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Abstract: The manufacturing industry has witnessed rapid changes, including unpredictable product
demand, diverse customer requirements, and increased pressure to launch new products. To deal
with such changes, the reconfigurable manufacturing system has been proposed as one of the
advanced manufacturing systems that is close to the realisation of smart manufacturing since it
is able to reconfigure its hardware, software, and system structures in a much quicker manner.
Conventional simulation technologies lack convergence with physical manufacturing systems, and
reconfigurable manufacturing lines require the manual construction of production line models for
each reconfiguration. This study presents a digital twin-based integrated reconfiguration assessment
application that synchronises with real-time manufacturing data and provides accurate, automated
simulation functionality to build and analyse a manufacturing system. The paper discusses the
architectural design and implementation of the application, an information model, and an assessment
model that enable quantitatively assessment on reconfigurations of manufacturing systems from
various aspects. The effectiveness of the proposed application is verified via application to an
automotive parts production line to assess the reconfiguration indicators of the manufacturing system
under different scenarios. The results reveal that the proposed application provides faster and more
accurate reconfiguration assessments compared to existing methods. The findings of this study are
expected to facilitate accurate and consistent decision making for evaluating the various indicators of
production line performance.

Keywords: digital twin; reconfigurable manufacturing system; reconfiguration assessment; automo-
tive part production lines

1. Introduction

With the advent of globalisation, the manufacturing industry has started facing dy-
namic market changes, such as unpredictable product demand, shortened product lifecycle,
and increased demand for customised products [1,2]. Uncertainty in the market is expected
to increase, leading to a decrease in the lifecycle of products and manufacturing technol-
ogy, and an increase in competition among manufacturing companies [3]. In line with
the above-mentioned changes in the manufacturing paradigm, several approaches and
attempts have been made in various fields to improve the manufacturing system [1]. The
existing dedicated manufacturing system (DMS) for mass production can produce a single
product cost-effectively with the required quality [4]. The flexible manufacturing system
(FMS) focuses on the production of multiple products in a product family, facilitated by the
production of various products in one manufacturing system. However, the FMS, which is
not designed for structural change, cannot respond to sudden changes such as variations in
demand, flexible batches, and machine failures [4,5]. Koren et al. proposed a reconfigurable
manufacturing system (RMS) “designed at the outset for rapid change in structure, as
well as in hardware and software components to quickly adjust production capacity and
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functionality within a part family in response to sudden changes in market or in regulatory
requirements” to overcome the limitations of the existing manufacturing systems [6].

The 21st century has been witnessing manufacturing innovation in many countries,
starting with the rapid development of information and communication technologies (ICT)
in various fields and “Industrie 4.0” proposed by Germany in 2011 [7–9]. Smart manufac-
turing, which is a new paradigm in the manufacturing industry since the fourth industrial
revolution, includes a set of innovative technologies that support effective and accurate
decision making in real time through the introduction of various ICT technologies and
convergence with the existing manufacturing industry [8]. Although there is no clear
definition of smart manufacturing, it can be defined as “a fully integrated and collabo-
rative manufacturing system that responds in real time to meet the changing demands
and conditions in the factory, supply network, and customer requirements”. Thus, smart
manufacturing includes technologies and systems that can respond to internal and external
changes in real time, which make it possible to build a lighter and more flexible production
system compared to conventional manufacturing systems [7,10,11]. RMS belongs to the
category of smart manufacturing; these systems are part of the fourth industrial revolu-
tion environment and can contribute to smart manufacturing implementation [12]. Qin
et al. reported that the current manufacturing industry did not comprehensively achieve
the Industrie 4.0 level; despite the gap between the current manufacturing and smart
manufacturing, FMS and RMS were assessed as systems closest to Industrie 4.0. [13,14].
Koren et al. claimed that the use of the core technologies of smart manufacturing would
enable real-time operational decision making within RMS [1]. However, the manufactur-
ing system has a very complex structure; in particular, there are several alternatives for
configuring the reconfigurable manufacturing line (RML). For example, the number of
possible configurations of an RML comprising 10 machines is more than 500 [15]. Although
many studies on the definition of RMS and the selection of configuration alternatives for
manufacturing lines have been conducted [1,12], there remains a lack of research on how to
assess the performance of a line quantitatively while considering various factors to support
decision making when reconfiguring a line. Due to the complexity in the evaluation of
the RMS, it is necessary to incorporate an assessment model that enables quantitative
evaluation on the effectiveness of the RMS with considerations on various aspects of
manufacturing system.

Simulation technologies are important tools for analysing complex manufacturing
systems [16–18]. In terms of manufacturing, simulation focuses on modelling manufac-
turing organisations, behaviours, and processes in virtual models that can be used from
the shop floor to the supply chain levels for as-is and to-be manufacturing and support
operations, assessment of manufacturing resource allocation and scheduling alternatives,
and continuous improvement of manufacturing operations through performance predic-
tion benchmark comparison [19]. To build a smart manufacturing system, only simulations
expressed in detail down to the component level that can analyse, optimise, and verify the
system must be considered [17]. However, in a situation in which the focus is primarily on
physical products rather than virtual models with convergence with the physical model, it
is difficult to solve these problems with simple simulation technology [18]. Digital twin
(DT) technology is gaining popularity as a potential solution to this problem [16–18,20]. In
an environment wherein manufacturing site data are collected through communication
networks, such as the industrial internet of things (IIoT) and various sensors, each physical
device can be expressed as a virtual representation defined by a DT. With simulation as
a core technical functionality, the DT can help derive performance indicators for various
production control techniques [21,22]. Therefore, the application of DT technology to the
production system allows the analysis, evaluation, optimisation, and prediction of the
current scenario by synchronising manufacturing site information and functions in real
time, enabling dynamic prediction unlike the existing simulation models [16,23]. For the
RMS, in which the production line is frequently reconfigured, the benefits of utilising
DT-based simulation over the existing simulation must be clarified.
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Accordingly, this research proposes a DT-based application that can quantitatively
assess various aspects of reconfiguration for the RMS. This proposed application is designed
to achieve responsiveness to rapid market changes during the planning and operation
stages for manufacturing systems. DT simulation, which is an advanced concept of existing
simulation, was applied to predict and assess various performances of the production line.
Compared with existing simulation methods, this method can build and run the simulation
model faster and more accurately. To verify the proposed application, the aims of this study
were to:

1. Define the concept and purpose of DT-based integrated reconfiguration assessment
application for RMS;

2. Describe the architectural framework and detailed definitions to satisfy the purpose
of the proposed application;

3. Design the technical functionalities and operational procedures of the DT module;
4. Propose an information model appropriate for RMS to operate the DT-based simula-

tion and reconfiguration assessment;
5. Present the quantitative assessment criteria, assessment elements, and assessment

methods for various performances of the production line belonging to the RMS;
6. Apply the proposed application to an actual automotive part production line to verify

its effectiveness.

2. Research Background
2.1. Reconfigurable Manufacturing System (RMS)

In 1999, Koren et al. proposed the RMS, an open system architecture that quickly and
economically responds to unpredictable market changes, such as rapidly changing product
demands and shortened product lifecycles [1,6]. By the end of the 20th century, to gain a
competitive edge in the global market, manufacturing companies aimed at establishing a
manufacturing system that could achieve three goals: low-cost production, high product
quality, and a rapid and cost-effective response to market changes [3]. Owing to the rapid
development of ICT and the increasingly diverse and complex customer requirements in
the 21st century, the new goal is to gain competitiveness in ever-changing and challenging
markets by producing new products in the existing manufacturing systems [3,7–9]. To meet
this goal, a production line of the RMS should have the following six key characteristics to
ensure responsiveness while reducing reconfiguration time [1,3,6].

