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Preface

The Mixture of Human and Machine Intelligence in Digital Manufacturing Reprint presents a
collection of innovative research and practical insights into how human expertise and computational
intelligence can be combined to transform modern manufacturing. The scope of this Reprint
spans human-machine interface design, human-in-the-loop systems, intelligent automation, decision
support, and socio-technical integration, with contributions from both academic researchers and
industrial practitioners.

The motivation for compiling this Reprint lies in the rapid evolution of Industry 4.0 technologies,
where the collaboration between humans and autonomous systems is no longer optional but essential
for achieving resilient, adaptive, and sustainable manufacturing processes. By examining advances
in perception, control, arbitration, and sensory data analytics, the Reprint aims to highlight pathways
for embedding human factors into digital manufacturing in ways that enhance efficiency, safety, and
innovation.

This Reprint is intended for engineers, researchers, system designers, and decision-makers who
are engaged in developing, deploying, or studying digital manufacturing systems. It offers a rich
source of knowledge for those seeking to understand both the technical and human dimensions
of intelligent manufacturing, and how these can be harmonised to create the next generation of

productive, agile, and human-centred manufacturing systems.

Yang Lu, Ming Zhang, and Ziwei Wang
Guest Editors
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A Review of Game Theory Models to Support Production

Planning, Scheduling, Cloud Manufacturing and Sustainable
Production Systems

Paolo Renna

School of Engineering, University of Basilicata, 85100 Potenza, Italy; paolo.renna@unibas.it

Abstract: Cyber-physical systems, cloud computing, the Internet of Things, and big data play
significant roles in shaping digital and automated landscape manufacturing. However, to fully realize
the potential of these technologies and achieve tangible benefits, such as reduced manufacturing lead
times, improved product quality, and enhanced organizational performance, new decision support
models need development. Game theory offers a promising approach to address multi-objective
problems and streamline decision-making processes, thereby reducing computational time. This
paper aims to provide a comprehensive and up-to-date systematic review of the literature on the
application of game theory models in various areas of digital manufacturing, including production
and capacity planning, scheduling, sustainable production systems, and cloud manufacturing. This
review identifies key research themes that have been explored and examines the main research gaps
that exist within these domains. Furthermore, this paper outlines potential future research directions
to inspire both researchers and practitioners to further explore and develop game theory models that
can effectively support the digital transformation of manufacturing systems.

Keywords: game theory; manufacturing systems; cooperation; decision making; network

1. Introduction

The digital transformation, driven by the principles of Industry 4.0, offers unprece-
dented opportunities for industrial companies to revolutionize efficiency and customer
satisfaction [1-3]. This evolution hinges on interoperable physical and cyber systems,
decentralization, and real-time data analytics. These advancements empower companies
to establish geographically dispersed multi-factory supply chains, enhancing flexibility
while reducing labor and logistics costs [4]. Companies achieve this through the strategic
distribution of production capacity or by forging collaborative multi-entity supply chains.
Industrial applications of multi-site production planning and scheduling abound, spanning
semiconductor manufacturing [5], automotive [6], pharmaceutical [7], and TFT-LCD [8].
However, this paradigm shift introduces complexity into planning and scheduling models,
requiring solutions that can be found quickly and efficiently. Metaheuristic approaches
have shown promise [4], and game theory, in particular, offers a powerful analytical tool
that is well-suited to address interactions among multiple decision makers engaged in
multi-objective optimization. Game theory is a branch of mathematics that studies strategic
decision making in situations where multiple agents interact with each other. It provides a
framework for analyzing and predicting the behavior of players in competitive and cooper-
ative scenarios. Game theory is a powerful tool for analyzing strategic decision making
in various contexts. By understanding its key elements, types, applications, and benefits,
we can gain valuable insights into complex interactions and design effective strategies for
different scenarios. Game-theory-based approaches have been successfully applied to solve
various complex engineering problems, including power systems, collaborative product
design, and production planning, enhancing solving efficiency [9]. A notable advantage of
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game theory is that it solves distributed algorithms in less time and with less computations
compared to heuristic-based approaches [10].

Driven by the significance of game theory for production planning and scheduling
in cooperation among multi-factory and cyber systems, there is a growing interest in
leveraging its principles to optimize manufacturing processes. As manufacturing systems
become increasingly complex and interconnected, game theory offers a powerful frame-
work to model strategic interactions and decision making among various entities involved
in production activities. This includes manufacturers, suppliers, distributors, and even au-
tonomous cyber systems operating in smart factories. By applying game theory, researchers
and practitioners aim to enhance efficiency, resource utilization, and overall performance
in modern manufacturing environments characterized by interconnectedness and interde-
pendence. This research proposes an overview of the recent applications of game theory to
answer the following questions: What are the current research trends on the use of game
theory for production planning and scheduling? What, then, are the existing research gaps
and what are the potential contributions for future research? The structure of this paper
is organized as follows: Section 2 outlines the review methodology. Section 3 describes
the literature review following the areas of production planning problems, scheduling,
sustainable production systems and smart and cloud manufacturing. Section 4 discusses
the key findings of the literature review and identifies the limits. Section 5 concludes with
a summary and a discussion of future research needs.

2. Research Methodology

The research methodology follows the guidelines proposed by Durach et al. [11]:
(1) defining the research question, (2) determining the required characteristics of primary
studies, (3) retrieving a sample of potentially relevant literature, (4) selecting the pertinent
literature, (5) synthesizing the literature, and (6) reporting the results.

2.1. Question Formulation and Keywords

The first stage of this research involves defining the research questions. The main ques-
tion focuses on understanding the current state of game theory models and their relevance
in addressing the evolving needs of Industry 4.0. The research will then delve deeper into
exploring how game theory models can facilitate various aspects, such as production and
capacity planning, scheduling, sustainable production systems, and cloud manufacturing.
Production planning is the process of organizing and coordinating resources to ensure
efficient manufacturing of products. It involves determining what to make, how much to
make, and when to make it to meet customer demand while minimizing costs. Production
scheduling is the process of sequencing and timing production activities to optimize ef-
ficiency and meet customer demand. It involves determining the start and end dates for
each task, as well as the resources needed to complete each task. Sustainable production
systems refer to manufacturing processes and practices that are designed and operated in a
manner that minimizes negative environmental impacts, conserves resources, promotes
social equity, and ensures long-term economic viability. Cloud manufacturing is the use of
cloud computing technologies to deliver manufacturing services on demand. It is a new
paradigm that enables manufacturers to access and use manufacturing resources, such as
software, hardware, and data, from a cloud-based platform. Then, it is necessary to define
the keywords involved in this study. The main keywords are the following: “Game Theory”

V7

and “distributed production planning”, “industry 4.0”, “cloud manufacturing”, “schedul-
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ing”, “sustainable manufacturing”, “energy saving”, “energy reduction”, “cooperative

a7 7oy

game”, “non-cooperative game”,” industry 4.0”, and “smart manufacturing”.

2.2. Inclusion/Exclusion Criteria

To focus the study and limit the literature search, a set of criteria was developed to
identify the most relevant articles. These criteria are presented in Table 1.
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Table 1. Inclusion and exclusion criteria used to select papers.

Criteria Justification
Inclusion Papers published between Most recent papers that focus on
2013 and the first half of 2023 Industry 4.0
Publications in peer-reviewed Peer-reviewed journals assures the
journals and conference papers quality of the research discussed
Exclusion Production planning models not The purpose of this research is
related to Industry 4.0 approaches for Industry 4.0 context.
Studies in a language other This assures that this research can
than English be read by more researchers.

2.3. Database for Relevant Literature

A comprehensive search of three prominent academic databases—Google Scholar,
Web of Science, and Scopus—was conducted to identify relevant articles. The initial search
utilized predefined keywords to generate a preliminary set of articles. To refine this set
further, a strict inclusion/exclusion criteria filter was applied. Additionally, only articles
published in conferences indexed by Scopus or Web of Science were included to ensure a
high level of quality.

2.4. Selecting the Pertinent Literature

To broaden the article selection process, the references of the initial set of evaluated
articles were examined. This allowed for the identification of key authors who have
made significant contributions to the main themes of this review. By analyzing their
work, a secondary search was conducted, which enriched and diversified the scope of the
reviewed literature.

2.5. Synthesizing the Literature

Following the identification of relevant articles, the next phase involved literature syn-
thesis. Aligned with the research questions established earlier, the articles were categorized
based on the specific issues they addressed and the research methodologies employed. The
primary areas of focus included production and capacity planning, scheduling, sustainable
production systems, and smart and cloud manufacturing.

2.6. Reporting the Results

The following sections analyze the selected literature, focusing on production and
capacity planning, scheduling, sustainable production systems, and smart and cloud
manufacturing. This analysis aims to identify current trends, research gaps within each
area, and explore promising future research directions. The review encompasses 35 papers,
selected from an initial pool of over 100 articles. The majority of the articles were sourced
from the Scopus index, with only two articles originating from conference publications. The
selection process also involved examining references, with an emphasis on the number of
citations that each article received. Notably, the reference analysis did not identify specific
authors as key contributors to this field.

