particles to address the
discrete IPPS. E-ACO applies pheromone trails to both nodes and edges to overcome the various
flexibilities of IPPS. In addition, various methods such as elitist strategy and MAX-MIN strategy are
applied to improve solution quality.

Since AMSEA applied the same benchmark problems as ours, we reused the experimental
results presented in the paper [3]. On the other hand, the results of the other metaheuristics were not
available because the benchmark problems, objective function, consideration of the tool flexibility,
and tool-related capacity constraints were different from ours. Therefore, other metaheuristics were
newly coded and evaluated in the same computing environment as the proposed GA. At that time,
we slightly modified them to solve our benchmark problems. The operating parameters of the methods
were applied as the values suggested in the papers. Table 6 shows the parameter values, where the
names of the parameters are the same as those given in the papers.

Table 6. Assigned parameter values for other metaheuristics. Here, mPSO: Modified particle swarm
optimization; FSDPSO: feasible sequence discrete PSO; E-ACO: Enhanced ant colony optimization.

Method Parameter
mPSO Wisin = 0.4, Wipay = 1.2, C1 = 2.0, Cp = 2.0, pe = 0.6, py = 0.1, ps=0.1
FSDPSO w=10,C =20,C; =20,k; =0.5,ky; =0.005, py =0.1
E-ACO Q =300,C =150, D =15, iy = 1.0, Tjax = 20.0, 9 =10, =1, =2,p = 0.15

Table 7 summarizes the experimental results on the best makespan (Cj,,,), the average makespan
(Chuax), the average computation time in CPU seconds (%), and the number of infeasible solutions
(ninf) for 31 benchmark problems. The results of all metaheuristics were obtained by performing 30
repeated experiments for each problem. The experimental conditions of all methods were fixed at a
population size of 50 and a number of generations of 2000. The results of the infeasible solutions were
excluded from all calculations.

FSDPSO was superior to other existing metaheuristics (AMSEA, mPSO, and E-ACO) in both
solution quality (C};,, and Cax) and computation time (marked in bold italic text in Table 7). In Table 7,
teomp and 1, ¢ of AMSEA are omitted because the results are not presented in the paper. However, the
computation time of AMSEA was assumed to be long due to the complicated procedure of AMSEA.
Here, mPSO had the worst solution quality among them. This was because PSO is a metaheuristic
suitable for solving the continuous domain problem, whereas IPPST is a highly discrete combinatorial
problem. On the other hand, FSDPSO, which is an improved PSO used to solve a discrete problem,
showed very good performance in IPPST. E-ACO provided better solution quality than mPSO, but the
solution quality was significantly worse than AMSEA or FSDPSO, and the calculation time was even
longer than the others. In E-ACO, every ant agent searched for a new path every iteration. However,
due to the high complexity of IPPST, it consumed a lot of computing resources to explore the path. It is
noteworthy that E-ACO frequently produced infeasible solutions in large-sized problems (P29, P30,
P31). In E-ACO, an ant agent constructed a path successively. Thus, if the incumbent solution broke
the tool-related constraints once while constructing a path, it could not be reentered into the feasible
region. To solve this problem, colony size and number of generations must be increased, which leads
to long computation times.
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In all the problems, the proposed GA outperformed all other metaheuristics (marked in bold text
and gray cells in Table 7) in terms of solution quality and computation time. In Table 7, the improved
rate [%] was calculated as 100 (result of FSDPSO — result of Proposed GA)/result of FSDPSO.
Compared to C;;,, by FSDPSO, that by the proposed GA was improved by 0.0-27.6% (an average of
14.5%). The proposed GA improved Cy;qx by 1.9-31.0% (an average of 17.1%) compared to that by
FSDPSO. Moreover, the zero n;, ¢ for all the problems indicated that all the solutions obtained were
feasible. Another notable point is that the computation time of the proposed GA was about 60% of that
of FSDPSO. Figure 11 shows the comparison bar charts of C;;ay and m of various methodologies
for the five selected problems (P1, P11, P21, P29, and P31). In the figure, regardless of the size of
the problem, the proposed GA was superior to other metaheuristics in both solution quality and
computation time. FSDPSO had the second-best performance. On the other hand, mPSO had poor
solution quality, and E-ACO had weakness in computation time.

