2 M processes

Article

Development and Numerical Optimization of a System of
Integrated Agents for Serial Production Lines

Hisham Alkhalefah 1@, Usama Umer {2, Mustufa Haider Abidi !

check for
updates

Citation: Alkhalefah, H.; Umer, U.;
Abidi, M.H.; Elkaseer, A.
Development and Numerical
Optimization of a System of
Integrated Agents for Serial
Production Lines. Processes 2023, 11,
1578. https://doi.org/10.3390/
pr11051578

Academic Editors: Ming-Jong Tsai,
Ricky Min-Fan Lee and

Luis Puigjaner

Received: 7 February 2023
Revised: 20 April 2023
Accepted: 17 May 2023
Published: 22 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ahmed Elkaseer 2-3-4-*

1 Advanced Manufacturing Institute, King Saud University, Riyadh 11421, Saudi Arabia

Department of Mechanical Engineering, Faculty of Engineering, The British University in Egypt (BUE),
El-Sherouk City 11837, Egypt

Department of Production Engineering and Mechanical Design, Faculty of Engineering, Port Said University,
Port Fouad 42526, Egypt

Institute for Automation and Applied Informatics, Karlsruhe Institute of Technology,

76344 Eggenstein-Leopoldshafen, Germany

Correspondence: ahmed.elkaseer@kit.edu

Abstract: In modern high-volume industries, the serial production line (SPL) is of growing importance
due to the inexorable increase in the complexity of manufacturing systems and the associated
production costs. Optimal decisions regarding buffer size and the selection of components when
designing and implementing an SPL can be difficult, often requiring complex analytical models,
which can be difficult to conceive and construct. Here, we propose a model to evaluate and optimize
the design of an SPL, integrating numerical simulation with artificial intelligence (AI). Numerous
studies relating to the design of SPL systems have been published, but few have considered the
simultaneous consideration of a number of decision variables. Indeed, the authors have been unable
to locate in the published literature even one work that integrated the selection of components with
the optimization of buffer sizes into a single framework. In this research, a System of Integrated
Agents Numerical Optimization (SIGN) is developed by which the SPL design can be optimized.
A SIGN consists of a components selection system and a decision support system. A SIGN aids
the selection of machine tools, buffer sizes, and robots via the integration of Al and simulations.
Using a purpose-developed interface, a user inputs the appropriate SPL parameters and settings,
selects the decision-making and optimization techniques to use, and then displays output results.
It will be implemented in open-source software to broaden the impact of the SIGN and extend
its influence in industry and academia. It is expected that the results of this research project will
significantly influence open-source manufacturing system design and, consequently, industrial and

economic development.

Keywords: SPL; SIGN; buffer size; Al; optimization; decision support system

1. Introduction

In the past decades, serial production lines (SPLs) have received much attention and
have been considered an important key to organizational success. Many issues related to
SPLs are considered in the existing publications, such as scheduling problems, FMS layout
design, improved flexibility, throughput maximization, FMS design, etc. [1,2].

In modern mass-production plants, SPLs are a popular means of production. A serial,
automated flow or transfer production line consists of a sequence of several or many
machine tools with buffers (bays) between for the in-process parts [3]. The buffers’ main
purpose is to enable the individual machines comprising the production line to operate
relatively independently, which lowers the effect of any interruption of the line, such as
a machine failure upstream [4]. The buffers also absorb the variability in the production
line due to, for example, the stochastic nature of machine tool production, differences in
capacity, or the throughputs at various stages in the process. The provision of such buffers
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imposes capital costs and occupies floor space in the factory [5]. Thus, for the maximum
production efficiency, the buffers’ size must be minimized.

The Buffer Allocation Problem (BAP) has been the subject of significant previous
research. Yamamoto et al. [6] simulated the production system using a GA as part of
a system to support decision-making that could “improve” decisions regarding buffer
allocation. Qudeiri et al. [7] used a GA to optimize workstation capacity and buffer size
for both serial and parallel production lines. Qudeiri et al. [8] extended the use of a GA
to simulate flexible production systems with sub-systems, which included buffer size,
and concluded that production engineers could advantageously use their system when
making decisions on the size of buffers for flexible production lines with sub-systems.
Zandieh et al. [9] studied the BAP by applying the GA and particle swarm optimization
algorithms to solve a special class of problems. Shao et al. [10] suggested another novel
means for the simultaneous resolution of the BAP and transfer line balancing problem,
which was extended to calculate the production rate.