1. Scalability: Capability to modify production capacity by adding or removing resources
and/or changing system components;

2. Convertibility: Capability to transform the functionality of the existing systems and
machines to fit new production requirements;

3. Diagnosability: Capability to monitor product quality in real time and perform rapid
diagnoses of the root-causes of product defects;

4. Customisation: System or machine flexibility around a part family; that is, obtain
customised flexibility within the part family;

5. Modularity: Compartmentalisation of operational functions into units that can be
manipulated between alternative production schemes;

6. Integrability: Capability of integrating modules rapidly and precisely by hardware
and software interfaces.

These key characteristics improve system responsiveness by minimising the time
and cost of reconfiguration in the manufacturing line, and research on its technological
applications is currently being conducted in many industries [1,12]. Construction of such
a system that combines the advantages of the traditional manufacturing systems ensures
high flexibility and productivity. Table 1 compares the DMS, FMS, and RMS [12]. The FMS
expands product range, whereas the RMS rapidly responds to various requirements and
changing circumstances; this means that the focus is more on customised flexibility than
on production flexibility [7,13,24]. Accordingly, the RMS can quickly bring the required
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quantity to the market in a timely manner despite the rapidly changing manufacturing
paradigm and goals of the existing manufacturing systems; further, it can help save cost
and time compared to the existing manufacturing system and improve product quality
based on the in-line inspection technology.

Table 1. Comparison among the features of DMS, FMS, and RMS; Adapted with permission from [12],
2018, Elsevier.

DMS FMS RMS

Cost per part Low Reasonable Medium
Demand Stable Variable Variable

Flexibility No General Customised
Machine structure Fixed Fixed Changeable

Product family
formation No No Yes

Productivity Very high Low High
System structure Fixed Changeable Changeable

Variety No Wide High

2.2. Digital Twin (DT)

The concept of DT was first introduced by Grieves in 2003 and it has been continuously
developed since then. It can be defined as an integrated virtual model of information objects
and functional units based on the configuration of heterogeneous physical elements [25–28].
The DT is an advanced concept and compared with existing simulation models, the DT
model has the following advanced features [18,26,29–33]:

• Automatic model creation with predefined configurational and functional units;
• Reflection of the production site information onto the model by convergence with ICT

and information synchronisation;
• Advanced processing with an optimisation algorithm or plan generation based on

horizontal coordination with engineering applications;
• Repeated derivation of indicators for dynamic prediction and diagnosis reflecting

various situations.

Efficient operation can be achieved through overall product lifecycle management
(PLM) from product design to manufacturing and service by applying a DT to manufac-
turing. In the product manufacturing phase, simulations and predictions based on the
DT-based physical and virtual shop floors, shop floor service system, and shop floor DT
data configurations are performed for production plans and processes in a virtual envi-
ronment to provide an optimisation strategy for the shop floor service system and achieve
real-time monitoring and control [18,26,34,35].

The above properties of DT allow cyber-physical integration in the production phase;
they would increase the accuracy of management and the efficiency of decision mak-
ing [25,36–38]. Furthermore, this DT model is used in research for the advancement of
processes and operations [18,39,40]. From the RMS production planning viewpoint, real-
time decision making is a very complex problem; the application of the major components
of smart manufacturing, such as the multiagent system and digital manufacturing to RMS,
ensures the effectiveness and efficiency of real-time operational decision making [1]. In this
study, the DT concept was applied as a virtual model to develop an advanced simulation
technology based on the technical definition of operation and procedures.

2.3. Assessment Indicators of RMS

The key performance indicator (KPI) is an indicator of a company’s ability to measure
and monitor performance to streamline operations through benchmarking against internal
goals or external competitors for evaluating the business performance, productivity, and
human contribution [41,42]. The need for an indicator that can enumerate reconfigurations,
determine the optimal reconfiguration, and assess the six key characteristics of the RMS
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from various perspectives leads to an increase in the demand for the RMS. Studies analysing
RMS performance have been conducted since the early 2000s [12,43]. However, these
studies tend to lack quantifiable indicators of reconfigurations with a limited scope of
research because there are numerous factors that contribute to the reconfiguration of the
system; it is difficult to identify the relationship between these variables [44]. Hasan et al.
measured the reconfigurations of reconfigurable machines, which is a core element of the
RMS that uses the multi-attribute utility theory and power function approximation to
propose a service-level index for the assessment of RMS performance and reconfiguration
processes for a multiple-part family RMS [2,44]. Benderbal et al. proposed the assessment
of the modularity of the system using an archived multi-objective simulated annealing-
based approach, which aims at maximising system modularity and minimising system
completion time and system cost for optimising RMS design [45]. Similarly, a study was
conducted to assess the modularity in a distributed manufacturing system based on a
design structure matrix [46]. Eguía et al. proposed an assessment that contributes to
increasing productivity by identifying and quantifying the inefficiency of system operation
considering time, labour, and energy consumption of different RMS modules based on
the data envelopment analysis technique [47]. Youssef et al. proposed reconfiguration
smoothness (RS) to measure the smoothness and ease of a manufacturing system in terms
of cost, time, and effort at the time of configuration selection; they also reported RS at three
levels: market-level RS (TRS), system-level RS (SRS), and machine-level RS (MRS) [15].
Existing studies use assessment methodologies for single characteristics of the RMS; studies
on integrated assessment of various factors related to reconfigurations are difficult to find.
Therefore, this study aims to propose an assessment model that can comprehensively
assess the reconfigurations of the production line at the time of line design or during the
reconstruction of RMS.

3. DT-Based Integrated Reconfiguration Assessment Application of RMS
3.1. Concept and Definition of Technical Terms in the Proposed Application

The application proposed in this study aims to support decision making by assessing
the reconfiguration of a production line in the RMS more accurately and quickly by using
DT-based simulation which uses a model that is synchronised with the production site. In
the case of traditional simulation modelling, whenever the production line is reconfigured,
a user must manually re-build the model. In addition, the disconnection of information
from the production site and the user’s proficiency considerably affects the accuracy of
the simulation result. The model synchronised with the production site can increase the
accuracy of the simulation result. Because the line is reconfigured to respond to frequent
demand fluctuations, consistent and automated modelling procedures are required. The
definitions of terms frequently used in this study are as follows. Configuration period
(CP) refers to the period in which the manufacturing line changes the existing production
configuration to a different configuration to respond to changing market demands; the
RMS must respond to at least one CP [15]. Demand scenario (DS) means the scenario
constituting each CP, consisting of product mix and product volume, which are demand
information, as well as scenario occurrence probability [15]. Reconfigurable machine (RM)
is a facility that can manufacture one or more part families, with the flexibility to respond
to the manufacturing of new products [48].

Figure 1 shows the conceptual model proposed in this study. This application com-
prises four main components. The information model uses the real-time data collected
at the manufacturing site for DT model creation, synchronisation, and simulation. The
simulation-based DT module creates a DT model based on the information model, syn-
chronises it with the shop floor, performs simulations, and predicts simulation results. The
reconfiguration assessment module assesses the reconfigurations of the manufacturing
line based on the simulation results and the assessment elements of the assessment and
information models. The proposed application assesses the reconfigurations of the RML



Machines 2022, 10, 75 6 of 29

for each CP in the RMS equipped with a data exchange system using information media,
such as various sensors or IIoT.
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Figure 1. Conceptual map of the proposed application.

3.2. Architectural Framework and DT of the Proposed Application

Figure 2 depicts the architectural framework of the proposed application. The frame-
work is divided into an RMS comprising (1) an RML, (2) legacy systems that collect and
process information collected from the line, (3) a component manager, (4) DT operation
module, and (5) a reconfiguration assessment module that corresponds to the scope of
application proposed in this study. The description of each component is provided below.

1. RML: A line that has the reconfigurability to produce multiple products in one man-
ufacturing line. It can respond to the production of various products and expand
production capacity through reorganisation of the manufacturing line by adding and
removing resources in the manufacturing line.