3. Literature Review

The literature review is structured based on the classification outlined in the paper,
which categorizes the research into distinct groups: production planning problems, schedul-
ing, sustainable production systems, and cloud manufacturing. This approach allows for
a systematic examination of the existing body of literature, enabling a comprehensive
analysis of each specific area, facilitating the identification of key research themes, trends,
and gaps within these domains.
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3.1. Production and Capacity Planning

This section addresses the challenges of production and capacity planning in dis-
tributed geographic networks. These networks enable enterprises to pool capacity, services,
and technology, enhancing efficiency, responsiveness, and competitiveness. By leveraging
this network, enterprises can effectively respond to unforeseen events such as demand
fluctuations, machine breakdowns, rush orders, and supplier delays.

Argoneto and Renna [12] proposed a model to support capacity sharing for a set
of independent firms that were geographically distributed, combining their resources
and predicting demand to improve production and cost efficiency. The partners of the
network are independent and share partial information. A multi-agent architecture has
been developed to support cooperation activities in this context. The coordination model
uses the Gale-Shapley algorithm to find a stable matching among plants in the network,
including the information that each partner decides to share using the preferences function.

Krenczyk and Olender [13] studied the problem of production planning in a virtual
manufacturing network with geographically distributed manufacturers. The objectives
were to minimize cycle time and production costs. The proposed approach uses a multi-
agent system that solves the problem with a non-cooperative game. The selection of
alternative routes for a set of production orders is modeled as a non-cooperative game f-
player non-zero-sum game with complete information. The model proposed is a framework
of a potential application but any numerical test is provided.

Yin et al. [14] proposed a non-cooperative model to allocate production to multi-
suppliers from one manufacturer. The model considers quality and demand variations.
The proposed approach is a non-cooperative game based on the Stackelberg equilibrium,
where the manufacturer is regarded as a leader and the suppliers as followers. As argued
by the authors, the model needs to be studied on a larger scale to evaluate its application in
real industrial cases.

Olender and Krenczyk [15] proposed the use of a game theory approach to support
the production planning problem in a virtual manufacturing network. The objectives were
the minimization of production and transport costs using a non-cooperative game. A very
limited numerical case was discussed.

Hafezalkotob et al. [16] addressed the approach of coalitions of production plants for
cooperative production planning problems. They proposed several methods of cooperative
game theory, including the Shapley value. The numerical results highlight how cooperation
ensures the satisfaction of production plants, reducing total costs.

Bigdeli et al. [17] proposed a game theory model to support a production planning
problem with fuzzy variables. Duality theory in the single-objective and weighted sum
methods in multi-objective games is proposed to obtain the payoffs of the players.

Renna [18] studied capacity and resource allocation in flexible production networks.
The objective is to obtain a trade-off between the costs and flexibility of the network to
satisfy the customer demand. A dynamic allocation of the flexibility is proposed based
on the game theory approach using the Gale-Shapley algorithm. The proposed model
allows the performance of the network to improve compared to the long-chain approaches
proposed in the literature.

Nishizaki et al. [19] addressed two-stage stochastic linear production planning with
partial cooperation, involving resource pooling, technology transfer, and product transship-
ment. Manufacturers determine production levels individually in the first stage, and then
collaborate to produce products using pooled resources in the second stage. Additional
profits from cooperative game theory are distributed among all manufacturers. We devel-
oped a method to maximize total profits by finding a Nash equilibrium point valuated by
numerical examples.

Table 2 summarizes the primary contributions of recent research on production and
capacity planning, outlining key characteristics such as the addressed problem (capacity
or production planning), the development of multi-agent System (MAS) architecture to
support activities, the level of cooperation (non-cooperative or coalition), and the specific
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algorithm proposed (Gale-Shapley or Shapley Value). Notably, recent studies show that
while one study utilized a coalition approach, the majority focused on non-cooperative
models. Additionally, capacity planning has been addressed to a lesser extent compared to
production planning.

Table 2. Production and capacity planning works.

: Production Non- - Gale- Shapley
Capacity Planning MAS Cooperative Coalition Shapley Value Nash
Argoneto and
Renna [12] X X X
Krenczyk and
Olender [13] X X A
Yin et al. [14] X X
Olender and
Krenczyk [15] X X
Hafezalkotob et al. [16] X X X
Bigdeli et al. [17] X X
Renna [18] X X
Nishizaki et al. [19] X

3.2. Scheduling

In today’s competitive environment, scheduling models need to be highly respon-
sive to real-time events, leveraging the vast amount of data available from Industry 4.0
technologies. However, the abundance of information also brings about increased compu-
tational complexity, necessitating more efficient scheduling algorithms to capitalize on this
opportunity. Game theory emerges as a promising model to address scheduling challenges
with greater efficiency.

Sun et al. [20] studied the flexible job-shop scheduling problem subject to machine
breakdown, considering the objectives of robustness and stability. To optimize these two
objectives, they modeled the problem as a non-cooperative game and the Nash equilibrium
was derived to optimize the two objectives.

Chandrasekaran et al. [21] studied the n-job, m-machine job-shop scheduling problem
using a game theory model to find the optimal makespan, mean flow time, and mean
tardiness values. The approach proposed is a simplified heuristic derived from game theory
tested in a reduced scheduling problem.

Han et al. [22] studied the flow-shop scheduling problem with component altering
times, which is a particular problem for sequence-dependent setup times. They developed
six rules for the machine assignment of jobs and proposed a Nash equilibrium model to
manage these rules. The numerical results show how the game theory model performs
better than a model using a genetic algorithm.

Renna [23] proposed a reconfigurable machine scheduling method based on a Gale-Shapley
model. The Gale-Shapley model forms a coupled of overloaded and underloaded machines
to allocate the modules for the reconfigurable machines. The numerical results of the
simulation model show how the game theory model improves all performance measures
with a restricted number of machine reconfigurations.

Wang et al. [24] proposed a multi-agent architecture to support real-time scheduling
in flexible job-shop systems. A bargaining game model based on the Nash equilibrium was
developed to support coordination among the agents of the architecture.

Nie et al. [25] modeled the flexible job-shop scheduling problem as a game theory
model where the manufacturer wants to minimize the makespan of all jobs, and the job
wants to minimize its tardiness. The game is solved by searching the Nash equilibrium,
supported by a genetic algorithm.

Renna et al. [26] studied the dual resource scheduling problem in job-shop manu-
facturing systems. They proposed a Gale-Shapley model to support worker assignment
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for dual resource-constrained job-shop problems. The simulation experiments highlight
how the Gale-Shapley model leads to better results, particularly when the workers have
different efficiency levels.

Atay et al. [27] studied open-shop scheduling problems to minimize the total comple-
tion times. They proposed a cooperative TU game and allocate the affected jobs for each
alliance to minimize the makespan.

Han et al. [28] modeled the flow-shop scheduling problem with multiple batches as a
game model. The method proposed is based on multi-player cooperation and a static game
with complete information. The proposed method allows the waiting time to be reduced
and improves other performance measures of the flow line.

Wei et al. [29] addressed the multi-objective dynamic flexible job-shop scheduling
problem when unforeseen events such as machine breakdown occur. They developed a
model that approximates the Nash equilibrium solution to balance Pareto optimality and
fairness between the two objectives of production efficiency and stability. The numeri-
cal results of several problem sizes are compared to three meta-heuristics proposed in
the literature.

Table 3 summarizes the key findings from recent research on scheduling problems
in manufacturing systems. The table highlights various characteristics, including the
type of manufacturing system studied (flow line, job-shop, and reconfigurable), the game
theory approaches employed (cooperative, Nash equilibrium, and Gale-Shapley), the use
of multi-agent system (MAS) architecture, and the integration with genetic algorithms.

Table 3. Studies on scheduling.

Flowline JobShop — RMs — gRCR  Copprgive R FEE Mas L Gihm
Sun et al. [20] X X
Chandrasekaran et al. [21] X X
Han et al. [22] X X
Renna [23] X X
Wang et al. [24] X X X
Nie et al. [25] X X X
Renna et al. [26] X X
Atay et al. [27] X X
Han et al. [28] X X
Wei et al. [29] X X

Notably, recent research reveals that only one study has explored reconfigurable
manufacturing systems and open-shop scenarios. Additionally, the integration of game
theory with other optimization techniques, such as genetic algorithms, has only been
proposed in a single article.

3.3. Sustainable Production Systems

In recent years, the growing relevance of climate change, coupled with rising energy
costs, has prompted manufacturing systems managers to prioritize energy efficiency and
the utilization of renewable energy sources. These factors underscore the increasing
significance of sustainable production systems.