Kang and Ju [11] determined an optimal maintenance policy for an SPL consisting
of a series of machines, with each pair separated by an infinite buffer using Markov
decision models. Ouzineb et al. [12] studied the BAP and location of inspection stations for
unreliable SPLs. The aim was to fulfill the customer requirements at a minimum cost by
optimizing the buffer size and minimizing the number of inspection stations by selecting
suitable locations. It was reported that an exact mathematical method had been developed
and was able to solve the problem when as many as 30 machine tools were involved.
Dolgui et al. [13] used SIBEA and SEMO, commercially available software packages, to
investigate a multi-criterial optimization problem concerning the buffer volume required
in an SPL, and demonstrated that when such problems contained large dimensions, the
proposed method provided an efficient solution. Another study used a simulation-based
approach to simultaneously optimize the processing time and buffer level in a real-world
problem [14]. The design of experiments (DOE) was used to obtain a mathematical model
of this double-objective problem, and a multi-objective GA was then used to optimize the
mathematical model. Liberopoulos [15] considered an SPL operating on a buffer allocation
policy, whereby if the buffer immediately following a machine is full, the component can
be stored in any of the downstream buffers. The line was simulated as a queuing network
decomposed with the sum of nested segments equal to the sum of the buffers, with each
segment considered a sub-system composed of a buffer, and its two adjoining machines
were analyzed in isolation. Modeling each sub-system as a Markov chain, and applying
the method to both five- and ten-machine lines showed that the method provided accurate
results and was computationally efficient. Xi et al. [16] discussed an optimization problem
for unbalanced parallel SPLs with multiple objectives: to optimize the machine selection
and optimize the number of parallel lines and buffer capacities to obtain the necessary
cycler time and throughput. The method used was to divide a given production line into a
number of smaller lines optimized individually and then unify the obtained results via a
coordination process. The results of the method were compared with—and showed better
efficiency than—simulated annealing and NSGA-IL

Weiss et al. [17] carried out a thorough evaluation of the available publications con-
cerning the BAP in production lines with a view to highlighting future research directions.
Kose and Kilincci [18] investigated the buffer allocation in open SPLs, considering two
apparently contradictory goals, reducing the buffer size while increasing the production
rate, using Elitist NSGA-II, and a unique form of multi-objective simulated annealing. A
simulation of discrete events was used to assess the performance of the different SPLs,
revealing that the method developed had a considerable possibility for minimizing the
aggregate buffer space. Koyuncuoglu and Leyla [19] attempted to maximize the throughput
of unreliable production lines as a function of overall buffer size using two algorithms for
assessing the BAP. The results showed that the Combat GA algorithm did not perform as
well as the Big Bang-Big Crunch. Demir and Koyuncuoglu [20] searched for the BAP in an
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SPL using a variable neighborhood approach, which they found to be very successful in
determining high-quality solutions.

In a research study, an adaptive large neighborhood search was employed to optimize
the buffer allocation in unreliable production lines [21]. The suggested algorithm’s perfor-
mance was evaluated using the current benchmark examples. The research showed the
advantages of both the suggested initialization method and the adaptive mechanism built
into the algorithm. Duan et al. [22] optimized the multi-stage production line, including
the unreliable machines. The theoretical production rate was maximized, and the system
state entropy was minimized. An improved vector Universal Generating Function (UGF)
technique and composition operators were employed with the Markovian chain. An en-
gine head production line problem was utilized as a case study to show the efficacy of
the proposed method. Herndndez-Vazquez et al. [23] utilized statistical analysis and a
meta-model approach for optimizing the buffer allocation in a footwear manufacturing
line. Magnanini et al. [24] proposed a novel algorithm for the buffer capacity optimization
in autonomous asynchronous unreliable lines. The results reported that the proposed algo-
rithm performed better than the gradient-based algorithms in limited numbers of iterations.
Nahas [25] presented an integrated approach for buffer allocation, equipment selection, and
line balancing in unreliable production lines. A method based on the nonlinear threshold
accepting algorithm (NLTA) was proposed to solve the optimization problem. The results
for various numerical case studies were compared against the great deluge algorithm
(GDA), and NLTA gave better results. In another research study, the NSGA-II algorithm
was used for the multi-objective optimization of the buffer capacity allocation in multi-
product unreliable production lines [26]. Gao [27] presented a bottleneck detection-based
tabu search algorithm for optimizing the BAP. Compared to the simple tabu search and
adaptive tabu search algorithms, the numerical examples demonstrated that the suggested
approach could more quickly find the near-optimal solution.

Previous research into the selection of components for SPLs, reported in the literature,
was often limited both by the general assumption that the other components had been
previously determined and the lack of simultaneous consideration of more than one deci-
sion variable. The authors are unaware of any published work that integrates into a single
context the optimization of buffer sizes with component selection. The research proposed
here will develop a System of Integrated Agents Numerical Optimization (SIGN), which
uses multi-criteria decision-making to optimize selection of buffer sizes via a Buffer Size
Optimization module, robots, and machine tools selection via the Components Selection
System and Manufacturing Simulator System modules. To determine an optimal design
for an SPL, the three modules are combined into a single framework under the control of a
user-friendly interface.