2. Legacy systems: A system that acquires information related to production activities
performed in actual production sites. The system is a general legacy system used
in the industry (e.g., enterprise resource planning, manufacturing execution system
(MES), and point of production), and data from various systems are acquired, stored,
processed, and integrated through the manufacturing data management system.

3. Component manager: It comprises an interface for exchanging information between
the RML and the proposed application, as well as a manager for driving and managing
other modules in the application. The information received through the interface is
transferred to the DT operation module; the DT operation module is run based on
the information, and it receives the assessment result of the line and returns it to the
client through the interface.
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4. DT operation module: As a core component of the application, the DT model of the
production line is created and synchronised with the shop floor, and the simulation re-
sult is calculated based on the information received through the component manager.
This module includes a simulation engine along with a DT configuration data library
that contains a predefined base model amenable to rapid modelling and performing
logical operations, such as those pertaining to production and logistics, scheduling,
and priority rules as well as metadata. The principal differences between the existing
simulation modelling process and this module are the automation of the modelling
procedure using the DT configuration library and synchronisation with the manu-
facturing site based on an information model. The base model is imported based on
metadata when constructing the simulation model, and it consists of manufacturing
resources. Metadata are configuration data utilised when using the base model and
logic. This includes manufacturing information collection time and the location of
the configuration data. Furthermore, to enable accurate simulation, the unit functions
of resources are reflected in the simulation model at the time it is collected. The DT
model includes the production plan, product information, scalable production range,
process information, and machine information.

5. Reconfiguration assessment module: This module evaluates the assessment items
related to the reconfigurations of the RML using the simulation result value predicted
by the DT operation module and data received through the component manager and
assessment model. After the calculation, this module returns the assessment results
and the simulation results to the component manager. To comprehensively assess
the integrated reconfiguration of the manufacturing line, the RS, reconfiguration
productivity, lifecycle cost, and space efficiency are assessed. Subsequently, the
integrated reconfiguration indicator is calculated using the four indicators.
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An automotive part production line must respond to frequent product demand and
specification changes required by automotive original equipment manufacturers (OEMs).
This implies that the production line must meet production plans while producing various
existing and new products. As the existing line does not have such flexibility, the production
line must be designed from the product design stage when a product is changed or a
new product is introduced. Further, disposal costs are incurred when the product is
discontinued. In addition, it is difficult to establish a production plan and predict the
feasibility of production when an emergency order from an OEM is received. Even if a
production plan is established, it is difficult to respond to unexpected scenarios arising from
sudden problems such as machine failure. In this study, an assessment of the feasibility of
production plan at the request of the customer and productivity through DT simulation
reflecting real-time data collected from the field is conducted to solve this problem. Figure 3
shows a flowchart of the application procedure for assessing the line at the time of line
reconfiguration or new production line configuration.

DT comprises the following four steps at each line reconfiguration time:

1. DT model creation: This step simulates the configuration and unit function of the
DT model from the information model and process configuration information of the
line. The model configuration uses a base model and logic to simulate the physical
manufacturing system and logistics as a DT model by utilising the simulation engine.
In this step, the unit function simulates the function by utilising the logic defined in
the DT configuration data library.

2. Synchronisation of DT model: This step maps the information model-based data
to the composition and unit functions of the DT model. In this step, the parameter
information regarding manufacturing products, processes, and capacity is input,
and the real-time information collected at the manufacturing site is input to the
configuration and unit function of the DT model.

3. Start simulation: In this step, simulation is performed using the DT model. Discrete
event simulation (DES), which is a core function of the DT operation model, is per-
formed. Through previous steps, the model performs a more accurate and realistic
simulation.

4. Obtaining the simulation result (get Simulation Result): This step involves collecting
simulation results from the DT model. The simulation results calculated in this step in-
clude productivity, operation rate, space utilisation, and investment cost; these results
are transmitted to the reconfiguration assessment module to calculate the reconfig-
uration assessment indices and integrated reconfiguration results. The definition of
the result for each simulation is as follows: Productivity refers to the total number
of products manufactured during line operating hours. Operation rate refers to the
actual operating time relative to the operating time of the line. Line operating time is
the sum of the operating time and stop loss time, where stop loss is the sum of failure
attributed to machine failure and line stoppage, the preparation and adjustment loss
from preparation and finishing before and after work, production type change, jig
exchange, and machine check and adjustment to ensure normal operation. Space
utilisation is the ratio of the manufacturing line to a given space area. Investment cost
is the cost required to construct and operate a manufacturing line.
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Figure 4 shows a sequence diagram for the operation procedure of the application. The
assessment client checks the demand and production plan information prior to configuring
the line and configures the processes required for production accordingly. Subsequently,
when requesting an assessment, the information model-based real-time data collected from
the production site to the legacy system, configured processes, and demand information
are transmitted to the application. If real-time data cannot be collected at the production
site, the DT model cannot be synchronised with the field, and only predefined reference
data serving as reference information are transmitted. Thus, the configuration and function
of the model are mapped using predefined reference data instead of real-time data in
the DT model synchronisation step. This is the same as the existing simulation model;
however, the user does not need to proceed with the simulation modelling work through an
automated procedure. The received data are transferred to the operation module of the DT;
the simulation results calculated by the DT module are transferred to the reconfiguration
assessment module. These results are used for assessment based on the reconfiguration
assessment model when calculating the reconfiguration indicators, and they are returned to
the assessment client along with the simulation results. The assessment client can request an
assessment of one or more lines, and the application runs until the assessments of all models
are completed; the assessment results of all requested lines are returned to the assessment
client to compare and analyse the results. Therefore, the assessment client can quickly
and repeatedly draw and analyse the assessment results of repetitive line reconfiguration
through the application, while confirming whether the demand and deadline are met, and
the production plan is achievable. Line reconstruction can be performed by selecting the
optimal one among several alternatives.
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3.3. Information and Assessment Models for DT-Based Reconfiguration Assessment

A virtual representative description synchronised with on-site resources composed
of various types of models and data is important for the successful application of the
DT [21]. This information model has been revised from the DT model that supports vertical
integration and horizontal coordination for DT operation procedures to suit the application
proposed in this study [49]. Existing studies on information models for simulation focus
on rapid modelling and interoperability [49–53]. However, they do not include advanced
simulation through dynamic prediction and diagnosis of the manufacturing site status. To
obtain a detailed information model reflecting the current situation of the manufacturing
site, the accuracy of the simulation model needs to be increased using vertical coordi-
nation [49]. The changes made in the information model proposed in this study, when
compared with the model proposed by Park et al. [49], are as follows:

1. Determination of the reconfigurable resource has been added to the information
required for the resource description of the existing shop floor;

2. Product family information focusing on the RMS rather than a single product has
been added;

3. Information on RM composing the RML includes information on corresponding
product varieties and product groups and information on scalability judgement,
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and information on scalability, which corresponds to whether facilities and buffers
composing a line can be added or removed, has been defined;

4. A change plan for the production line has been added considering the characteristics
of being able to produce various products in a single line.

The following information has been added to the information model, for reconfigu-
ration assessment: demand information comprising DS, CP, and investment period infor-
mation, and information on manufacturing resources, required area, number of facilities
owned by the line, and workers; cost information comprising fixed costs and investment
budgets, such as the prices of facilities, modules, buffers, and material handling equipment
constituting the manufacturing line, as well as line operating costs and labour costs. This in-
formation is used to assess the investment costs and reconfiguration in the simulation stage.
This information includes the arrangement layout for facilities, buffers, and constrained
space constituting a line.