Zhang et al. [30] proposed a dynamic game model based on the Nash equilibrium to
improve production efficiency further and reduce processing costs, including total energy
consumption for flexible job-shop problems. The numerical test highlighted reducing
makespan, the total workload of machines, and the total energy consumption compared to
genetic algorithm solutions.

Renna [31] developed a model to allocate the power to machines using the Gale-Shapley
algorithm. The model exchanges the power from the underloaded to overloaded ma-



Designs 2024, 8, 26

chines. The simulation results show how the model can improve the performance of a
manufacturing system under a constraint power limit.

Wang et al. [32] studied the real-time scheduling problem in a job shop with the
application of Internet of Things technology to improve production efficiency and reduce
energy consumption. An infinitely repeated game optimization approach is developed,
and the numerical results show that game theory can improve results compared to other
dynamic scheduling methods.

Schwung et al. [33] presented a multi-agent architecture for a decentralized control
design of modular production units. The interactions among the agents are supported by a
game theory approach. The numerical tests show promising results for improvements in
production efficiency in terms of energy consumption as well as throughput times.

Wang et al. [34] proposed a scheduling model for a flexible job shop in real-time. An
evolutionary game-based solver method was proposed to support the scheduling model
improving energy efficiency.

Sun et al. [35] proposed a digital twin framework to support process planning and
scheduling in job-shop systems. Then, a dynamic game theory was adopted to improve
production efficiency and reduce energy consumption. The model considered two sub-
games, the process planning sub-game and scheduling sub-game, integrated with the Nash
equilibrium solution.

Zhao et al. [36] proposed an optimization method for shared energy storage in micro-
grids using negotiation game theory. This establishes a cooperative interaction mechanism
between Microgrid Cluster Operator (MGCO) and Shared Energy Storage Operator (SESO),
leading to an optimization framework for microgrid clusters. The dynamic leasing of
shared energy storage is considered, resulting in a negotiation game-based capacity con-
figuration model for MGCO and SESO, demonstrating a cost reduction for MGCO and
revenue increase for SESO.

Table 4 summarizes the key findings from recent research on applying game theory to
sustainable production systems. While the majority of studies focus on job-shop systems,
only one addresses peak power constraints. Significantly, no studies explored using
game theory to optimize the adoption and integration of renewable energy sources within
manufacturing systems.

Table 4. Studies on sustainable production systems.

Job Shop Equli\{iali?ium Gale-Shapley MAS Cog/}[)oe(rii;tlive Energy PI:)i?ile(r
Zhang et al. [30] X X X
Renna [31] X X X X

Wang et al. [32] X X X
Schwung et al. [33] X X X X
Wang et al. [34] X X X
Sun et al. [35] X X X
Zhao et al. [36] X X

3.4. Cloud Manufacturing

Cloud manufacturing represents an emerging paradigm where distributed resources are
encapsulated into cloud services and centrally managed. This network of shared resources
enables customers to access on-demand services supporting the entire product lifecycle. The
efficiency of cloud manufacturing is heavily dependent on coordination models.

Su et al. [37] studied the problem of manufacturing resource allocation, in which
the manufacturing service demander and cloud manufacturing service platform operator
are considered gamers. They proposed a non-cooperative game approach to support the
problem of resource allocation.
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Liu et al. [38] proposed a model of resource and service sharing in cloud manufac-
turing sharing based on the Gale-Shapley algorithm. The results of the proposed model
highlighted that there are always enterprises of the network that perform worse.

Carlucci et al. [39] proposed a coordination model based on a minority game to allocate
resources/services among partners of a cloud manufacturing system. The proposed model
was tested in a simulation environment compared to a model with complete information
among the partners.

Xiaoning et al. [40] investigated three resource-sharing strategies: independently, as
an alliance, and by cooperating with a cloud platform operator. The interactions between
the operator and suppliers were modeled as a two-stage Stackelberg game that contains a
simultaneous sub-game. They found the highest system profit when the suppliers cooperate
with the operator.

Xiao et al. [41] proposed a cloud manufacturing multi-task scheduling model based on
game theory from a customer perspective. The model is derived from the Nash equilibrium
game. The simulation results highlight how the proposed model leads to better results
compared to basic biogeography-based optimization algorithms, genetic algorithms, and
particle swarm optimization.

Wang et al. [42] studied decentralized decision making in the management of man-
ufacturing service allocation in cloud manufacturing systems. The model is based on an
evolutionary game approach able to converge to equilibrium.

Zhang et al. [43] considered a cloud manufacturing system where each manufacturer
provides manufacturing resources; when the cloud manufacturing received an order, it
coordinated manufacturing resources to satisfy order requirements. To solve the scheduling
problem of cloud manufacturing, they proposed a genetic algorithm with the use of the
Nash equilibrium for a non-cooperative game model.

Liu et al. [44] studied the application of a cloud manufacturing approach for 3D
printing services. They proposed a non-cooperative game model for a 3D printing service
scheduling problem. The non-cooperative game is based on Nash equilibrium points
supported by a genetic algorithm.

Liu et al. [45] proposed a game-theory-based collaborative scheduling approach for
cloud manufacturing (CMfg), addressing dynamics and uncertainties. It optimizes man-
ufacturing and logistic resources efficiently, considering fuzzy uncertain task migration.
The model achieves the Nash equilibrium through a decision tree optimization algorithm,
enhancing transportation efficiency. Simulation results validate its effectiveness and perfor-
mance in dynamic CMfg environments.

Koochaksaraei et al. [46] presented a novel approach for cloud service providers (CSPs)
to efficiently allocate resources through a barter-based auction market, using evolutionary
game theory. CSPs estimate and bid their resources without monetary exchange, fostering
cooperation and reducing SLA violations. The simulation results demonstrate improved
social welfare and fewer contracts.

Zhang et al. [47] proposed a real-time strategy for a flexible job-shop scheduling
problem-based on game theory. The solution and optimization strategy for process tasks
using the Nash equilibrium was designed and developed to implement the dynamic
optimization model. A case study is presented to demonstrate the efficiency of the proposed
strategy and method.

An emerging issue concerns using the circular economy to improve the sustainability
of different enterprise sectors, such as manufacturing systems [48], the apparel industry [49],
and civil engineering [50].

Tushar [51] provided a recent overview of the literature on cyber—physical systems
supported by different game theory models. They argued that multi-agent and game theory
are adapted to support cyber—physical systems.

Table 5 summarizes the key findings from recent research on applying game theory to
cloud manufacturing systems. Notably, the Nash equilibrium is the dominant approach,
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with fewer studies exploring alternative methods such as the Gale-Shapley model or
minority game models. This suggests potential avenues for future research.

Table 5. Studies on cloud manufacturing systems.

Non

Resources Service 1\{;;‘}1 Gale-Shapley Cogggéztlive Cog/}[)erative M(i;;(:;iety
odel
Su et al. [37] X X
Liu et al. [38] X X X
Carlucci et al. [39] X X X
Xiaoning et al. [40] X X
Xiao et al. [41] X X
Zhang et al. [45] X X
Wang et al. [42] X X
Zhang et al. [43] X X X
Liu et al. [44] X X
Liu et al. [45] X X X
Koochaksaraei et al. [46] X X

4. Main Findings

This section synthesizes the findings from the reviewed literature. Based on this
analysis, we will identify research gaps and discuss potential avenues for future research.
Table 6 summarizes the distribution of the reviewed papers across different areas in recent
years (2014-2023) and in terms of percentages of the total reviewed papers.

Table 6. Summary of the literature review.

2014-2016 2017-2019 2020-2022 2023 No. %
Production and 4 1 2 1 8  22.86%
capacity planning
Scheduling 3 3 3 1 10 28.57%
Sustainable - 2 3 2 7 2000%
production systems
Cloud manufacturing 1 4 3 2 10 28.57%
Total 8 10 11 2 35

The analysis of the reviewed literature reveals that research on production and capac-
ity planning peaked between 2014 and 2016, with a decline in subsequent years. Conversely,
the application of game theory approaches to scheduling problems has remained consistent
throughout the study period. Interestingly, sustainable production systems and cloud man-
ufacturing have emerged as growing areas of interest, with cloud manufacturing attracting
the most recent research efforts. Figure 1 visually depicts this trend, highlighting the surge
in research focused on sustainable manufacturing systems and cloud manufacturing in
recent years.

4.1. Key Outcomes for Production and Capacity Planning

A critical gap identified in recent production and capacity planning research is the lack
of models that facilitate coalition formation among enterprises. Such models could enhance
efficiency, responsiveness, and resource sharing, ultimately leading to improved customer
satisfaction. Small and Medium Enterprises (SMEs) could leverage these coalitions to
compete more effectively on the global stage [52]. However, cooperative game theory
models, which are well suited for analyzing coalition formation, have not been extensively
explored in this area.
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Figure 1. Trend of the literature review.