The expected contribution of this research can be presented in the following points:

o  Withtheaid of GA, ANN, AHP, a design, development, and evaluation of an integrated
framework for a manufacturing simulation system will be conducted for the buffer
size optimization and components selection.

e  The proposed solution will be able to determine the optimal buffer sizes in FMS for
different types of production lines such as SPL, which paves the way to deal with
more complex systems.

e A manufacturing decision-support system (DSS) for FMS will be designed, developed,
and evaluated.

e  The proposed DSS will be impowered with reliable features that enable users to select
the manufacturing system components based on predefined criteria, and tailored
datasets of FMS components and their characteristics.

2. Theoretical Background
2.1. Structures of Production Systems

The structure of the flexible manufacturing system studied in this research is an SPL,
see Figure 1 [28].
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Figure 1. The structure of an SPL (modified from [28]).
The major assumptions regarding SPL components are [28]:

I The SPL comprises n machine tools (Mi, My, ... ., M) and n — 1 buffers (By, By,
...+ By_1). The machine tools are positioned sequentially, see Figure 1, with the
corresponding buffers between each successive pair of machine tools.

1L Every machine tool M;, i =1, 2, ..., n, when in the down state a machine does
not produce, when in the up state the machine produces at a rate 1 part per unit
time (cycle).

I Every machine’s down- and uptimes are random variables with an exponential
distribution with parameters p; (uptime) and r; (downtime), respectively.

I\YA Each buffer B;,i=1,2,...,n,is characterized by its capacity, 0 < N; < co.

V. At time t, if buffer B;_; is empty, then machine tool M; is starved.

VL The first machine M is never starved.

VIL At time t, if buffer B; 4 is full then machine tool M; is blocked.

VIII.  The last machine, M, is never blocked.

2.2. Evaluation of Throughput for Serial Production Line

The evaluation of SPLs can be approximated using decomposition and aggrega-
tion [29]. Here, we use forward aggregation as proposed in [29,30] to assess the SPL
performance at specified buffer sizes and given the up- and downtimes for each and every

machine comprising the SPL, in which machines M; and M, are combined into one, M{ ,

with up- and downtimes given by:

P§ = p2 +1Q(p1,71, P2, 72, N1) (1)
S =1y — N 2
1y =12 —12Q(p1, 71, p2, 72, N1) ()

where Q(p1,71, p2, 12, N1) is the probability that M is starved, and specified as [25]:

1—e;)(1-2) i fPa

L2, iff # 5
Jta, D, Ty, N) = Pa(Patpp)(ratry) 3
Qlpastar po, 7o, N) (Pat7a)[(Patpp) (ratrs) +ppra(patpotratry)NJ’ ®)

=8
And .
e = pzi=ab,
_ ea(l—ep)

b= eb(lfez)’ (4)

B= ea(Patput7atty)(Paty—Pota)
(Patpp)(ratrp) ’

where p,; and 7, are the uptime and downtime for machine “a”, respectively.

Next, the forward aggregation proceeds along the production line. The resulting
equivalent machine tool, Mg defined by pﬁf and r£ is combined with M3 to produce MC,{
(defined by pg and r]; as given above). The procedure continues until every machine tool is
combined into one, M{; (denote as p{; and ri,[). After that, in the backward aggregation, the

terminal machine, My, is aggregated with MZ _, tobe MZ_l defined by PZ—1 and rZ_l and
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so on until all the machine tools are again aggregated in a single machine, Mi’ defined by
pY and 8. The procedure is worked again until the following criteria are achieved.

f b
r r
Z=1 5)
Pn pl

The procedure is summarized in graphical form in Figure 2, more details about the
forward aggregation proceeds can be found in [25].

Figure 2. SPL evaluation procedure (modified from [28]).
The process may be presented as [28]:

s+1)=r— riQ(p{_l(s + 1), (s+1),pl (s + 1), (s + 1),N,~,1),i =2,...,1n

pls+1)=pi +rl-Q<p{71(s+1),r{71(s+1),p?(s+1),r$’(s + 1),Nl~_1),i =2,...,n

; | (6)
h(s+1)=r— riQ(pf?H(s +1),r0 (s +1),pi (s),r{(s),Ni),z =1,....n—1
pﬁ’(s +1) =pi+ r,Q(pf’H(s + 1),r5?+1(s + 1),p{(s),rif(s),Ni>,i =1,...,n—1
Given the initial conditions:
pl ) =pi, 1(0)=r, Vi=2,...,n—1,
and the boundary conditions:
pi(s) = pr, () =71,
pn(s) = pu, 1h(s) = 1n,
Vs =0,1,2,...
where Q(pa, 7a, Py, ¥y, N) is defined in Equation (3).
The approximate production rate for the given SPL is:
o r?
n 1
PR(pl,rl,...,pn,rn,Nl,...,Nn_l) = = (7)

p£+r£ ; Plf + "ll"
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3. Flexible Manufacturing Systems: Development of a System of Integrated Agents
3.1. The Selection of Manufacturing System Components

Different types of production systems and their components are explored at different
levels of flexibility as shown in Figure 3.