This model contains various elements constituting the manufacturing line, relationship
between each element, processes to be performed, and various planning information for
production. It is an object-oriented model composed of five classes: product, process, plan,
plant, and resource. The definition and main components of each class are as follows.
Product represents the information of a product, and the main components are customer
information, bill of material, and subparts and product family information. Process refers
to the process information on machine and material for production; the main components
contain information on process, material input, and logistics. Plan is a class for product de-
livery plans as well as procurement plans for parts and semi-finished products provided by
vendors and production plans; this class includes information such as planned production
volume, operation schedule, and the non-operational plan as major components. Resource
is a class composed of information on manufacturing resources for production, including
information on general machines, RMs, buffers, material transfer devices, and operators
performing processes. Plant is a class that creates and synchronises the DT model using
information of the four classes described above. It comprises the layout of the RML, loca-
tion of manufacturing resources, and site information collected in real time. Further, this
class includes instantiated information about products, process, planning, and resources,
and it expresses the condition of the site accurately by including the current information
regarding the physical production line collected via media. Using the information, one can
create and synchronise the objects of the actual production line.

Figure 5 shows classes representing the data and relationships between product,
process, and plan by objectifying them.

Figure 6 depicts classes representing the data and relationship between resource and
plant. Data collected for the above-described information model are different for each
class. An object-oriented concept information model to improve the performance for data
storage and processing was proposed, because of the massive amount of manufacturing
data are collected from IIoT, legacy systems, and business solutions that are being used.
Further, this information model is used for building DT models of RMLs and evaluating
reconfigurations. Moreover, it is possible to build DT models of manufacturing lines other
than the RML. In this study, the proposed application is limited to utilising the real-time
data collected in the field but not dealing with the method for the collection of the data,
because there are many studies on the approaches for collecting the data from the field.
Once the data are collected, the DT model can be constructed based on this information. If
there is no real-time data exchange system in the field, it is impossible to reflect real-time
data. Therefore, a simulation model was built to suit the information model format.
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The RMS should be able to respond quickly and efficiently to changes in market
demand while satisfying productivity improvement and low lifecycle cost requirements.
Therefore, in consideration of these aspects, reconfiguration assessment items are defined
to able to assess the responsiveness of the manufacturing line and the lifecycle cost as
shown in Table 2. With the introduction of reconfigurable lines and reconfigurable facilities,
space efficiency items are additionally defined to assess the space efficiency compared to
the existing lines [54,55].

Table 2. Definition of reconfiguration indicators.

Objective of Manufacturing System Assessment Category Assessment Factor Related Characteristics of RMS

Improvement of market
responsiveness RS 1 SRS 2 Convertibility

MRS 3 Modularity

Increasing productivity Reconfiguration productivity
Scalability Scalability

Demand fulfilment Customisation and
convertibility

Reduction of lifecycle cost Lifecycle cost
Initial investment cost -

Operation cost Customisation, convertibility, and
scalability

- Space efficiency Area of facilities -

1 Reconfiguration smoothness; 2 System-level reconfiguration smoothness; 3 Machine-level reconfiguration
smoothness.

The RS suggested by Youssef et al. [15] was used as the RS factor (RSF). The RSF is an
index used to evaluate the cost, time, and effort required for reconfiguring a production line.
The RSF is an assessment index for determining RS during the expected investment cycle,
calculated by considering both the RS and the feasibility of configuration of the production
line pairs that satisfy the DS of the configuration periods [15]. It is expressed as follows:

RSF = ∑i ∑j ∑k RS
(
Ci−1,j, Cik

)
Pik , (1)

where i, j, k, Cij, and Pik, represent the number of CPs, number of DSs in the i − 1th
CP, number of DSs in the i-th CP, configuration layout in the j-th DS of the i-th CP, and
probability of meeting the k-th DS in the i-th CP, respectively.

The RS comprises three elements: TRS, SRS, and MRS [15]. TRS refers to the smooth-
ness at the market level that reflects the cost and time required to purchase or lease
additional machines, machine modules, and stations to satisfy the production scenario
for a configuration period, as well as to sell or return the related machines to be removed
in the next cycle. SRS refers to the cost, time, and effort required to add, remove, and
relocate facilities, stations, and logistics machines to satisfy the configuration period sce-
nario [15]. MRS refers to the RS at the facility level considering the facility modules added
or removed from the maintained facility and the operation cluster added or removed to
satisfy the scenario for the configuration period [15]. As this study aims to assess the RML,
the assessment scope takes the hardware level in account, and it is assumed that there
are no restrictions on assessing TRS and MRS at the software level. That is, the RS in this
paper is only assessed for the RSF at the hardware level, and the smoothness related to the
facility between SRS and MRS is assessed. SRS considers installation and removal of RML
machines and racks, and MRS considers installation and removal or movement of machine
modules. The RS is defined as the sum of SRS and MRS [54,55].

RS
(
Ci−1,j, Ci,j

)
= αSRS + (1− α)MRS, (2)

α = Weight (0 ≤ α ≤ 1).

The SRS and MRS are respectively defined as follows:

SRS = βSRSm + (1− β)SRSr , (3)

β = Weight (0 ≤ β ≤ 1);
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SRSm = γ
Number o f Installed Machines

Total Number o f Machines + (1− γ)
Number o f Uninstalled Machines

Total Number o f Machines

= γ
∑Mi∈M2−M1

Mi+∑Mi∈Mm Mi

∑Mi∈M1∪M2
Mi

+ (1− γ)
∑Mi∈M1−M2

Mi+∑Mi∈Mm Mi

∑Mi∈M1∪M2
Mi

;

SRSr = γ
Number o f Installed Racks

Total Number o f Racks + (1− γ)
Number o f Uninstalled Racks

Total Number o f Racks

= γ
∑Ri∈R2−R1

Ri×rtype+∑Ri∈Rm Ri×rtype

∑Ri∈R1∪R2
Ri×rtype

+ (1− γ)
∑Ri∈R1−R2

Ri×rtype+∑Ri∈Rm Ri×rtype

∑Ri∈R1∪R2
Ri×rtype

;

rtype =


1, i f Ri is Storage Rack

0.5, i f Ri is Sliding Rack

where M1, M2, Mm, R1, R2, Rm, and rtype represent the set of previously installed machines,
set of machines to be installed in the next CP, set of machines moving from their existing
location, set of previously installed racks, set of racks installed in the next CP, set of
racks moved from their existing location, and the weight according to the liquidity of the
rack, respectively.

MRS = MRSd, (4)

MRS = δ
Number o f Added Machine Modules
Total Number o f Machine Modules + (1− δ)

Number o f Removed Machine Modules
Total Number o f Machine Modules

= δ
∑Mi∈M1∩M2

MCij2−j1

∑Mi∈M1∩M2
(MCij1+MCij2−j1)

+ (1− δ)
∑Mi∈M1∩M2

MCij1−j2

∑Mi∈M1∩M2(MCij1+MCij2−j1)
,

where δ, j1, j2, and MCi represent the weight (0 ≤ δ ≤ 1), set of added machine modules,
set of machine modules to be added in the next CP, and set of module components in the
i-th machine, respectively.

Reconfiguration productivity (RP) is an index used to evaluate the production capacity
and scalability of a production line by applying demand fulfilment (DF) and the scalabil-
ity of production capacity (S) during the CP calculated from the DT model [54,55]. The
throughput of DF and the average scalability of S are calculated using the results from the
simulation. The weight ρ is affected by the accuracy of the demand forecast. It is recom-
mended that a weight higher than the scalability being set as satisfying the forecast demand
is more important than coping with the average fluctuation. However, the importance of
scalability becomes relatively higher when the accuracy of demand forecasting is low [54].

RP = ∑i ∑k
[ρDFik + (1− ρ)Sik]Pik. (5)

ρ = Weight (0 ≤ ρ ≤ 1);

DFik = max
[

Throughput
Demand

, 1
]

;

Sik = max
[

Average Scalability
Demand Fluctuation Range

, 1
]

.