Another promising avenue for applying cooperative game theory lies in the realm of
strategic alliances, often referred to as ‘co-opetition” [53]. These alliances unite competing
enterprises with complementary capabilities to pursue shared objectives such as expanding
market share, improving efficiency, and fostering innovative solutions. By integrating coop-
erative game theory into the context of capacity and production planning, researchers can
develop models that optimize coalition formation and resource sharing among enterprises.
This approach holds immense potential for SMEs, allowing them to gain a competitive
edge and make meaningful contributions to the global manufacturing landscape.

4.2. Key Outcomes on Scheduling

Recent research on scheduling for manufacturing systems has primarily focused on
job shops, with reconfigurable and open-shop systems receiving less attention. However,
these under-explored systems offer significant potential for leveraging game theory models
to improve decision making and operational efficiency. In particular, reconfigurable manu-
facturing systems boast a modular and adaptable design, allowing them to swiftly adapt
to changing production needs. Game theory models can play a pivotal role in allocating
and reconfiguring machines and equipment. By optimizing resource utilization within a
limited availability, decision makers can strike a balance between resource allocation and
production objectives.

Unlike job-shop systems, open-shop systems accommodate a broader spectrum of
process types and job priorities. Game theory models step in to provide efficient solutions
while minimizing computational time. By dynamically considering job arrivals and pro-
cess requirements, game theory guides decision makers in scheduling tasks. The goals?
Minimizing idle time, reducing production lead times, and boosting system responsiveness.

From the point of view of integration challenges, there is a critical gap in the existing
literature—an underexplored fusion of game theory with other methodologies.

Two promising avenues are as follows: fuzzy logic is renowned for handling imprecise
and uncertain information and can effectively complement game theory. Integrating these
approaches takes into account the inherent variability and complexities of real-world
manufacturing environments. Genetic algorithms are algorithms that search for optimal
solutions through evolutionary processes. When combined with game theory, they explore
abroader array of scheduling alternatives, ultimately identifying the most efficient paths. In
summary, bridging game theory with fuzzy logic and genetic algorithms can pave the way
for more robust and adaptable scheduling models, ultimately enhancing decision-making
efficiency in manufacturing systems.

Reconfigurable manufacturing systems, with their modular and adaptable designs,
can leverage game theory models to optimize resource allocation and the reconfiguration
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of machines and equipment. This is particularly valuable in scenarios with limited resource
availability. By applying game theory, decision makers can make informed choices that
balance resource allocation with production objectives, ultimately maximizing overall
system efficiency. Open-shop systems, characterized by a wider range of process types and
job priorities, present another promising area for applying game theory. In these systems,
game theory models can efficiently identify solutions while minimizing computational
time. Game theory’s strength lies in its ability to account for the dynamic nature of job
arrivals and process requirements. This allows it to guide decision makers in real-time
task scheduling, minimizing idle time, reducing production lead times, and ultimately
enhancing system responsiveness. However, a critical gap exists in the current research—
the limited exploration of how game theory can be combined with other methodologies.
Fuzzy logic, known for its ability to handle imprecise information, can complement game
theory in real-world manufacturing environments where data may be uncertain. Similarly,
genetic algorithms, which utilize evolutionary processes to find optimal solutions, can be
integrated with game theory to explore a wider range of scheduling options and identify
the most efficient paths. By combining these approaches, researchers can develop more
robust and adaptable decision models for scheduling problems.

Fuzzy logic, with its ability to handle imprecise and uncertain information, can be
integrated with game theory to account for the inherent variability and complexities of
real-world manufacturing environments. This integration can improve the robustness
and adaptability of scheduling models to changing conditions and disruptions. Genetic
algorithms, with their ability to search for optimal solutions through evolutionary processes,
can be combined with game theory to explore a wider range of scheduling alternatives
and identify the most efficient solutions. This integration can enhance the computational
efficiency of scheduling models and lead to more robust and effective scheduling strategies.
By fully leveraging the power of game theory and integrating it with complementary
methodologies, researchers can address the challenges of scheduling in reconfigurable
and open-shop systems, unlocking new avenues for enhancing manufacturing efficiency
and productivity.

4.3. Key Outcomes on Sustainable Production Systems

Sustainability has emerged as a key driver in manufacturing, prompting research
into sustainable production systems that minimize environmental impact while maintain-
ing economic viability. Recent studies have focused on job-shop manufacturing systems,
primarily considering total energy consumption. However, a crucial aspect—the costs
associated with peak power constraints—has received less attention. Additionally, the uti-
lization of renewable energy sources has not been extensively explored in recent research.
The allocation of demand energy among various renewable energy sources presents a
promising research direction that can be effectively addressed using game theory models.
By incorporating game theory’s principles of strategic decision making, researchers can
develop models to optimize the utilization of renewable energy sources while ensuring
the overall energy demand is met. This approach holds immense potential for minimiz-
ing reliance on conventional energy sources and reducing the environmental footprint of
manufacturing operations. Game theory models can capture interdependencies among
different renewable energy sources, considering their fluctuating availability, variability
in generation patterns, and associated costs. By analyzing these interactions, researchers
can identify optimal strategies for scheduling the use of renewable energy sources, ensur-
ing that demand is met while maximizing the utilization of these sustainable resources.
Furthermore, incorporating game theory into the optimization of renewable energy utiliza-
tion can facilitate collaboration among different stakeholders, such as energy providers,
manufacturers, and consumers.

By modeling their decision-making processes and aligning their interests, game the-
ory can promote the efficient coordination of renewable energy resources, leading to a
more sustainable and resilient energy landscape. By embracing game theory as a tool for
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optimizing renewable energy utilization in sustainable production systems, researchers
can pave the way for a future where manufacturing operations operate in harmony with
the environment, reducing their carbon footprint and promoting the transition towards a
sustainable future.

4.4. Key Outcomes on Cloud Manufacturing

Cloud manufacturing, a transformative paradigm, has emerged in manufacturing,
enabling distributed and collaborative production capabilities. While recent research has
primarily investigated the allocation of manufacturing resources and services within cloud
manufacturing systems, two crucial aspects demand further investigation: cooperative
models and design stage support. Cooperative models are essential for facilitating coopera-
tion among the diverse stakeholders within cloud manufacturing ecosystems, including
cloud providers, manufacturers, and customers. Game theory offers a powerful framework
for modeling these interactions. By analyzing strategic decision making, game theory can
aid in the design of mechanisms that promote efficient cooperation. These mechanisms
can optimize resource allocation, maximize utilization of cloud manufacturing capabilities,
and align the interests of all parties involved, ultimately contributing to a more sustainable
and equitable cloud manufacturing landscape.

Design stage support is critical for reducing the gap between customer requirements
and the actual production process in cloud manufacturing. Game theory can be leveraged
to develop collaborative design models that facilitate the active participation of customers,
designers, and manufacturers. These models enable a participatory design process, em-
powering customers to express their specific needs and preferences while designers and
manufacturers can offer expert guidance, feasibility assessments, and technical expertise.

By incorporating cooperative models and design stage support into cloud manufactur-
ing systems, researchers can pave the way for a more agile, responsive, and customer-centric
manufacturing paradigm. This approach empowers customers to actively participate in
the design and production of their desired products and services. In turn, manufacturers
gain valuable insights, improve customer satisfaction, and potentially unlock new avenues
for innovation and competitive advantage.

5. Conclusions

The adoption of new technologies and digitization generate vast amounts of real-time
data, which necessitates the adoption of novel organizational and cooperative models.
Game theory models can expedite cooperation among independent partners, reducing
computational time compared to alternative methodologies.

This review surveys recent research (2014-2023) utilizing game theory models in
production and capacity planning, scheduling, sustainable production systems, and cloud
manufacturing. The literature review examines the application of game theory models in
these areas, identifying key research gaps and proposing future directions.

Coalition models are an important area for study, offering support across various top-
ics. Cooperative game models facilitate collaboration among multi-site or manufacturing
resources within the same enterprise, while non-cooperative game models with incomplete
information aid independent enterprises in temporary collaborations. Integrating game
theory models with other methodologies, such as genetic algorithms, fuzzy logic, and
Monte Carlo simulations, can enhance multi-objective solutions and reduce computational
complexity for real-time data.

The management and integration of renewable energy sources are a critical area that
can benefit from game theory models. Decision support models based on game theory
can allocate energy demand among various sources, including solar, wind, and storage
options, aiming to minimize total energy consumption, address peak power constraints,
and maximize renewable sources.

12
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Future Research Paths

The main key points for future research paths can be summarized as follows.

Future research in manufacturing systems will focus on open-shop and reconfigurable
manufacturing systems, which stand to gain significant benefits from game theory models.
Advancing these open research areas is essential for expanding knowledge on the use of
game theory models and supporting industry and practitioners in transitioning towards
decision support systems for new organizational paradigms.

Existing studies on capacity and production planning have neglected the applica-
tion of cooperative game theory in facilitating coalition formation and resource sharing
among enterprises, especially SMEs. Cooperative game theory offers valuable insights for
designing and managing strategic alliances to optimize mutual benefits and minimize po-
tential conflicts. It provides a structured framework for analyzing and negotiating resource
allocations, fostering collaboration, and enhancing overall operational efficiency.