VR
Manufacturing
flexibility levels
N~ |
/J\ N\ /‘\'
Basic flexibilities System flexibilities Fully flexibilities
4 A4 D
Machine flexibility Volume flexibility Program flexibility
S N N
_Materjal handling \——_ZFExpansion _Production
flexibility flexibility flexibility
N N N
7~ N\ VR 7~ N\
Operation ___Process flexibility |___Market flexibility
—ffexibility

N N N

VR

Routing flexibility
N
VR
Product flexibility
—

Figure 3. The flexibility level.

The components of the production system that will be considered in our study were
decided after exploring different types of commonly used production systems in the
industry, and these components are shown in Figure 4.
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FMS COMPONENTS

Workstation

load/Unload Station

Processing Station
(CNC)

Computer Control
System

Material Handing and
Storage System

Primary handling
system (establishes the
basic layout of the FMS)

Secondary handling
system

Processing Station

Figure 4. The production system components.

Human Resource

The decision-making system for the selection of SPL components from those com-
mercially available were explored and chosen from those used in previous studies such
as multi-attribute utility theory and analytic hierarchy process. In this research, AHP was
selected. The decision process for selecting the components is determined according to the
requirements of producing palm oil. The commercial evaluation is carried out according
to the selection criteria in Table 1. The selection criteria are carried out based on four
main categories, each having different requirements. These four main criteria with the

corresponding sub-criteria are shown in Table 1.

Table 1. Machine tool selection criteria and sub-criteria [31].

Capability

Flexibility Adaptability

Safety

C1: Power

F1: U Axis Al: Taper Type

S1: Safety Door

C2: Maximum Speed

F2: Articulated Axis A2: Space Requirements

S2: No. of Emergency Stops

C3: No. of Spindles

F3: No. of Pallets A3: Online Access or Not?

S3: Fire Extinguisher

C4: Tool Exchange Time

F4: Rotary Table A4: Control Type

S4: Mist Collector

C5: Rapid Traverse Speed

F5: Head Changer Ab5: Coolant Type

C6: Cutting Feed

F6: Index Table

C7: Automatic Tool
Exchanger Size

F7: Dual Axis Rotary Table

F8: No. of Axis

Table 1 shows the most important criteria employed for SPL machine selection.
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In addition to the main criteria mentioned above, some other features, including
machine type, maker, cost, etc., could be considered in the components selection system
(CSS) when selecting the most appropriate machines.

3.2. Decision Support System for SPLs

The globalization of markets requires rapid changes in product design to remain
abreast of consumer demand, and now increasing limitations on resources oblige man-
ufacturers to be more rational in their decision-making. Here, we define a decision as
selecting between one or more alternatives. Inappropriate decisions regarding manufactur-
ing can lead directly to increased production costs, which are reflected in increased prices
to the consumers. Hence, the selection of the most appropriate machine tools to minimize
production costs is essential for product prices that are competitive and profitable.

Machining is used for the manufacture of a wide variety of products because of its
flexibility, short lead times, and the quality of products achievable. Thus, a poor decision
regarding machine tool selection could result in reduced quality, less flexibility, and lower
productivity. Even in those manufacturing procedures where machining is not key; it is
used to manufacture tools essential to production, such as molds and dies. When making
decisions between alternatives, minimizing doubt and uncertainty enables a more rational
choice to be made. The software package proposed by the authors in this report is a fast and
accurate algorithm, a robust decision support system for choosing between machine tools.

3.3. Problem Criteria and Proposed Solutions

The selection method for the choice of a machine in a production line is both very
challenging and very complex due to the many features that must be considered for each
machine and the large number of different machines that comprise the required production
environment. The software has been developed to optimize the selection between machine
tools according to the specifications input by the operator based on AHP, one of the highly
effective algorithms in the Decision Support System (DSS), see Figure 5. The software was
developed using Python programming language. The authors utilized AHB because it is
easy to consider the priorities of factors and it provides a very flexible model architecture
for the desired problem. AHB enables the operator to set the criteria weights of every tool
in the production line; in addition, AHP offers a very simple and flexible approach [31]. The
flexible model helps the operator to update the system according to the constraint changes.
However, AHP is a subjective method but it is not a limitation in this paper because the
AHP is utilized as a decision support system that will be guided by the operator. The
identification of values is very important for the AHP algorithm because it refers to the
criteria of selection. In the literature, some studies utilized multi-objective optimization to
perform the decision support system, such as a fuzzy multiple-attribute decision-making
model, integer programming models, and genetic algorithms (GA). All of these studies were
effective but with a limitation on how to be implanted in comparison with the AHP [31].