AVERAGE MAKESPAN AVERAGE COMPUTATION TIME

B AMSEA = mPSO FSDPSO E-ACO ® Proposed GA B mPSO FSDPSO E-ACO ®Proposed GA

||I‘|‘| STEINE SN E
I - I - | | | |
13 P21 P29 P31 P1

P13 P21 P29 P31

P1 P

Figure 11. Bar graphs of Cy;qx and fcomp depending on metaheuristics for the selected problems.
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Table 7. Comparison of performance for benchmark problems.

Method AMSEA [3] mPSO [23] FSDPSO [24] E-ACO [25] Proposed GA Improved Rate [%]
Problem Conax Cinax Chiax Crnax teomp Ninf Coax Cinax teomp Minf Chax Cinax tcomp Ninf Coax Cinax tcomp Minf Chax Cinax tcomp
P1 280 292.2 355 3829 21.66 0 164 181.3 4.9 0 328 345.0 30.3 0 164 168.5 24 0 0.0 7.1 50.3
P2 237 257.3 382 411.6 24.39 0 187 205.0 5.9 0 324 362.3 347 0 185 192.2 34 0 1.1 6.2 42.7
P3 234 246.6 373 420.97 29.783 0 148 175.8 7.3 0 335 365.3 46.1 0 126 143.6 4.5 0 14.9 18.3 38.6
P4 211 219.1 310 35243 24.212 0 185 192.9 6.0 0 293 3254 29.9 0 185 189.2 3.5 0 0.0 1.9 40.7
P5 207 214.2 351 380.7 24.797 0 144 169.5 6.0 0 309 331.6 36.3 0 128 150.5 3.5 0 11.1 11.2 415
P6 346 365.5 401 451.43 26.2 0 194 214.6 6.2 0 362 402.3 44.7 0 176 181.0 34 0 9.3 15.7 449
P7 235 263.4 394 425.03 24.785 0 187 207.7 5.5 0 350 372.7 37.0 0 185 203.1 34 0 1.1 22 37.6
P8 250 258.8 355 409.77 23.194 0 176 191.7 5.5 0 340 360.6 32.8 0 176 176.8 3.0 0 0.0 7.8 443
P9 278 291.9 353 395.17 27.237 0 163 181.6 7.1 0 317 344.8 41.0 0 118 127.0 4.0 0 27.6 30.1 43.7
P10 266 284.1 393 436.67 23.437 0 188 224.3 54 0 363 389.5 34.2 0 185 199.3 3.1 0 1.6 11.2 435
P11 230 243.3 364 405 26.005 0 147 169.5 6.4 0 312 347.0 37.8 0 128 143.0 3.7 0 12.9 15.6 41.6
P12 269 286.3 336 370.8 25.826 0 124 144.9 6.3 0 291 325.1 39.1 0 106 121.8 3.7 0 14.5 16.0 40.6
P13 365 379.6 445 492.67 34.078 0 202 245.6 8.1 0 405 433.1 66.1 0 177 198.9 4.5 0 12.4 19.0 44.6
P14 309 335.1 467 526.3 41.274 0 221 261.0 10.5 0 408 444.6 78.2 0 186 211.1 6.3 0 15.8 19.1 39.9
P15 277 283.3 412 465.8 36.864 0 203 229.4 9.3 0 368 396.9 59.0 0 185 200.3 5.6 0 8.9 12.7 404
P16 397 4219 477 533.47 38.762 0 232 266.8 9.3 0 431 467.7 85.6 0 184 204.5 5.2 0 20.7 23.4 444
P17 385 399.9 484 531.8 37.712 0 211 256.4 8.7 0 428 452.7 70.6 0 205 234.6 5.2 0 2.8 8.5 404
P18 364 370.7 456 487.67 38.196 0 220 251.9 9.8 0 404 430.2 72.3 0 176 188.6 5.5 0 20.0 25.1 435
P19 370 383.2 496 558.63 38.586 0 259 301.7 9.3 0 447 485.8 72.3 0 218 240.0 5.2 0 15.8 20.4 44.0
P20 335 343.1 383 44143 37.404 0 162 190.1 9.3 0 347 379.8 70.9 0 128 1434 5.5 0 21.0 24.6 40.8
P21 448 465.1 572 631.87 45.995 0 286 327.3 11.2 0 489 523.0 103.7 0 228 258.0 6.3 0 20.3 21.2 437
P22 407 426.5 553 706.57 55.011 0 295 336.0 14.3 0 506 572.3 133.3 0 224 261.0 8.8 0 241 22.3 38.0
P23 351 362.9 536 600.7 49.833 0 263 303.4 12.7 0 480 507.2 104.1 0 212 245.9 7.8 0 194 19.0 38.9
P24 484 500.2 620 733.97 51.626 0 300 350.7 12.8 0 523 577.3 136.1 0 221 260.0 7.4 0 26.3 259 425
P25 422 448.7 572 727.53 48.647 0 298 3285 11.5 0 524 593.2 112.9 0 264 296.0 6.9 0 11.4 9.9 40.3
P26 428 455.1 559 656.33 51.32 0 266 315.2 13.4 0 500 538.3 119.5 0 194 217.4 7.8 0 27.1 31.0 42.1
P27 411 435.6 616 7319 50.248 0 309 357.8 12.5 0 530 582.7 117.2 0 256 291.1 7.2 0 17.2 18.6 419
P28 415 440.3 534 660.53 52.847 0 245 2884 13.5 0 496 529.5 124.8 0 195 215.7 8.2 0 204 252 39.1
P29 554 580.2 798 996.73 65.73 0 354 418.6 17.5 0 658 772.5 191.9 8 271 330.0 10.7 0 234 21.2 38.9
P30 499 526.6 935 1071.4 66.621 0 387 425.3 17.7 0 750 812.8 190.5 19 296 341.9 11.2 0 23.5 19.6 36.5
P31 639 669.2 1290 1342.3 78.742 26 442 504.7 21.9 0 N/A N/A N/A 30 330 399.0 14.1 0 25.3 20.9 35.8
minimum 0.0 1.9 35.8
average 14.5 171 41.5
maximum 27.6 31.0 50.3