Lifecycle cost (C) is an index for evaluating the facility investment and operating costs
compared to the investment budget, given as [54,55]

C =
π IC + (1− π)ROC
Investment Budget

. (6)

π = Weight (0 ≤ π ≤ 1);

IC = Initial investment Cost;

ROC = AC + OC,

where π and investment cost (IC) represent the weight (0 ≤ π ≤ 1) and initial investment
cost, respectively, and reconfigurable operation cost (ROC). Further, C can be divided into
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IC and ROC. ROC is divided into additional investment costs (AC) and operation costs
(OC), and AC is the cost considering the purchase cost of machines or modules added
according to the configuration period shown in

AC = ∑i ∑j ∑k AC
(
Ci−1,j, Cik

)
= ACm + ACd, (7)

where Ms and Psi represent the set of machines that can be added for production scalability
and the probability of adding machines for production scalability, respectively.

Further,

ACm = Added Machines Cost = ∑Mi∈M2−M1
(Mi × CMi) + ∑Mi∈Ms

(Mi × CMi)Psi;

ACd = Added Machine Modules Cost = ∑Mi∈M1∩M2

(
MCij2−j1 × CMCij

)
.

The OC is the cost required for the operation of the production line and it can be
calculated using the results of simulation.

OC = ∑i ∑k
(OCl + OCm)× Pik, (8)

OCl = Labor Cost = ∑Mt∈Mik
Nt × Tw × Cmp,

OCm = Operational Cost = ∑Mt∈Mik
(Top × Cop + Tid × Cid),

where Mik, Nt, Tw, Cmp, Top, Tid, Cop, and Cid represent the set of machines in the k-th
DS in the i-th CP, number of workers input to the t-th machine, working time with the
input workers, labour cost per unit time, top (machine operation) time, machine idle time,
machine operation cost per unit time, and machine idle cost per unit time, respectively.

Space efficiency (SE) is an index defined to assess how efficiently a space is used based
on the area of the line compared to the constrained space where the manufacturing line can
be configured. It evaluates the area occupied by a layout [54,55], as follows:

SE =
i

∑
k

∑
[

dimik
Space Limitation

× Pik

]
, (9)

where Mik, Rik, and Dmt represent the set of machines installed in the k-th DS in the i-th CP,
number of racks installed in the k-th DS in the i-th CP, and minimum required area of the
t-th installation. Further,

dimik = ∑
Mt∈Mik

Mt × DMt + ∑
Rt∈Rik

Rt × DRt ,

The integrated assessment index calculated by the reconfiguration assessment model
is defined by the standardised Euclidean distance between the above-mentioned four
assessment item indicators and the ideal value [54,55]. Here, the ideal value refers to the CP
of the production line, which is defined as an ideal value xi = (0, n, 0, 0). Here, n denotes
the number of CPs to which the RML corresponds. The RS, C, and SE defined above can
be the ideal values when no line changes are made at the time of reconfiguration of the
production line. RP is defined as n because the productivity should be at its best for all
configuration periods. The above four assessment items are coordinated in 4D, and then,
the distance from the outlier is calculated as

Integrated recon f iguration =

√
λrs

∣∣∣∣ 0− RS
srs

∣∣∣∣ 2
+ λrp

∣∣∣∣ n− RP
srp

∣∣∣∣ 2
+ λc

∣∣∣∣ 0− C
Sc

∣∣∣∣ 2
+ λse

∣∣∣∣ 0− SE
sse

∣∣∣∣ 2
, (10)

λrs + λrp + λc + λse = 1,
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sk =

√
∑m

a=1(xak − xk)
2

m− 1
,

where m, λrs, srs, λrp, srp, λc, sc, λse, and sse represent the number of RML alternatives, RS
weight, RS standard deviation, RP weight, RP standard deviation, weight of C, standard
deviation of C, SE weight, and SE standard deviation, respectively.

The smaller integrated index value is the more reasonable alternatives calculated
results become and it can be seen to be closer to the most ideal values. According to the
pre-set weight for each assessment item, an integrated reconfiguration index based on the
assessment intention of the decision maker can be calculated for the selection of the most
adequate alternative for the reconfiguration of the production line.

4. Industrial Case Study
4.1. Application Environment and Information

The proposed application consists of DT simulation method that utilises information
model for creating DT and synchronisation with the field, and assessment model for
evaluation of various aspects of manufacturing systems. This application was applied to
an actual production line that produces automotive door trim to validate performance
of the application and to ensure that all functions of the application were met. The case
study implemented in the study was based on the proposed architectural framework. The
input elements of the framework are included in the information model; these elements
are divided into assessment and simulation elements as shown in Table 3. To compare
the results from simulation and reconfiguration assessment on different manufacturing
systems, DML, FML, and RML are assessed. Cars generally consist of four doors. Thus,
the manufacturing line produces four door trims for each vehicle type in each line. The
reconfigurations for the door trim production for five types were evaluated. Table 4
summarises the differences between each line.

Table 3. Input elements for reconfiguration assessment and DT simulation.

Input Elements for Reconfiguration Assessment

Element Items

Demand information DS, CP, and expected investment cycle
Resources information Number of modules, machines, workers, and required area

Cost information Prices of resources, line operating costs, and labour costs
Logistics information Properties of the rack, material handling equipment information, and required area

Other information Production line layout, investment budgets, and available space

Input Elements for DT Simulation

Element Items

Production plan Sequence of production, target production plan, procurement, and operation plan
Product information Bill of materials, customer information, and product family information
Production process Sequence of process, process layout, process type, and operation information

Resources information Information of each resource, probability of failure, capacity, and scalability

RM indicates whether reconfigurable facilities are applied to the line. Producible
products represent the number of varieties that can be produced in a line. Scalability
indicates whether the machines and racks can be added or removed. The setup time
represents the preparation time for production, which includes machine changes and
system settings when a product is changed in the line. For DML, changing the product
produced in a line is impossible. For the line reconfiguration time when producing a new
product, the DML must dispose the machines from the existing line and build new layouts
and facilities. Considering the door trim maker, a line reconfiguration time of three months
is required. For FML, the facility introduction and line reconfiguration requires one month.
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The time spent building machines required for producing a new product and the time spent
constructing the layout are considered in the line reconfiguration time.

Table 4. Comparison between DML, FML, and RML.

Line RM Producible
Products

Scalability Setup Time 1 Reconfiguration
Time 2

Product
Transportation MHE 3 No. of Processes 4

1 2 3 4 5

DML X 1 X Impossible 3 months Conveyor Forklift 12 9 9 11 9
FML X 5 X <20 min 1 month Conveyor Forklift 12 9 9 11 9
RML O ∞ O <5 min <30 min AGV AGV 8 6 6 8 6

1 Line setup time for changing the product; 2 Line reconfiguration time for manufacturing a new product;
3 Material handling equipment; 4 The number of required processes by model.

The first target line is the DML in Iksan, South Korea, which mass produces door
trims, wherein parts are transported on a conveyor belt and workers assemble parts on
an assembly table. The actual appearance of the line is shown in the view of the DML in
Table 5. The layout of the DML in Table 5 shows the layout of this line. The detailed name
of the process has been declared as confidential information by the manufacturer, thus it is
indicated by a process number. When product demand is relatively higher, the front door
trim and the rear door trim are produced separately. When the demand is relatively lower,
the front and rear door trims are produced simultaneously on a single line.

Table 5. Layout and view of DML, FML, and RML.

Line Layout View

DML
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The second target line is an FML that produces multiple products on one production
line; the basic structure of the performing assembly is similar to that of the DML. However,
this line can produce the five models on one line by applying flexible machines. Every
time the product is changed, it incurs the setup time related to the manual change of the
machines by the worker, as well as setting of the line system. Prior to the production of new
products, line configuration time was required to produce machines and the establishment
of the line. This line is a simulation model built to compare the assessment results for the
FMS and RMS. The model of this line is shown in the view of the FML in Table 5; the layout
is similar to the DML.