The workflow of the developed software is shown in Figure 6. The user enters the
selection criteria in a comparison style. After that, the software calculates the weights of
every feature entered and extracts the suitable machine tools at every step in production.
Thus, the user has access to all the machines in the database, but the selection is limited to
those tools in the database.

The selection of the most suitable machines and their components is important because
it directly affects the product quality, production rate, and product cost. The software
algorithm proposed here for selecting a machine via multi-criteria decision-making is a
form of AHP algorithm that has four stages, see Figure 7. The first stage systematically
decomposes the question into a graded form composed of several integrated dimensions. In
the second stage, the decision-maker uses the pairwise comparison of each paired element
of the matrices that make up the survey. In the third stage, the consistency is measured to
eliminate the inconsistent responses. In the final stage of the decision-making, the relative
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weights appropriate for the criteria appropriate for a given set of scenarios are scored, and
the decision-maker determines a total score.

Choose Machine

Machine 1 Machine 2

Figure 5. Analytic hierarchy process algorithm.

Database of -
Machines 'l

I+ Machines Weights \
¢ Selected Machines
* Text output file

Entering comparison AHP
criteria via operator Algorithm

|

1 [ .
Power, Cost, Speed, Weight, * Features weight

Buffer Size * Consistency Ration
* Target Weights

Figure 6. Software workflow.

The values and weights required for the AHP method are derived from the follow-
ing steps, which involve subjective judgments from the decision-makers in the pairwise
comparisons and the subsequent calculations to obtain the priority vectors. These priority
vectors represent the weights used to rank the alternatives in the decision-making process.

First are pairwise comparisons, which are made pairwise for each criterion or alter-
native. These comparisons are typically made by decision-makers who assess the relative
importance of one criterion or alternative over the other. This assessment can be carried out
using a scale varying between one and nine in which one means equal importance, and nine
refers to maximum importance. Second is the comparison matrix, based on the pairwise
comparisons, which creates a square matrix for each set of comparisons (i.e., one matrix
for each level in the hierarchy). The matrix dimensions are determined by the number of
criteria or alternatives being compared. If COST is more important than SPEED and the
comparison value is x, the matrix entry for COST vs. SPEED will be X, and the matrix entry
for SPEED vs. COST will be 1/x. The components of the matrix are always 1 since they rep-
resent the comparison of an element with itself. Third is the calculation of priority vectors:
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Define the problem and the criteria

Structure the hierarchy: goal, criteria,
and alternatives

for every comparison matrix, the algorithm has to compute the priority vector, which is
an eigenvector corresponding to the largest eigenvalue. The priority vector represents the
relative weights or priorities of the elements being compared. To calculate the eigenvector,
the logarithmic least squares method was utilized. After that, the normalization of the
priority vector is crucial so the sum of its elements has to be one. These priority vectors
represent the local weights for each element in the hierarchy. Fourth is the calculation of
the consistency ratio, which is carried out by calculating the consistency index (CI) then the
consistency ratio (CR). The CI is calculated as (\_max — n)/(n — 1), where A_max is the
largest eigenvalue and n is the matrix size. To calculate the CR, divide the CI by the average
random consistency index (RI) for a matrix of the same size. A CR value of 0.1 or less is
generally considered acceptable, indicating that the comparisons are consistent. Finally,
there is the aggregation of the priority vectors in order to obtain the global priority vector
for the alternatives, the algorithm aggregated the local priority vectors from all levels of
the hierarchy. This is carried out by multiplying the local priority vector of each alternative
with the corresponding local priority vector of the criteria and sub-criteria (if any), and
then summing the results. Finally, normalize the aggregated priority vector so that the sum
of its elements is one.

For each criterion, assign a value (a_ij) representing the relative
importance of criterion i compared to criterion j, using a 1-9 scale (1 =
equal importance, 3 = moderate importance, 5 = strong importance, 7 =
very strong importance, 9 = extreme importance, and intermediate values
for in-between judgments).

The inverse of the values is used when comparing in the opposite
direction (a_ji = 1/a_ij).

The diagonal elements are always 1 (a_ii = 1).

Normalize the pairwise comparison matrix by dividing each element by the
sum of its column.

Create pairwise comparison matrices Calculate the average of each row in the normalized matrix, which will give
for the criteria and alternatives you the priority weights (w_i) for each criterion.

Calculate the priority weights for the For priority: Repeat steps 1 and 2 for each criterion and the alternatives,

criteria

Calculate the local and global priority
weights for each alternative

Check the consistency of the pairwise
comparison matrices

creating a pairwise comparison matrix for each criterion and then finding
the local priority weights.

For global priority: Multiply the local priority weights of the alternatives by
the priority weights of the criteria and sum the results for each alternative.
This will give you the global priority weights.