Research on scheduling has predominantly centered on job shops, overlooking re-
configurable and open-shop systems. Game theory models offer effective solutions for
optimizing resource utilization, minimizing idle time, reducing lead times, and enhancing
responsiveness in these systems. Integrating game theory with complementary methodolo-
gies like fuzzy logic and genetic algorithms can further improve scheduling model efficacy.

While recent research on sustainable production systems has emphasized job-shop
systems and total energy consumption, it has often neglected costs related to peak power
constraints and the integration of renewable energy sources. Game theory models offer
opportunities to optimize the utilization of renewable energy sources, ensuring demand
fulfillment while minimizing reliance on conventional energy sources. Moreover, game
theory can foster collaboration among stakeholders to efficiently coordinate renewable
energy resources.

While research on cloud manufacturing has predominantly centered around resource
allocation, there has been limited exploration of cooperative models and design stage
support. Cooperative game theory presents an opportunity to develop efficient mechanisms
for resource allocation and engage customers in the design and production processes of their
desired products and services. Integrating cooperative models and design stage support
can enhance the flexibility, responsiveness, and customer centricity of cloud manufacturing.
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Abstract: Coupling is a key concept in the field of embodied interaction with digital products and
systems, describing how digital phenomena relate to the physical world. In this paper, we present a
Research through Design process in which the concept of coupling is explored and deepened. The
use case that we employed to conduct our research is an industrial workplace proposed by Audi
Brussels and Kuka. Our aim was to enrich this workplace with projection, or Spatial Augmented
Reality, while focusing on operator interaction. We went through three successive design iterations,
each of which resulted in a demonstrator. We present each of the three demonstrators, focusing on
how they propelled our understanding of coupling. We establish a framework in which coupling
between different events, be they physical or digital, emerges on four different aspects: time, location,
direction, and expression. We bring the first three aspects together under one heading—coupling of
meaning—and relate it to ease of use and pragmatic usability. We uncover the characteristics of the
fourth aspect—coupling of expression—and link it to the psychological wellbeing of the operator in
the workplace. We conclude this paper by highlighting its contribution to the embodied interaction
research agenda.

Keywords: design for interaction; embodied interaction; coupling; workplace design; spatial
augmented reality; research through design

1. Introduction

This paper is about coupling and how it drives design for interaction. The concept
of coupling is a recurring theme in the knowledge domain of embodied interaction. In
previous work [1], we formulated a definition of coupling based on the MCRpd interaction
model [2] and the Interaction Frogger Framework [3]. In our definition, coupling is the
relationship between different events that make up a user-product interaction routine.
Events are representations of digital phenomena in the real world. These representations
can have a physical or a digital character. For example, a display hangs on the wall and
shows an image of a landscape. The display is controlled via a physical button, which
is mounted next to it. When the user pushes the button, another landscape appears on
the display. This interaction routine contains two events: the pushing of the button and
the changing of the images on the display. It is clear that the two events are related, since
pushing the button causes the display to change its scenery. The successive pictures on the
display feel digital because they are visible but intangible, can easily be replaced, and can
disappear instantly. They form a digital event. The user’s pushing of the button is a physical,
tactile interaction. The button is pushed, and the user feels this movement. The physical
button is persistent. Unlike the on-screen images, it will not suddenly vanish or change
its appearance. The movement of the button forms a physical event. The relationship
between both events is referred to as coupling. In this paper, we aim to further define our
understanding of coupling, and its different aspects, against the background of embodied
interaction. We complete this task by presenting a Research through Design (RtD) project [4]
that we conducted in the area of industrial workplaces and Spatial Augmented Reality.
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1.1. Embodied Interaction

Embodied interaction is a perspective on human interaction with digital phenomena
and has roots in phenomenology [5,6] and ecological psychology [7]. It advocates a deep
integration of digital phenomena into the physical world through giving them material
form, i.e., embodying them. In this way, these digital phenomena become tangible [8] and
graspable [9]. In a large part of literature, the rationale for embodied interaction starts
from the idea that people are familiar with the physical world [10], i.e., they have highly
developed knowledge and skills for interacting in and with it. The purpose of embodied
interaction is, thus, to leverage this familiarity in their interaction with digital products and
systems. As such, this interaction becomes more natural and intuitive than interacting with
today’s generation of PCs or tablet computers [11].

In this paper, we apply a particular perspective from the embodied interaction research
agenda. This perspective deals with strong specific products [12], i.e., digital products
that are specifically designed to fulfil one single function. Buxton [13] claims that the
design of single-purpose products has more merit than the “one-size-fits-all” approach of
the personal computer. The reason for this merit is specialization [10]. When a product
is dedicated to a specific task, its user interface can be designed around that task and
its design can reflect a physical commitment to it [14]. For the design process of these
products, this approach means that both physical and digital components can be developed
simultaneously, i.e., as one whole. Such a design process works radically against the
common design practice of today’s consumer electronics, where the physical and the
digital are designed separately from each other and sequentially. In this process, a generic
hardware structure is created (a PC, a smartphone or a tablet; only after that are software
applications are designed and added.

1.2. Spatial Augmented Reality in Workplace Design

Augmented Reality (AR) [15] is driving the vision of industrial workplaces for mainte-
nance [16] and manufacturing [17-19]. The aim of AR in these workplaces is to increase the
accessibility of work instructions for the operator or service engineer through providing an
augmented layer with real-time, task-relevant information within their field of view [20].
In our Research through Design project, we focused on a measuring workplace with Spatial
Augmented Reality (SAR) [21]. SAR uses one or more projectors to project digital images
directly onto a physical object, environment or, in this context, workplace.

The workplaces in industry today that employ SAR mainly consider the design of
the augmented layer as something that happens only after the design of the workplace
itself is completed, and only after the workplace is realized. We value the versatility and
flexibility that this design methodology offers; however, we believe that the resulting
operator interaction is far from natural and intuitive. We started our Research through
Design project with a speculative view of the design of such workplaces [22,23]. We wanted
to apply embodied interaction in the design process and, in particular, the perspective
of strong specific products described above. In other words, we wanted to conduct an
in-context exploration [24] of the strong specific workplace: a workplace with a limited
set of functions, the physical and digital form of which are designed in conjunction with
each other. Our initial research question was as follows: what coupling possibilities emerge
when a strong specific workplace is enriched with SAR? Our research goal was to seamlessly
integrate projected images in the physical workplace, and design an interaction with these
images that feels natural, rather than detached or stuck on [25]. Our use case was provided
by Audi Brussels and Kuka. They proposed a workplace for a specific measuring task,
which was augmented with projection.

1.3. Objectives and Structure of This Paper

In this paper, we present three demonstrators that we built during our RtD process,
and discuss the insights that the demonstrators gave us regarding the concept of coupling
in spatially augmented workplaces. We define coupling as a relationship that groups and
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connects different events that occur in the interaction between the operator and different
components of the workplace. We advocate that the design of this relationship is a key part
of the overall design process. The number of coupled events can be more than two, and
whether these events are physical or digital, or product or user related, is not important.
What is important, however, is the added value for the operator that the coupling brings
to the interaction flow. This added value has a dual nature, as we propose a taxonomy of
different couplings consisting of two main groups: couplings of meaning, related to ease of
use; and couplings of expression, related to emotional well-being.

This paper is divided into eight sections. In the second section, we put our research
into perspective through positioning it between several areas of knowledge about coupling.
In the next three sections, we present three demonstrators of spatially augmented cobot
workplaces, each representing a stage of our RtD process. For each demonstrator, we
present its functionality and interaction routine, and discuss the different coupling themes
each demonstrator reveals. In the discussion, we look back on our work, and articulate our
key findings. In our conclusion, we come full circle by showing what our initial research
question and the subsequent work add to the current notion of coupling and the design of
spatially augmented workplaces. Finally, we outline directions for future research.

2. Coupling in Perspective

In this section, we discuss three frameworks on coupling, including our own.

2.1. The MCRpd Interaction Model

In 1997, tangible interaction, which was an early precursor to embodied interaction,
was established [8]. In order to articulate ideas about representation and control of digital
phenomena in an interactive system, the MCRpd (Model-Control-Representation, physical
and digital, Figure 1) interaction model is proposed [2]. The MCRpd makes the following
distinction. On one hand, there is the underlying digital information, i.e., the bits and bytes,
referred to as model in the diagram. On the other hand, there are different representations
of this model in the real world. These representations can take two forms: physical (REP-P)
and digital (REP-R) representations. Physical representations are artifacts that embody
digital information. Digital representations are computationally mediated entities without
physical form (e.g., video projection and audio). Both physical and digital representations
are said to be perceptually coupled. This coupling is indicated via the horizontal line in
the diagram.