The final target line is the RML with the characteristics of RMS. The RML in this
study determines the components corresponding to the assembly process to minimise
the time and cost required for product change; further, it configures the workstations in
a modular form and arranges these workstations to meet the order of the processes to
establish an assembly line. This line can respond quickly to changes in products being
manufactured by applying RMs such as reconfigurable jigs; further, it is scalable and can
add and remove workstations according to the changes in demand. The line is located at
a plant in Gimhae, South Korea, and the actual view of the line is shown in the view of
the RML in Table 5. This line utilises various automated machines and automated guided
vehicles (AGVs). The operator can easily check the product and process information and
quickly reconfigure the line according to the production plan with these core technologies,
open networks, software development, and information collected from the field. The layout
of the RML in Table 5 shows the layout of this line. Boxes marked with solid lines indicate
the process configuration for basic assembly, and they are composed of a reconfigurable
module designed to be configured with input, assembly, and inspection processes in a
movable standardised workstation. The processes marked with dotted lines are temporary
processes, which are configured to allow the addition and removal of modules. In this line,
reconfigurable jigs on the AGVs are used for transfer instead of fixed equipment such as a
conveyor belt.

Table 6 displays the implementation information of the main components of this appli-
cation. The application was developed using C# and Net framework 4.5.2. The component
manager is implemented with the transmission control protocol/internet protocol (TCP/IP)
corresponding to packet switching. In this application, data are exchanged in the extensible
markup language (XML) format to ensure versatility and efficient application of technology
for data integration in heterogeneous environments. A simulation engine is implemented
based on Plant Simulation 13.1, which is a PLM software from Siemens.
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Table 6. Overall information of components used in the case study.

Component Item Contents

Component manager

Development environment Visual studio 2015
Communication protocol TCP/IP
Programming language C#

Programming framework .Net framework 4.5.2

DT operation module

Development environment Visual studio 2015
Programming language C#

Programming framework .Net framework 4.5.2
Simulation engine Siemens plant simulation 13.1
Information model Revised [49]

Base model STEP
Metadata XML

Logic XML

Assessment module
Development environment Visual studio 2015

Programming language C#
Programming framework .Net framework 4.5.2

4.2. Implementation and Assessment Scenario

The information model-based field data delivered by the assessment client are received
as XML to the proposed application. The information that manages process configuration,
target production volume, and target production delivery date of the line desired by the
client and the data collected from the field of RML such as MES are transmitted to the
component manager. Figure 7 shows the initial screen of the application.
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The initial screen of the application is divided into the following six areas:

1. Scenario information: The scenario of the line for the assessment is displayed at
the top of this area. At the bottom of the area, products produced by the line to be
assessed, target production volume, and production time allocated to the production
of each product are displayed.
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2. Process information: The area shows the process information of the product. As the
process type and number required for manufacturing each product are different, the
setup time and cycle time required for each process are displayed, which are reflected
in the DT model.

3. Simulation result: This area displays the simulation results of the DT model generated
based on the information shown in areas 1 and 2 for each scenario, information
collected on site, and previously defined reference information. After simulation is
performed, results are displayed for each line in this area.

4. Reconfiguration indicators: This area displays the reconfiguration assessment results.
The displayed results are assessment results of RS, RP, C, and SE.

5. Integrated assessment result: The corresponding area displays the integrated recon-
figuration index of the production line calculated using Equation (10) for the four
reconfiguration assessment elements obtained through the assessment.

6. Preferences: This area provides various functions for reconfiguration assessment. It is
composed of the functions to check information such as the process required for each
line configuration, the space required for each machine, mean time to repair, weight
settings for the integrated reconfiguration index, and cost information for calculating
investment and lifecycle costs.

Figure 8 shows the DT models of the DML, FML, and RML for the assessment and
comparison of reconfigurations of the door trim assembly line. Area 1 in Figure 8 shows
the unit assembly line of DML. The FML shown in area 2 in Figure 8 is an assembly line
that is composed of a single line. The third production line is the RML which is shown in
area 3 in Figure 8. After checking the configuration information of the line, the user begins
reconfiguration assessment for each scenario. Figure 9 shows a screenshot of the DT model
simulation to produce RML reconfiguration assessment and simulation results.

Machines 2022, 10, x FOR PEER REVIEW 21 of 30 
 

 

Figure 7. Snapshot of implemented DT-based reconfiguration assessment application. 

The initial screen of the application is divided into the following six areas: 
1. Scenario information: The scenario of the line for the assessment is displayed at the 

top of this area. At the bottom of the area, products produced by the line to be as-
sessed, target production volume, and production time allocated to the production 
of each product are displayed. 

2. Process information: The area shows the process information of the product. As the 
process type and number required for manufacturing each product are different, the 
setup time and cycle time required for each process are displayed, which are reflected 
in the DT model. 

3. Simulation result: This area displays the simulation results of the DT model gener-
ated based on the information shown in areas 1 and 2 for each scenario, information 
collected on site, and previously defined reference information. After simulation is 
performed, results are displayed for each line in this area.  

4. Reconfiguration indicators: This area displays the reconfiguration assessment re-
sults. The displayed results are assessment results of RS, RP, C, and SE. 

5. Integrated assessment result: The corresponding area displays the integrated recon-
figuration index of the production line calculated using Equation (10) for the four 
reconfiguration assessment elements obtained through the assessment. 

6. Preferences: This area provides various functions for reconfiguration assessment. It 
is composed of the functions to check information such as the process required for 
each line configuration, the space required for each machine, mean time to repair, 
weight settings for the integrated reconfiguration index, and cost information for cal-
culating investment and lifecycle costs. 
Figure 8 shows the DT models of the DML, FML, and RML for the assessment and 

comparison of reconfigurations of the door trim assembly line. Area 1 in Figure 8 shows 
the unit assembly line of DML. The FML shown in area 2 in Figure 8 is an assembly line 
that is composed of a single line. The third production line is the RML which is shown in 
area 3 in Figure 8. After checking the configuration information of the line, the user begins 
reconfiguration assessment for each scenario. Figure 9 shows a screenshot of the DT model 
simulation to produce RML reconfiguration assessment and simulation results. 

 
Figure 8. Snapshot of created DML, FML, and RML DT models. 
Figure 8. Snapshot of created DML, FML, and RML DT models.

The reconfiguration assessment scenario proceeds with the three lines. The DML
comprises five assembly lines that respond to five types of door trims. The FML comprises
one line equipped to produce five types of door trims. Finally, the RML has no limit on the
number of product types that can be produced per line, and it consists of three assembly
lines. The demand information, which is one of the evaluation factors for the assessment
of three lines reconfiguration evaluation factors, is defined as follows. For the target door
trim maker, the expected investment cycle of the line is 1.5 y, and the average CP is 0.5 y.
Therefore, the target line must respond to three times of CP during the expected investment
cycle. To this end, three assessment scenarios are configured:

1. The demand for products changes at each CP; however, the products produced do
not change and thus the assessment scenario is as shown scenario 1 in Figure 10;
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2. The product changes in each CP, but the demand does not change for products that
have been produced constantly and the scenario is as shown scenario 2 in Figure 10;

3. Both product demand and product change at each CP and the scenario is as shown
scenario 3 in Figure 10.
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Door trims are assumed to be produced through the same production process because
no significant changes exist in the work process even for different products. Thus, the
assembly line is assumed to be the same regardless of modules, and racks constituting the
machines and equipment itself are replaced at each CP. When a new product is produced to
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assess RS, the DML and FML are relatively penalised compared to the RML. The DML and
FML do not have RMs; therefore, they require a period of manufacturing and installation
of equipment and time to rebuild the layout prior to producing a new product.