Calculate the Consistency Index (Cl) and the Consistency Ratio (CR) to check
the consistency of the pairwise comparison matrices.
Cl = (A\_max - n) / (n - 1), where A_max is the maximum eigenvalue of the

Rank the alternatives based on the pairwise comparison matrix and n is the matrix size.

global priority weights

CR = ClI / RI, where Rl is the random index, which is based on the matrix
size. Compare the CR value with 0.1. If CR £ 0.1, the consistency is
acceptable.

Rank the alternatives based on their global priority weights, with the highest
weight being the most preferred alternative.

Figure 7. Flowchart of machine selection criteria.

3.4. Economical Aspects of Proposed SPL

In addition to the flexibility and productivity of the designed system, companies need
to consider the initial and the operational costs for the designed production system [32].
Accordingly, the manufacturing system planning has to follow a systematic approach entail-
ing a sequence of careful decisions for successful business design and implementation [30].
This study considers the cost of the machines in the production line as one of the criteria to
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select the machine tool as shown in Figure 5. Maximizing the cost of the production line
components such as machine tools will minimize the cost of entire production line.

3.5. Optimization Model

In this research, GA is utilized to obtain the optimal or near-optimal buffer size. GA is
one of the well-known meta-heuristic optimization methods, which finds the optimal or
near-optimal solution based on natural selection and genetics principles. GA begins with
an initial population, including arbitrarily selected solutions known as individuals. After
determining the fitness of all individuals in the initial population, the next population can
be generated by applying GA operations. These procedures are reiterated to achieve the
optimal solution of the problem. The results of the highest fitness will take the role of the
candidate solution to the processing problem. It is important to identify the structure of an
individual and encode the individual’s elements. In this research, the individual is defined
as a vector with n — 1 elements, where n is the number of machine tools in an SPL. Each of
these elements denotes one buffer. The GA optimization procedure is illustrated in Figure 8
and further theoretical explanation can be found in [28].

First Generation N Generation

0O0O00O0; DO000 " OO0OCEEEER

Crossover

[ [ [ [ | (s Cl‘ini’L}'g;\
OO0O0OOEENEN =

Figure 8. GA block diagram (modified from [28,31]).

4. Results and Discussion
4.1. Numerical Applications of Optimization Model: Production Line of 11 Machine Tools

In this section, the proposed optimization model is utilized to optimize the buffer size
for a production line with 11 machine tools, with the uptimes and downtimes parameters
listed in Table 2. The maximum buffer capacity that is to be used in each bay of each
machine tools is 5.

The proposed optimization model identifies several sets of optimal buffers correspond-
ing to numerous sets of uptime and downtime parameters. The GA parameters are selected
in this way; 100 individuals as the population size and the crossover rate and the muta-
tion are 0.8 and 0.05, respectively. Figure 9 shows the fitness curve for the proposed GA
optimization algorithm, applied to maximize the productivity and minimize the buffer size.

The optimal buffer sizes of the SPL at a desired uptime and downtime setting are
listed in Table 3. The results of the proposed algorithm for estimating the optimal buffer
sizes for serial production line of 11 machines was compared with what was reported in the
literature [33] under the same conditions of uptime and downtime parameters. Observing
the comparison between the results of the proposed model and the results of [33] under the
same setting, it is not so difficult to see that the proposed method successfully optimized
the buffer sizes that results in a higher throughput of the SPL (Productivity = 0.695) when
compared with the results reported in [33] (Productivity = 0.6266), under the same set of
uptime and downtime parameters.
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Table 2. Uptime and downtime parameters for the SPL of 11 machine tools.

Machine Tool Uptime Parameter (pi) Downtime Parameter (ri)
1 0.2 0.83
2 0.22 0.86
3 0.25 0.85
4 0.1 0.94
5 0.15 0.93
6 0.17 0.95
7 0.23 0.86
8 0.24 0.84
9 0.2 0.9
10 0.18 0.95
11 0.14 0.87
Pareto front
45 — %
:
40 - &
l“I’
?'T‘L
3
"
oy 30 't(
" ._._1_1
= ¥
(o]

[

o
T

i

0 B

L=
15 .
|
10 1 I | | iz ]
£0.75 0.7 .65 -0.6 .55 -0.5
Objective 1

Figure 9. Example of a pareto chart for the optimization model of an SPL with 11 machine tools.

4.2. Practical Industrial Use Case

The most basic production line is the SPL, and it is the basis for other production line
types. With the SPL it is easy to estimate its productivity rate, knowing the parameters
p; and r; for each machine and Ni for the buffers between consecutive machines. We can
then optimize the production line by running a GA solver using MATLAB to test a cloud
of values to find the optimum, but we not only want to maximize SPL productivity, we
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also want the minimum buffer space necessary to accomplish that. Therefore, we run a
multi-objective GA that seeks the lowest buffer values to achieve the greatest productivity.