PHYSICALLY NONGRASPABLE
REPRESENTED REPRESENTATION
(GRASPABLE) OF DIGITAL INFORMATION
DIGITAL (E.G., VIDEO PROJECTION,
INFORMATION SOUND)

NTR REP-P REP-
PHYSICAL (CO OLI = H . DJ

MODEL

INTERACTION MODEL OF TUL:
MCRpd MODEL

Figure 1. MCRpd Interaction Model. Reprinted with permission from [2], Tangible Media Group,
MIT Media Lab, 2000.
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From this model, we have inherited the idea that digital phenomena are represented
in the physical world through two kinds of representations. These representations are
those that feel physical, and those that feel digital. We called them physical events and
digital events. The coupling between them—the green horizontal line on the diagram—is
the coupling that we investigate in our research.

2.2. The Interaction Frogger Framework

Wensveen et al. [3] translated the concept of coupling into a framework for product
designers. The interaction frogger framework was developed to make people’s interaction
with digital products natural and intuitive. The reference for natural interaction is the
interaction with simple mechanical products (e.g., cutting paper with a pair of scissors).
The framework focuses on the coupling between user action and product function. In an
interaction routine, the two factors constantly alternate. A user action results in a product
function, and vice versa. The coupling is the mutual relationship between the two factors.
It describes how user action and product function are related to each other, and to what
extent the user perceives them as similar. The framework suggests that when user action
and product function are united on six aspects, they are experienced as naturally coupled.
In the context of this paper, we retain three of these six aspects. These three aspects are:

e  Time: User action and product function coincide in time;
e  Location: User action and product function occur in the same location;
e  Direction: User action and product function have the same direction of movement.

2.3. The Aesthetics of Coupling

In our previous work, we deepened the concept of coupling by considering it as
a source of aesthetic experience [1]. As described earlier in this paper, we distinguish
physical and digital events. Whether these events are initiated by the user or the product,
as emphasized by the Interaction Frogger Framework, is of secondary importance to us.
We argued that the aesthetics of coupling uniquely play between two events: physical and
digital events. The intrinsic difference in the nature of both events makes up the essence of
the aesthetics. Physical events are persistent and static, while digital events are temporal
and dynamic. The designer brings both events very close to one another, so that they are
perceived by the user as one coherent, harmonious user experience. At the same time,
the user is very aware of the different natures of the two events, which clearly makes a
complete unification impossible. This inherent paradox, which is the tension field between
being apart and together at the same time, causes feelings of surprise and alienation that
constitute the aesthetics of coupling. The first author, together with Floor Van Schayik,
designed a night lamp that illustrated this concept (Figure 2). A video of this night lamp
can be found in Supplementary Material: Video S1-NightLamp. When the user pulls up
the sphere at the top of the lamp, the light inside the lamp moves with it and jumps into
the sphere at the end of the movement. As such, the reading lamp becomes a night lamp.
In this example, the aesthetics of coupling lie in the contrast between the physicality of the
sphere and the intangibility of the light inside the lamp.
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.

(a) (b) (©
Figure 2. (a) Lamp in reading mode. (b) user pulls the sphere upwards. (¢) Lamp in night mode.

3. The Audi Demonstrator

Demonstrator video can be seen in Supplementary Material: Video S2-
AudiDemonstrator.

3.1. Background

We explored SAR in a human-cobot workplace [26]. A cobot, or collaborative robot, is
a relatively small industrial robot designed for direct human-robot interaction. The context
for our research project was provided by Audi Brussels (https:/ /www.audibrussels.be,
accessed on 17 May 2023) and Kuka (https://www.kuka.com, accessed on 17 May 2023).
In the production line for the body panels of the Audi Al in Brussels, Audi needed a
workplace that could measure and inspect the adhesion quality of the fold glue joints for
each panel (doors, hood and trunk). In this workplace, a single operator works together
with a cobot: the Kuka LBR iiwa. This cobot tracks the contour of the body panel using
contact force feedback, and checks the adhesion quality of the fold glue joints through
means of an ultrasonic sensor.

We conducted a few preliminary ideations on the operator’s interaction with the
workplace and the cobot. We adopted the stance that interaction with projected content
in workplaces is not going to replace today’s interaction styles, but will coexist with and
complement them [21]. This assumption resulted in a preliminary concept for the Audi
workplace, defined in 3D CAD (Figure 3). The concept consisted of a circular table and
a control unit, containing a display-button setup. The Audi Al body panels are placed
manually on the table, one at a time. Above them, a Kuka LBR iiwa cobot hangs upside
down from a horizontal bridge, with its work envelope covering the entire table surface.
On either side of the cobot, two projectors are mounted on the bridge, augmenting the table
and body panels with projected images. The idea is that the operator steers and controls
the cobot with the control unit. The cobot moves over the body panel while touching
its contour and ultrasonically senses the adhesion quality of the glue joints. Relying on
several SAR studies [27-29], we decided that the visual feedback on this measurement
should be projected in real time on the body panel itself, rather than appearing on a
separate, isolated display.
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Figure 3. (a) Preliminary concept for Audi workplace. (b) Projection on table and body panel.

3.2. Description of the Demonstrator

We designed and built a 1/6 scale model of the Audi workplace (Figure 4). The pur-
pose of this scale model was to inform and inspire people from the Flemish manufacturing
industry. With this model, demonstrations are given by one operator to an audience of
around ten people. The setup is made of sheet metal and SLS (Selective Laser Sintering)
parts. It features a horizontal surface, on which the circular tabletop is mounted, and a
vertical wall containing a mini beamer. Adjacent to the circular tabletop, a rectangular
surface represents the control unit. The beamer simulates the control unit’s multi-touch
display and projects images onto the table surface and the objects that are placed on it:
an adapted replica of the Audi Al hood and two positioning supports. Finally, the setup
includes an adapted scale model of the Kuka LBR iiwa, which is used by the operator as a
puppet in a theatre.

Mini beamer

Tabletop

Control unit

Audi A1 hood ‘-‘
[ 4
Two supports ——e®
Kuka LBR iiwa cobotj

Figure 4. A 1/6 scale model of Audi workplace.

3.3. Description of the Interaction

The interaction starts at the control unit. The operator stands in front of it and performs
menu havigation actions on the multi-touch display. He/she selects the type of car, in this
case a five-door Audi A1, and the body panel, in this case the hood (Figure 5).
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Figure 5. Operator selects type of car and body panel.

When the hood is selected, the hood icon moves upwards, leaves the display, and
slides onto the augmented tabletop, where it grows into a full-scale positioning contour
(Figure 6). The operator moves along with this motion, leaves the control unit, and stands
at the tabletop. From there on, he/she is guided through projected work instructions.
The contours of both supports are shown in red (Figure 7a). The operator positions both
supports on the table (Figure 7b). When the system detects the correct placement of each
support, the red pulsating projection turns white and adapts to the shape of the supports
(Figure 7c). Next, the outline of the hood is projected in red (Figure 8a). The operator
places the hood on both supports, which help to ensure a correct positioning. Next, the
operator presses a start button on the control unit, and the cobot begins to track the hood
contour and measures the adhesion quality of the glue joints (Figure 8b). The result of
this measurement is projected in real time onto the hood itself: white dots indicate good
adhesion quality, while red dots indicate poor quality (Figure 8c).

Figure 6. Hood icon slides from multi-touch display onto tabletop and grows to actual size.

(a) (b) (c)

Figure 7. (a) Support contours are shown in red. (b) Operator places the left support. (c) Projection
adapts to placed support and highlights its identification number and peg hole.
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(a) (b) (c)

Figure 8. (a) Hood contour is projected in red. (b) Cobot tracks the hood contour. (c) Measurement
result is projected onto hood.

3.4. Discussion

The Audi demonstrator combines two interaction styles: interaction with a multi-touch
display, and interaction with a spatially augmented tabletop. We see novelty in the way the
demonstrator couples these two interaction styles. We focus on two particular couplings,
which are further developed in the demonstrators presented in the next two sections.

3.4.1. Coupling 1-On-Screen Event and Projected Event

The demonstrator is divided into two distinct working zones: the control unit with
a multi-touch display, and the tabletop with SAR (Figure 4). This split-up determines
the form semantics of the workplace. The square shape of the multi-touch display is
adjacent to the circular shape of the SAR tabletop, forming a continuous surface. This
continuity is further extended in the coupling of both on-screen and projected events. This
coupling is clearly visible in the following moment. When the user selects the hood by
touching the icon on the display, this icon moves upwards and slides onto the augmented
tabletop (Figure 6). At this point, the projection takes over the on-screen imagery. The
transition between the on-screen event and the projected event leads the operator from the
control unit to the tabletop. In the design process, we relied on the rules of the Interaction
Frogger Framework [3]. Both events are coupled on the aspects of time, location, and
direction (Figure 9).

On-screen Event

Projected Event

Direction

Figure 9. Coupling scheme representing movement of hood icon from on-screen environment
to tabletop.