4.3. Assessment and Application Results
4.3.1. Simulation and Reconfiguration Assessment Result

Based on the three assessment scenarios, the simulation results are summarised in
Table 7, and the reconfiguration assessment results are listed in Table 8. The first assessment
scenario for the DML and RML satisfied the DS for all CPs since only the demand changes
at each CP. For FMS, the result does not satisfy the DS as a setup time is required whenever
the product is changed, and the operation rate is the lowest (64%). For the RS of the
reconfiguration assessment indicators, a result value close to an ideal value is obtained
in the DML and RML as the number of products does not change, compared to that in
the FML, wherein the product needs to be changed. As for the integrated reconfiguration
evaluation result, the RML shows the best value.

Table 7. Results of the simulation for the assessment scenarios.

Scenario
No. 1 2 3 Average

Line DML FML RML DML FML RML DML FML RML DML FML RML

P 1 458,835 297,468 411,457 301,451 247,894 394,753 278,156 233,607 418,478 346,147 259,656 408,229
O 2 77 64 81 51 53 77 47 49 72 58 55 77
S 3 88 90 74 85 92 78 91 93 82 88 92 78
C 4 779.8 701.3 613.2 913.4 800.2 615.6 1159.3 952.1 655.8 951 818 628

1 Productivity (EA); 2 Operation rate (%); 3 Space utilisation (%); 4 Investment cost (Thousand USD).

Table 8. Results of the reconfiguration assessment for the assessment scenarios.

Scenario
No. 1 2 3 Average

Line DML FML RML DML FML RML DML FML RML DML FML RML

RS 0.79 1.25 0.32 3.59 2.78 0.58 3.82 3.11 0.78 2.73 2.38 0.56
RP 3.12 1.78 2.84 2.29 1.37 3.24 2.18 1.49 3.11 2.53 1.55 3.06
C 0.85 0.73 0.52 2.29 1.92 0.59 3.12 2.92 0.82 2.09 1.86 0.64
SE 0.49 0.41 0.31 0.47 0.43 0.35 0.72 0.81 0.69 0.56 0.55 0.45

IR 1 1.97 2.55 1.72 3.78 3.17 1.93 4.16 3.96 2.15 3.3 3.23 1.93

1 Integrated reconfiguration.

In the second assessment scenario, the production variety changes. The DML and FML
have to face a downtime to manufacture a new product. According to the simulation results,
the operation rate decreases and fails to satisfy the DS at the CP. Additional investment
costs are incurred for the DML and FML because of the new machines, line relocation, and
disposal of existing machines. Based on the reconfiguration assessment results, RML has
the values closest to the ideal values in terms of four indicators: RS, RP, C, and SE. The RS
assessment result of the FML is better than that of the DML; however, the DML is assessed
to have a better result than the FML in terms of RP.

The last assessment scenario indicates that the results are similar to the second evalua-
tion scenario. For DML and FML, productivity does not meet the target demand due to the
down time resulting from the changes in product type. Space utilisation is similar to that in
other assessment scenarios, and the investment cost of the last assessment scenario is the
highest since investment in machines is required. For the reconfiguration assessment, the
RML is calculated to be close to the ideal value for all indicators, and the results for the
DML and FML are evaluated to be similar to those in the second assessment scenario.

The highest productivity is achieved in the DML where the product type remains the
same while only the demand for the product changes. However, it is difficult to meet the
demand exceeding production capacity on time with the existing production line. While
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FML can respond to changes in product type, the production capacity of the line itself is
low. Comprehensively considering the assessment scenarios, the productivity of the RML
is on average 25% higher than that of the DML and FML. The RML, with a relatively low
loss in the line operation, has the highest; similar results are obtained for space utilisation.
The RML with a low setup time is observed having a 26% higher operation rate than
existing lines. Compared with existing lines, RML has 15% lower space utilisation and 29%
lower investment cost. For reconfiguration assessments, the RS of the RML is significantly
lower than those of other lines. The RP of the DML and RML is relatively close to the
ideal value. The C value of the DML was evaluated to be the worst, and the SE showed
a slight difference with all lines. In terms of integrated reconfiguration of each line, the
result of the RML was the most ideal, and DML and FML were less efficient than the
RML. Furthermore, the assessment results of the two lines were calculated to be similar.
Therefore, the evaluation results show that the RML can respond quickly, cost effectively,
and space efficiently to changes in product demand and product type.

4.3.2. DT Application Result

There are several advantages when the DT simulation is applied. First, the DT simula-
tion predicted the result more accurately than the existing simulation. Table 9 compares the
actual daily, weekly, monthly, and annual production quantities of production models 3
and 4, production quantities predicted by simulation and DT. These results are based on
the actual production quantity as 100%; the prediction accuracy is given as follows:

Accuracy(%) =

(
1− |Predicted result− actual result|

Actual result

)
× 100, (11)

Table 9. Comparison of the total actual volume, simulation predicted volume, and DT simulation
predicted volume.

Model Production Daily Weekly Monthly Annual Total

3
Actual 650 (100%) 4000 (100%) 16,450 (100%) 150,150 (100%) 171,250 (100%)

Simulation 651 (99.9%) 4012 (99.7%) 17,497 (93.7%) 182,994 (78.1%) 205,154 (80.3%)
DT simulation 649 (99.9%) 4009 (99.8%) 16,378 (99.6%) 137,627 (91.7%) 158,663 (92.7%)

4
Actual 210 (100%) 1590 (100%) 6550 (100%) 59,850 (100%) 68,200 (100%)

Simulation 208 (99%) 1601 (99.3%) 7023 (92.7%) 62,458 (95.6%) 71,290 (95.4%)
DT simulation 210 (100%) 1605 (99.1%) 6623 (98.8%) 60,592 (98.7%) 69,030 (98.7%)

The existing simulation model calculates the result value with the model built using
standard information, such as the probability of defective products or equipment failure.
In the DT model, more accurate information, such as equipment failure history and elapsed
time since equipment maintenance, is reflected using data collected on site. The monthly
and annual results for model 3 reveal that the accuracy of the simulation result values
are 93.7% and 78.1%, respectively, whereas those of the DT simulation result values are
99.6% and 91.7%, respectively, which implies that the existing simulation results show a
large difference from the actual production quantity. Furthermore, a comparison of the
prediction accuracy for the total of the daily, weekly, monthly, and annual production
revealed that the accuracy of the simulation is 80.3% and the accuracy of the DT is 92.7%.

In terms of the monthly results for model 4, the accuracy of the simulation is 92.7%,
and that of the DT is 98.7%. In terms of the annual results, the accuracy of the simulation is
95.6%, and that of the DT result is 98.7%. As for the total production, the accuracy of the
simulation is 95.4%, and that of the DT is 98.7%. A comprehensive check on the results
indicates that the accuracy of daily and weekly production is not significantly different
from the conventional simulation and DT simulation results. Although there is an error
in monthly and annual production predictions from the actual production quantities, the
simulation prediction accuracy is 84.5%, which shows a difference of 10.5% in the error
from the actual production, compared to the DT simulation prediction accuracy of 95%.
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The second advantage of the application is that the time needed in manual engineering
tasks for the simulation analysis are shortened. Figure 11 shows a flowchart showing the
procedure of traditional simulation model building and that of DT simulation.

Machines 2022, 10, x FOR PEER REVIEW 25 of 30 
 

 

DT simulation 649 (99.9%) 4009 (99.8%) 16,378 (99.6%) 137,627 (91.7%) 158,663 (92.7%) 

4 
Actual 210 (100%) 1590 (100%) 6550 (100%) 59,850 (100%) 68,200 (100%) 

Simulation 208 (99%) 1601 (99.3%) 7023 (92.7%) 62,458 (95.6%) 71,290 (95.4%) 
DT simulation 210 (100%) 1605 (99.1%) 6623 (98.8%) 60,592 (98.7%) 69,030 (98.7%) 

The existing simulation model calculates the result value with the model built using 
standard information, such as the probability of defective products or equipment failure. 
In the DT model, more accurate information, such as equipment failure history and 
elapsed time since equipment maintenance, is reflected using data collected on site. The 
monthly and annual results for model 3 reveal that the accuracy of the simulation result 
values are 93.7% and 78.1%, respectively, whereas those of the DT simulation result values 
are 99.6% and 91.7%, respectively, which implies that the existing simulation results show 
a large difference from the actual production quantity. Furthermore, a comparison of the 
prediction accuracy for the total of the daily, weekly, monthly, and annual production 
revealed that the accuracy of the simulation is 80.3% and the accuracy of the DT is 92.7%.  