Table 3. Optimal buffer size for an SPL of 11 machine tools.

Pi 0.2 0.22 0.25 0.1 0.15 0.17 0.23 0.24 0.2 0.18 0.14

SPL
Ri 0.83 0.86 0.85 0.94 0.93 0.95 0.86 0.84 0.9 0.95 0.97
Results of the Ni 2 2 3 2 2 3 2 2 3 3
proposed method Productivity 0.62
Result from the Ni 4 5 4 3 4 4 5 5 4 2
literature study [33]  Productivity 0.695
The number of buffers is one less than the number of machines; see Figure 10.
M My — M
M1 By 2 By n-1 Bnh-1 n
Input parts =) - O ) - O - ... - O ) mm) Output parts

Figure 10. Example of serial production line (modified from [28]).

The previous procedure can find the optimal values for a certain line, but it can
take some time for the optimization process to finish. To enhance the efficiency of the
solution, we will train a Neural Network to solve this problem faster. However, training a
Neural Network requires a significant amount of data to begin with; thus, we start with
randomizing a set of production lines with variant machine parameters. Then, by running
optimization on them, we will obtain the optimal buffer distributions and train the Neural
Network using these data, as in Figure 11, which shows the three steps for processing SPLs.

Setting

Serial Production Lines my my My g mm
B4 B2 By-1

Rework Path

Split Lines Genereate Random Machines Calculate Optimized Buffers NN Training

Merge

Decision

B Flexible Manufacturing - [m] X

Flexible Manufacturing

Serial Production Lines

nes Machine Count 5

Set Count 5

Support System
Output Path  DAANGUIAINMatlabScripts\RandomizedMachines.xdsx

Start Generating..

Figure 11. A serial production line interface.
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The software can be easily adapted to different types of production lines, such as those
not currently covered. As our first example, we will demonstrate working with an SPL;
first, we generate a random machine set from the first page of the application and input
the Machine count and set count. Then we press “Start Generating”, and the software
saves the data in an Excel format to be available for the user to manually edit if necessary.
After generating the file, the interface will enable the button to open the file for editing; the
results are shown in Figure 12.

A B & D

1 |Set Machine Pi Ri

2 1l 1 0.111134 0.807822
3 1 2 0.262384 0.497567
4 1 3 0.04848 0.699018
5 1 4 0.383938 0.604231
6 1 5 0.234522 0.534287
7 2 1 0.300756 0.553057
8 2 2 0.202877 0.819446
9 2 3 0.35647 0.975575
10 2 4 0.219339 0.483175
11 2 5 0.060568 0.554505
12 3 1 0.336446 0.552569
13 3 2 0.3259 0.546115
14 3 3 0.371776 0.60999
15| 3 4 0.079442 0.55065
16 3 5 0.246802 0.683973
17 4 1 0.141312 0.898497
18 4 2 0.23452 0.729834
19 4 3 0.36696 0.571503
20 4 4 0.303123 0.852237
21 4 5 0.152798 0.740693
22 5 1 0.031266 0.43237
23 5 2 0.212788 0.8675
24 5 3 0.37367 0.477%44
25 5 4 0.227961 0.681634
26 5 5 0.005749 0.602274_

-~

Figure 12. A randomized machine output sample.

After revising the randomized sets of data, we move on to the next step for calculating
the optimized buffers, after entering the maximum buffer range available for Ni, we press
the “Start Optimizing” button as shown in Figure 13.

After pressing the “start optimization” button, the MATLAB runtime loads, and the
GA solver shows the results on the screen in real-time, see Figure 14.
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7 Flexible Manufacturing

Setting

Serial Production Li

Split Lines

Merge Lines

Flexible Manufacturing

Serial Production Lines

Bu-1

Genereate Random Machines Calculate Optimized Buffers NN Training
Output Path  DAANGUIAINMatlabScripts\Op AachinesResult.xl
Ni Range 50

Start Optimizing..

Figure 13. Calculating the optimized buffer page.
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Figure 14. MATLAB GA optimization results.
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The results are filtered. The multi-objective GA gives 70 results for each set, and the
selection is made according to the maximum productivity with the least amount of bulffer,
and the results are then saved to an Excel file as shown in Figure 15, and the training of the
ANN is shown in Figure 16. The study shows a significant reduction in the buffer size and,
as a result, the production line cost.