They happen one after the other, thus in the same time span;
Where the icon leaves the display, it is projected onto the tabletop; thus, both events
have the same location;

e  The direction of the icon’s movement on the display is the same as the direction of its
movement on the tabletop.

It is important to note that the three different couplings combine aspects that are
already present in each event separately. Each event occurs at a particular time, on a
particular location, and has a movement with a particular direction. Designing the coupling
between them is clear and straightforward because the goal is clear: to ensure that the
three aspects of both events are in line with each other. The benefit of these three couplings
lies in the domain of ease of use. Unity of time, location, and direction between different
events makes the events resonate with each other. These couplings create uniformity,
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coherence, and order in different movements and actions, and promote the naturalness of
interaction, as already implied through the Interaction Frogger Framework. They make the
functioning of the workplace logical and, as such, easy to read. They reveal the meaning of
the workplace to the operator. We call them couplings of meaning.

However, there is another factor involved. The transition between the two different
interaction styles, i.e., multi-touch interaction on a display and in situ projection on an
augmented tabletop, is emphasized through the movement of the hood icon. The icon
literally leaves the display and the GUI paradigm and enters the real world, where it grows
into a full-scale work instruction. This transformation is not already present in each event
separately. It emerges from the coexistence and interplay of the three other couplings. Its
merit lies in the fact that it adds expression and engagement to the interaction, as it touches
on aesthetics and emotional values. In former work, we referred to this phenomenon as
the aesthetics of coupling. In this paper, we want to deepen our thinking. We state that
both events show unity on a fourth aspect, next to time, location, and direction. We call this
aspect expression (Figure 9). We call the coupling on this aspect coupling of expression.

We want to note that our definition of coupling of expression should not be confused
with Wensveen’s definition [3], in which the user expresses him- or herself during the
interaction with a product. This expression is then reflected in the product’s function. For
example, cutting paper with a pair of scissors while feeling nervous and rushed will result
in sloppy incisions.

3.4.2. Coupling 2: Physical Event and Projected Event

Another form of coupling occurs when the contours of both supports are projected
onto the tabletop in real scale and all in white. At a certain point, the contour of the first
support starts to pulsate slowly in red (Figure 7a). This event nudges the operator to place
the first support. Once the operator has completed this task (Figure 7b), the projection
changes color from red to white and adapts to the shape of the support (Figure 7c). The
projection highlights the support’s identification number, as well as its peg hole, in which
the hood will eventually be positioned. The placement of the support by the operator is a
physical event that is coupled to a projected event. This coupling occurs on two aspects:
time and location (Figure 10).

Physical Event Projected Event

Figure 10. Coupling scheme representing placement of and projection on supports.

e  The moment the operator positions the support on the tabletop, the projection appears;
e  The projection appears on the support itself, not next to or near it.

3.4.3. Learnings for the Next Iteration

After building the demonstrator, and presenting it to people from Audi, Kuka and the
Flemish make industry, we came to the conclusion that the demonstrator indeed elicited
the aspects of coupling mentioned above, but did not exploit their full potential. We saw
three angles to further explore the design space. Firstly, we wanted to build a real scale
setup to enhance the sense of reality and immersion. Secondly, we wanted to create a real
multi-touch display, rather than a simulated one, to increase the contrast between on-screen
and projected events. Thirdly, we wanted to further explore coupling 2, i.e., the coupling
between the supports and the projection. We decided to build a second installation, together
with Kuka, in order to fulfil these intentions.
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4. The Kuka Mockup
Demonstrator video can be seen in Supplementary Material: Video S3-KukaMockup.

4.1. Background

At this point in the research project, the plan rose to build a real demonstrator with a
working cobot. In order to understand this idea, we decided to first construct a mockup
out of wood, 3D printed components and spare parts. Since our focus was on interaction
and coupling, rather than on force-based contour tracking and echolocation, we chose an
artefact with a less complex 3D contour than the Audi A1 hood: a wooden longboard.

4.2. Description of the Mockup

The demonstrator was more an experience prototype or mockup than a full-blown
demonstrator (Figure 11). It consisted of two ladders on which we mounted an aluminum
beam with two projectors, and a full-scale wooden mockup of the Kuka LBR iiwa cobot.
We built a wooden tabletop and a control unit with a working multi-touch display, and
placed it under the beam structure. We designed specific supports for the longboard, which
could be placed on the tabletop.

cobot

Ii Tabletop
2 I— Control unit
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Figure 11. The Kuka mockup.

4.3. Description of the Interaction

The interaction routine is very similar to that of the Audi demonstrator. The idea is that
the cobot measures the contour of a longboard instead of the Audi Al hood and compares
it with a reference contour. Another difference lies in the supports. Both longboard
supports contain a dedicated projection surface, which is in the form of a pill-shaped cavity,
printed on cardboard. Once the support is placed on the work surface, an identically
shaped icon is projected into this cavity (Figures 12 and 13). The projected icon contains
a slider that moves from one side of the printed cavity to the other, naturally guided via
its boundary, informing the operator that the system has locked the support to the work
surface (Figure 14). When the cobot has completed its measurement task, the zones with
form deviations are indicated by a red light (Figure 15b), and the operator marks the zones

with physical stickers (Figure 15c).
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Figure 12. (a) Operator chooses longboard. (b) Longboard leaves display and slides on tabletop. (c)
Longboard contour at full size.

Figure 15. (a) Cobot tracks contour of longboard. (b) Deviating zones are marked with red light. (c)
Operator marks zones with stickers.

4.4. Discussion

During the design of this demonstrator, we developed the two coupling themes that
we had begun to explore in the Audi demonstrator.

4.4.1. Coupling 1-On-Screen Event and Projected Event

The transition from on-screen to projected event is realized literally through the
presence of an operational multi-touch display on the control unit. The coupling between
the two events is now a transition between two different media, which reinforces the
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transformative aspect of the interaction routine and, thus, the expressive power of the
coupling. As soon as the icon disappears from the top of the display, it reappears as a
projection on the tabletop, continuing the same movement (Figure 12). This process creates
the effect of the icon literally crawling out of the display and into the real world. The sense
of magic and surprise [3] that this process creates is the result of coupling of expression
(Figure 9). We want to emphasize that, in our previous work, we stated that this form of
aesthetic was only possible in the coupling between physical and digital events. In this
demonstrator, both coupled events are digital in nature.

4.4.2. Coupling 2-Physical Event and Projected Event

We further explored Coupling 2 from the Audi demonstrator. The result of this explo-
ration is visible in the placing of the longboard supports on the work surface (Figure 13).
The manual placement of the support causes the appearance and movement of a projected
element in the support’s cardboard cavity, reflecting the status change in the support
from unlocked to locked (Figure 14). With respect to the Audi demonstrator, we added
coupling of direction to the concept, as the projected element follows the physical contour
of the cavity. As a result of this design intervention, something remarkable happens: the
support, which is a physical and inanimate object, suddenly has a moving part and seems
to be brought to life through the projection. We consider this event to be coupling of
expression (Figure 16).

Location

Physical Event

oirection | Projected Event

Figure 16. Coupling scheme representing placement of and projection on supports.

4.5. Learnings for the Next Iteration

As the cobot in the Kuka mockup was just a static wooden dummy, its movement
capabilities remained underexposed, as do its coupling possibilities with other events. In
our final demonstrator, we wanted to include a real, working cobot.

5. The Kuka Demonstrator

Demonstrator video can be seen in Supplementary Material: Video S4-
KukaDemonstrator.

5.1. Background

Together with the people from Kuka, we designed and built a workplace around a
limited set of cobot tasks, the most important of which was to measure the contour of a
longboard deck and compare it to a reference contour. The envisaged workplace would
contain a real Kuka LBR iiwa, real force-based contour tracking, and real-time projection of
the measurement results onto the longboard itself.

5.2. Description of the Demonstrator

The demonstrator features a horizontal bridge of approximately 3m high (Figure 17).
Beneath the bridge is a workbench containing two different work zones: a control unit with
a display-button setup and a horizontal work surface. On the work surface, a longboard
can be positioned and mounted by the operator using two supports. Above it, a Kuka LBR
iiwa cobot hangs upside down from the bridge, with its movement envelope covering the
entire work surface. On opposite sides of the cobot, two projectors are mounted on the
bridge. We designed a special tool, which is mounted on the cobot itself, that allows it to
physically touch and track the contour of the longboard, thereby sensing and processing

27



Designs 2023, 7, 69

the applied force. The two work zones involve different operator tasks. The zone with
the control unit serves to select tasks through menu navigation. The work surface with
the cobot and the projection is conceived to perform physical tasks, in cooperation with
the cobot. Both work zones are connected via the large OK button below the control unit.
This large button is located between the two different work zones and always remains
accessible, whether the operator is working at the control unit or the work surface.

Control unit
with

E F 3
L — LIS : ﬁ obottool i
= L Horiz-oni‘;f'b_ridgg ; - ; .
\ Projector s f

Horizontal Longboard
work surface
Kuka LBR iiwa
cobot

Support

Control unit
Horizontal
work surface

Figure 17. Main components of Kuka demonstrator.