In terms of the monthly results for model 4, the accuracy of the simulation is 92.7%, 
and that of the DT is 98.7%. In terms of the annual results, the accuracy of the simulation 
is 95.6%, and that of the DT result is 98.7%. As for the total production, the accuracy of the 
simulation is 95.4%, and that of the DT is 98.7%. A comprehensive check on the results 
indicates that the accuracy of daily and weekly production is not significantly different 
from the conventional simulation and DT simulation results. Although there is an error in 
monthly and annual production predictions from the actual production quantities, the 
simulation prediction accuracy is 84.5%, which shows a difference of 10.5% in the error 
from the actual production, compared to the DT simulation prediction accuracy of 95%.  

The second advantage of the application is that the time needed in manual engineer-
ing tasks for the simulation analysis are shortened. Figure 11 shows a flowchart showing 
the procedure of traditional simulation model building and that of DT simulation.  

 
Figure 11. Comparison between (a) existing and (b) DT-based simulation procedures. 

It is possible to configure a model with several automated procedures using the DT 
configuration library. Therefore, a user is not required to manually build a simulation 
model by configuring variables and parameters through the existing modelling proce-
dure. Because predefined logic is used, there is no need to build the logic directly in the 
model; and the simulation is automatically performed. With the existing simulation 

Figure 11. Comparison between (a) existing and (b) DT-based simulation procedures.

It is possible to configure a model with several automated procedures using the DT
configuration library. Therefore, a user is not required to manually build a simulation
model by configuring variables and parameters through the existing modelling procedure.
Because predefined logic is used, there is no need to build the logic directly in the model;
and the simulation is automatically performed. With the existing simulation modelling
method, the addition of only one machine requires the user to directly build and modify
the simulation model, configure the machine variables and parameters, and build the logic
of the simulation model. In this case, the simulation model must be re-established by
reflecting the relevant requirements not only during CP but also whenever the demand
fluctuates, and when expansion or removal of machines in lines is required. However,
the DT model can promptly build a simulation model required by the user by simply
configuring the production process. This allows the user to respond quickly to a sudden
change in the demand or the time of line reorganisation, and to calculate and compare
results more dynamically when evaluating various RML alternatives.

5. Discussion and Conclusions
5.1. Discussion

This study proposed an application based on DT simulation and an assessment model
that could comprehensively assess not only the productivity of the production line, but
also various elements associated with reconfigurations. The efficiency of the DT simulation
compared with existing simulations was discussed. As summarised in Table 9, it was
confirmed that the DT operation module consisting of the DT configuration library and
simulation engine provides more accurate results than that of traditional simulation. A
comparison of the two results showed that the longer the production period and the greater
the quantity of products produced, the greater difference in prediction accuracy from the
existing and DT simulations is observed. This indicates that the prediction accuracy of
the DT simulation is higher than that of the existing simulation. It was also confirmed
that DT automates part of the simulation procedure. By mapping the unit functions and
behaviours of resources of the manufacturing site to the simulation model defined based on
the information model, requisite manual procedures such as configuration, logics building,
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and execution can be reduced. Based on the existing studies on DT, there are several
studies proposing a modelling and application of virtual entities for smart manufacturing
with the provision of efficiency such as time costs needed in the application of DT in
supporting automatic reconfiguration [18,23,36,56]. However, many of studies have focused
on the concept providing, definition building, and foreseeing of the expected effect of the
application of DT with lack on comparison on the perspective of the accuracy of the result
yielded by DT and existing simulation. Furthermore, this research proposed a practical
method to apply the conceptual part to a real industry. Existing studies on the DT also
mentioned that using information is an important aspect of the process [21,49]. Compared
with studies on information models focusing on rapid modelling and interoperability, the
information model proposed in this study differs in that it considers vertical integration for
synchronisation with the production site [50–53]. In addition, this information model was
revised in consideration of embracing the characteristics of the RMS.

To evaluate a complex manufacturing system, this paper proposed an integrated
assessment model of market responsiveness, productivity, and lifecycle cost. This model
includes elements for assessing various objectives of the manufacturing system from
various angles, and it allows the elements to be integrated and assessed. According to
the assessment result, we confirmed that the RMS can more quickly and cost effectively
respond to market changes such as demand fluctuations and product changes compared
to the DMS and FMS. Existing assessment studies related to the characteristics of RMS
are evaluations on a single aspect, such as modularity and productivity [44,46,47]. The
novelty of this model is the assessment of reconfiguration using simulation results. To
summarise the application, the conclusions are as follows. In terms of productivity, it
was confirmed that DML showed the highest productivity than other lines. However,
considering the assessment criteria for various aspects of manufacturing system, it was
confirmed that DML could not be satisfied in all aspects except the productivity. If the
production duration is long, DML would be the best alternative for mass production, but
it should not be considered to cope with market changes that are becoming more diverse
and complex. For FML, it confirmed that various products can be produced in a single
production line. However, this line needs to produce new product other than the designated
products, since the system cannot be changed and it was confirmed that additional costs
and down time are incurred in this situation. Although this line may be efficient if the
production line produces only a small variety of designated products, it was evaluated to
be not enough to respond to market changes. In the case of RML, several studies needed
to be conducted in advance, since it was evaluated to be the most efficient manufacturing
system in line with changes in the manufacturing paradigm. It was confirmed that it is
the system that can respond most efficiently to various internal and external changes. In
terms of management, this application contributes to efficient selection of manufacturing
system and response to market changes. Furthermore, it contributes to deriving an optimal
alternative by dynamically assessing the production line in operation or design stage.

5.2. Conclusions

This study proposed an architectural framework of the application and a DT sim-
ulation method. Furthermore, an information model that can achieve interoperability
by synchronising real-time data collected on site with the DT model and integrating dis-
tributed data was proposed. This model can describe resources and functions of the
existing manufacturing system; however, it is suggested that it should be used to assess
various reconfigurations while focusing on describing the RML. Finally, an assessment
model that can comprehensively evaluate the reconfigurations of the RMS was defined.
The application proposed in this study was applied to an automotive part production
line in Iksan and Gimhae, South Korea, as a case study to verify its effectiveness. The
proposed application enabled the comprehensive assessment of the feasibility of response
to the production of various products by applying assessment scenarios to the DML, FML,
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and RML. Furthermore, it contributed to the selection of the optimal alternative for the
production line.

The proposed application supports decision making to ensure an accurate, sponta-
neous response for each RML configuration. To the best of the authors’ knowledge, this
is the first study to assess comprehensive reconfigurations through automated DT-based
modelling. In addition, this study is an early case of coordination between DT and RMS.

Currently, there are a few limitations in this study: First, the proposed application only
supports the automotive part production line, and therefore, future studies should focus
on providing support to production lines in various manufacturing fields equipped with
the RMS. Second, as each manufacturing field considers different evaluation factors to be
important, guidelines to set the weight of the evaluation model must be established such
that it is suitable for each manufacturing field; this can be achieved by evaluating the lines
of various manufacturing fields with various weights for the evaluation model proposed in
this study. Third, the proposed application focuses on the assessment of the production line.
Therefore, it does not provide an optimal alternative to the configuration of the process
for the production line. It is necessary to further develop research not only to evaluate
the RML reconfigurations but also to propose optimal process configurations through
convergence with advanced analytics technology, various optimisation methods, and
artificial intelligence technology, which have been attracting increasing research interest.
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