Set Machine Pi Ri Ni PR
1 1 0.111134 0.807822 1 0.601606
1 2 0.262384 0.497567 2 0.60166
1 3 0.04848 0.09901=8 3 0.60166
1 4 0.383938 0.004231 4 0.601660
1 o 0.234522 0.534287 > 0.60166
2 1 0.300756 0.253057 1 0.640832
2 2 0.202877 0.819446 2 0.p040832
2 3 0.35647 0.9753575 3 0.640832
2 4 0.219339 0.483175 4 0.040832
2 o 0.000568 0.554505 2 0.640832
3 1 0.236446 0.552569 1 0.600033
3 2 0.2259 0.546115 2 0.600033
3 3 0.371776 0.60999 3 0.600033
3 4 0.073442 0.55065 4 0.600033
3 o 0.246802 0.683973 o 0.600033
4 1 0.141312 0.898497 1 0.299045
4 2 0.23452 0.729834 2 0.599045
4 3 0.36690 0.571303 3 0.399045
4 4 0.303123 0.852237 4/ 0.599045
4 2 0.152798 0.740693 2 0.399045
5 1 0.031266 0.43237 1 0.553744
3 2 0.212788 0.8675 2 0.353744
5 3 0.37367 0477944 3 0.553744
3 4 0.227961 0.681634 4 0.353744
5 o 0.0057/49 0.602274 o 0.553744

Figure 15. Excel printout of the genetic algorithm optimization results.

The Graphical User Interface for the decision support system requires the user to input
5 balanced parameters with a total of 100 for each of the parameters. However, the interface
does not permit the user to start with invalid parameter values and guides the user to enter
the right values, as shown in Figure 17. If the user enters values higher than 100, the start
button is disabled.
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4\ MNeural Network Training (nntraintool) — O =

Mewural Network

Hidden Output
Input Output

20 4

Algorithms
Data Division: Random (dividerand]
Training: Bayesian Regularization (trainbr)

Performance: Mean Squared Error  (mse)
Calculations:  MEX

Progress
Epoch: o [ f000iterations ] 1000
Time: | 0:00:14 |
Performance: 140603 [ ate 0] 0.00
Gradient: 15303 [ 00000182 ] 1.00e-07
Mu: 0.00500 | 0,500 | 1.00e+10
Effective # Param: 34 [ S0 | 000
Sum Squared Param: 123 [[T808 | 000
Validation Checks: 0 | 0 | 0
Plots
E Performance i (plotperform)
| Training State | (plottrainstate)
| Error Histogram | (ploterrhist)
| Regression | (plotregression)
Plot Interval: ' 1 epochs
v Maximum epoch reached.

. Stop Training .' Cancel

Figure 16. Neural Network training.

Whenever the user enters the values, the interface allows the calculations to commence,
and when finished, the application presents the results visually, as shown in Figure 18.
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B’ Flexible Manufacturing

Flexible Manufacturing

Setting Decision Support System
~

Serial Production Lines

DATA v QF‘R‘:DIC“UN
Rework Path @™ DEcision

< o
Split Lines
DSS EXE Path  D:\ANGUIAINMatlabScripts\dss\ m

Merge Lines Speed 20
Power 40

) Cost 10

Weight 10

Buffer 40

Figure 17. DSS interface validation.

Speed 20
Power 40
Cost 10
Weight 10
Buffer 20

Output:
e 2, A% 2, e o,
\

M13, QYZ-500 M21, 77PHZG M31, TS-W M43, QYZ-500 M52, BN50 M61, ZYDH470

Figure 18. DSS output.

5. Conclusions

A SIGN has been designed and successfully implemented in this research work to
optimize SPLs. The SIGN presented here integrates Al with simulation to select the buffer
size, machine tools, and robots. A GUI has been developed, which enables a user to input
the relevant parameters, settings, and optimization and decision-making techniques, which
are then processed with the results presented.
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Numerical tests were used to verify the accuracy of the SIGN proposed here. The
research presented here may be extended to different designs of manufacturing systems
with the following possible benefits:

Maximizing the efficiency and minimizing the cost of new manufacturing systems.

Reducing the initial cost of a new manufacturing system.

Providing support for production engineers determining buffer sizes.

Providing support for production engineers determining the components of a new

manufacturing system.

Providing support for production engineers designing SPLs.

The major objectives achieved in this study are:

Determination of the optimal buffer sizes in SPLs.

Optimal selection of the manufacturing system components.

Development of a database for SPL components with their characteristics.

The design, development, and evaluation of a means of simulating a manufactur-

ing system.

e  Development of an integrated framework for optimizing the buffer sizes and compo-
nent selection.

e Designing, developing, and evaluating a decision support system to assist in the

design of manufacturing systems.
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Abbreviations

SPL Serial Production Lines
M1-Mn Machine Tools
B1-Bn Buffers

pi Uptime

T Downtime

Q Probability

N Number of buffers in the main production line

Bi Buffer size in front of the machine tool i + 1

GA Genetic Algorithm

F(@) Fitness of individual i

P_size  Population size (number of individuals in population)

S Number of individuals selected by applying elitist strategy

IND(i) Individual i
POP(i)  Population i

CP Crossover point
Cr Crossover rate
Mr Mutation rate.
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