* Bold and italic text: The best performance among the existing metaheuristics. * Bold text and gray cells: The best performance among the metaheuristics under comparison.
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A Gantt chart is a useful tool to easily identify the process plan and the schedule of operations,
the final solution of IPPST. Figures 12 and 13 show the Gantt charts of the pseudo-optimal solutions by
the proposed GA for P1 and P31, respectively. At the head of the figures, the problem id, the type of
metaheuristic, the size of population, the number of generations, the parameter values, the makespan of
the solution, the tool remaining at present for each tool type (Tool Remaining), the number of tool slots
available at present for each machine (Slot Remaining), and the computation time (Comp Time) are
displayed. In both figures, the solutions were feasible because all the values were higher than or equal
to zero in Tool Remaining and Slot Remaining. Each colored box represents the schedule (the starting
time and the completion time) of each operation, and the internal numbers of each box represent the
assigned process plan, that is, the job id, operation id, machine id, tool id, and processing time.

Best Schedule for P1: GA _(50, 2000) (0.7, 0.2, 0.2, 0.6, 0.1)

1=164.0; Tool Remaining=(4, 4, 3,2,9,5,7,5,3,2,7,7,6,5, 1,7, 6, 2, 4, 5]; Slot Remaining=[16, 18, 22, 20, 22, 20, 18, 14, 26, 20]; Comp Time=2.219 sec
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Figure 12. Gantt chart of the pseudo-optimal solution for P1 by the proposed GA.

Best Schedule for P31: GA _(50, 2000) (0.7, 0.2, 0.2, 0.6, 0.1)

330.0; Tool ini (0,0,0,0,3,0,5,3,2,0,2 3,2,3,1, 2,5, 0, 0, 0]; Slot Remaining=(3, 10, 13, 4, 14, 7, 7, 3, 12, 3]; Comp Time=13.125 sec
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Figure 13. Gantt chart of the pseudo-optimal solution for P31 by the proposed GA.
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In Figure 12, the schedule for P1, which was a small-sized problem, had many machine idling times
(areas without operation boxes, for example, 040 sections of M10 in Figure 12). These were generated
by the precedence relations between operations and machine availability. To reduce makespan and
increase utilization of machines, these idling times should be reduced as much as possible. However,
small-sized problems have a limited number of available operations, so reducing the idling times was
limited. On the other hand, as shown in Figure 13, large-sized problems such as P31 can be more
efficiently scheduled because there are a lot of available operations, so that the number and size of
machine idling times are small. Nevertheless, if the makespan is the same, it is recommended that
machine idling times be increased to save energy and increase machine and tool lifetime.

7. Discussion

In manufacturing, sustainability has been mainly addressed at strategic levels such as supply
chain design, layout design, cleaner product and production mean design, construction, and recycling
processes [26]. However, Giret et al. [26] have argued that approaches in operational levels are needed
for practical sustainable manufacturing, and they have pointed out that optimization of scheduling
can enhance energy efficiency and manageability of oversized capacity. IPPS, which considers process
planning and scheduling at the same time, is more practical and useful than scheduling in terms of
sustainability because it can eliminate schedule conflicts, reduce process flow time and work-in-process
inventory, increase utilization rate, and enhance responsiveness to uncertainties. The limitation
of this study was that it did not address the multi-objective problem. Even though makespan is
a representative objective variable that potentially contains many factors in IPPS, multi-objective
optimization enables detailed control over various sustainable factors such as energy, cost, and
greenhouse gas emissions.

Tool flexibility and tool-related constraints are important considerations that determine cost,
flexibility, and feasibility, as well as energy consumption. Since the energy efficiency of machine tools
is very low [27], efficient operation using scheduling is essential [26]. According to Petrovi¢ et al. [8],
only four studies [11,28-30] in IPPS-related research from 1999 to 2015 considered tool flexibility.
Moreover, tool-related constraints such as tool capacity and tool magazine capacity have so far
been considered only by Kim et al. [3]. These constraints affect solution quality and resource saving.
As shown in the n;, column in Table 7, if the capacities are tight or the size of the problem is large,
an infeasible solution is obtained. In addition, even if the solution is feasible, the solution quality is
poor because convergence is not sufficient. To pursue sustainable manufacturing at operation levels,
additional factors such as sequence-dependent setups, facility maintenance, workpiece loading and
unloading, etc., must be considered [31,32]. Since these are generally regarded as constraints, the
optimization algorithm must derive a feasible solution under various constraints. Existing algorithms
for IPPS do not include constraints other than precedence relations between operations, so performance
verification for it is insufficient. On the other hand, the proposed GA efficiently provides a feasible
solution even under tool-related constraints, as shown in the experimental results in Table 7.

In the meantime, many optimization methods for IPPS have been proposed. According to
Ausaf et al. [33] and Petrovic et al. [8], GAs or evolutionary algorithms [3,11,19,34-36], ACOs [4,28,37],
PSOs [8,11,23,24], and hybrid metaheuristics [8,38] have been most widely used for IPPS optimization.
However, they have constructed complex procedures, combined various algorithms, or added specific
subprocedures to address the various flexibilities of IPPS and to improve the solution quality of the
complex problem. Nevertheless, as shown in the experimental results, the existing metaheuristics
do not show remarkable performance. Rather, these approaches, which increase the complexity of
the algorithms, result in an increase in computation time without improving the solution quality.
On the other hand, even though the GA proposed in this paper follows the conventional simple GA
framework, it showed the best performance in terms of both the solution quality and the computation
time. This was possible because the proposed integrated chromosome representation could handle the
various flexibilities of the IPPS despite the single string structure.
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8. Conclusions

The IPPST problem, which is a highly complex combinatorial problem due to various flexibilities,
requires complicated representation structures and operating procedures when applying GAs.
The main contribution of this study was the implementation of a straightforward simple structured GA
for IPPST. To achieve this, we proposed a new chromosome representation. Regarding performance,
the proposed GA outperformed the existing metaheuristics for IPPST by over 17% on an average
makespan. Decreasing makespan caused an increase in throughput (the amount of production per unit
time), which meant that manufacturing capacity increased without additional production facilities.
The reduction of makespan also contributes to the profit margin of the company by reducing energy use
and manufacturing costs. This not only strengthens the company’s competitiveness and sustainability,
but it is also desirable for environmental preservation.

Moreover, the proposed GA could solve even large-sized problems within a short computation
time. This means that process planning and scheduling could be solved simultaneously in near-real
time by using the proposed GA. The key to smart manufacturing, which has recently been focused on
in the manufacturing field, is fast and effective decision making using real-time data. To effectively
respond to changes in dynamic manufacturing environments such as emergency orders, cancellation
of orders, and machine breakdown, an optimal decision algorithm based on real-time shop floor data
is required. The proposed GA is fast and effective, so it can be a countermeasure.

IPPST is constructed under some static assumptions, as mentioned in Section 2. To develop an
optimization method that works in a dynamic manufacturing environment, some assumptions must
be relaxed. However, such relaxations further increase the complexity of the IPPS and complicate the
algorithm for solving the problem. Increasing the complexity of the algorithm degrades efficiency and
flexibility, so a more efficient algorithm is needed to solve the problem in real time. Our future work
will focus on this topic.
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