5.3. Description of the Interaction
5.3.1. Interaction with the Control Unit

In a first phase, the cobot is in sleep mode (Figure 18a). We provided a box, attached
to the bridge, into which the cobot can retreat, portraying a clear image of being at rest. The
operator walks to the control unit and activates the system by pushing the slider button
on the control unit to the left (Figure 18b). On-screen, a black curtain slides away together
with the button, and the control unit is activated. As a result, the cobot above the work
surface wakes up and moves towards the control unit. It adopts an attentive posture, as it
seems to be looking at the display, together with the operator. We call this dialogue mode
(Figure 19a). The operator navigates through the menus using a traditional rotary dial and
push button interface (Figure 19b). As he/she turns the dial, the menus move horizontally.

(b)

Figure 18. (a) Cobot in sleep mode. (b) Operator activates system by pushing the slider.
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(b)

Figure 19. (a) Cobot in dialogue mode. (b) Operator navigates through menus by turning the
rotary dial.

5.3.2. Transition between Two Work Zones

The operator selects to perform a contour tracking task, and confirms this selection
by pushing the rotary dial (Figure 20a). The cobot then moves away from the control unit
towards the work surface. At this point, the on-screen images on the control unit’s display
move downwards, as if they flow onto the table below. At the same time, a projection is
generated on the work surface, showing a sliding image that moves away from the control
unit and fills the entire work surface. The cobot appears to “pull” the on-screen image out
of the control unit onto the tabletop (Figure 20b). The operator is guided from one work
zone towards the other based on the physical movements of the cobot and the movements
of on-screen and projected images. The cobot is now looking at the work surface, and is in
standby mode. Work instructions are projected onto the work surface (Figure 21).

(b)

Figure 20. (a) Operator pushes rotary dial. (b) Cobot “pulls” images out of display and spreads them
across work surface.

Figure 21. Cobot in standby mode.

29



Designs 2023, 7, 69

5.3.3. Manual Mounting of the Supports and the Longboard

The operator follows the instructions on the work surface and mounts the supports
(Figure 22a). After each support is mounted, the operator pushes the OK button (Figure 22b),
and a moving icon is projected into a cavity on each support, indicating that the system has
locked the support (Figure 23). The operator then places the longboard on the supports.
This action is detected via the system, which responds with a projection on the longboard
itself (Figure 24). The operator continues to follow the work instructions and manually
bolts the longboard in place. When this task is completed, he/she pushes the OK button.
The cobot approaches the longboard.

Figure 22. (a) Operator manually mounts supports. (b) After mounting of each support, operator
pushes OK button.

Figure 23. A slider is projected into physical cavity of mounted support and moves to other side of
this cavity.

Figure 24. Operator places longboard on supports, and system reacts with a projection directly on
longboard.
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5.3.4. Force-Based Contour Tracking

The operator pushes the OK button, and the cobot begins to track the contour of the
longboard. The tracked path is projected onto the longboard in real time (Figure 25a). The
cobot is now in scan mode. In a first pass, the cobot recognizes the longboard contour and
uses it as a reference for other longboards. When a longboard with a deviating contour is
checked via the system (in the video, the deviation is added by the operator), the deviation
is detected and marked with a red projection image on the longboard itself (Figure 25b).
Correspondingly, the deviation value is projected on the work surface. After tracking, the
operator pushes the OK button.

(a) (b)

Figure 25. (a) Scan mode. Cobot tracks contour of longboard, and measurement results are projected
onto it in real time. (b) Cobot detects a deviation in contour of longboard, and marks it with red light.

5.3.5. Clearing the Work Surface and Shutting down the System

The operator removes the longboard and the supports, following the instructions
on the work surface. When the work surface is empty, the OK button is pushed, and
the cobot guides the projected images into the control unit with a physical movement
(Figure 26a). The control unit is reactivated, and the cobot is back in dialogue mode. To
deactivate the system, the operator moves the slider on top of the control unit to the right,
and the on-screen image reacts accordingly (Figure 26b). The cobot returns to sleep mode
(Figure 18a).

(b)

Figure 26. (a) Cobot moves towards the control unit, takes projection with it, and “pushes” images in
display. (b) Operator deactivates system by moving slider to right.
5.4. Discussion

The fact that we had the possibility to conceive and craft a semi-functional demon-
strator on real scale, with a fully-functioning cobot, gave us the chance to further explore
Coupling 1, which had already appeared in the two earlier demonstrators. Coupling 2 was
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refined, though its concept remained the same. In addition, we added a display-button
setup as control unit, with specific couplings.

5.4.1. Coupling 1: On-Screen, Projected and Cobot Event

We considered the movements and postures of the cobot not only as a functional given,
but also as a crucial part of the workplace’s form semantics and affordances. We realized
this intention by relying on the concept op Mode of Use Reflected in the Physical State
(MURPS) [30]. This means that we designed the different postures of the cobot in such
a way that they non-verbally express the state of the workplace’s operating system. In
this respect, we distinguish between sleep mode (Figure 18a), dialogue mode (Figure 19a),
standby mode (Figure 21), and scan mode (Figure 25a). Moreover, the movements of the
cobot are coupled to projected events. This coupling is most prominent in scan mode
(Figure 25a), where the cobot tracks the contour of the longboard, and the result of the
measurement is projected onto the longboard’s surface.

We further explored Coupling 1 by enriching it with cobot movements. This approach
led to a new insight. When the operator ends the dialogue mode by pushing the rotary dial
(Figure 20a), three events are coupled: a cobot event, an on-screen event, and a projected
event (Figure 27). The three events occur at the same time and at the same location, and
share the same speed and direction. In addition, the couplings create the impression
that the cobot is actually pulling the image out of the display and spreading it onto the
tabletop (Figure 20b). A similar coupling occurs at the end of the contour tracking task.
The projected images slide back from the work surface in the control unit (Figure 26a),
seemingly being pushed by the cobot. This effect, where the cobot appears to pull images
out of the display onto the tabletop and back, surpasses the three couplings of meaning
and reinforces the coupling of expression. The cobot becomes an expressive medium that
grasps intangible elements and moves them from one physical place to another.

Location

On-screen Event Projected Event

Direction

Cobot Event

Figure 27. Coupling scheme representing cobot manipulating images on display and tabletop.

5.4.2. Additional Couplings of the Control Unit: Physical Event and On-Screen Event

What coupling of expression entails is clearly illustrated by the difference between
two interaction routines on the control unit of the Kuka demonstrator. The first meaning is
the turning of the rotary dial, which causes the different task icons on the display to move
sideways, either to the left or to the right (Figure 19b). The rotary dial is positioned near the
display with the task icons, its rotation is immediately translated into a lateral movement
of the icons, and the icons move left or right, according to its direction of rotation. As such,
there is coupling on the aspects of time, location, and direction (Figure 28a). However, the
interaction feels rather plain and barely expressive. This outcome is because the coupling
of direction is not very strong: the dial rotates, while the icons translate. The fact that a
rotary dial allows this degree of randomness makes it a popular control element in many
commercial GUIs, but it also makes its interaction standardized and generic. This method
is very different to the second routine. This routine involves pushing the slider button at
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the top of the display, which causes a black curtain to slide across the display, activating
or deactivating it (Figures 18b and 26b). Again, there is coupling on the aspects of time,
location, and direction. In this case, however, the coupling of direction is strong. Both
the slider button and the on-screen curtain translate in the same direction, over almost
the same distance. For the user, it feels as if the slider button is directly attached to the
on-screen curtain, as if he/she were dragging a physical curtain across the display. The
specific design and coupling of the two events, the pushing of the slider button, and the
movement of the on-screen curtain results in coupling of expression (Figure 28b).

Time
Location Physical Event | piection | On-screen Event
_D‘ ti
jrecuon Expression
(a) (b)

Figure 28. (a) Coupling scheme representing movement of rotary dial and its effect on on-screen
menu. (b) Coupling scheme representing movement of slider button and on-screen curtain.

6. Discussion

In this section, we look back at the delivered work. We discuss the couplings that
emerged across the three demonstrators, and reflect on how they have refined our under-
standing of coupling.

6.1. A Wealth of Events

In our previous work, we assumed two types of events—physical events and digital
events—with coupling being the relationship between them. During the conception and
creation of the three demonstrators, it became clear that this division was not sufficiently
fine-grained. We encountered two types of digital events: on-screen events and projected
events. It is to be expected that, as different forms of AR (tablet-based AR, SAR, head-
mounted display-based AR) are adopted in workplaces, the number of digital event types
will increase. In this scenario, we are thinking of holographic events, sound events, etc.
Physical events can also be categorized in more detail. During our research, we already
came across the cobot event; however, a further classification of physical events urges itself.
Event classifiers include user movements, physical events performed with control elements,
actuated events, etc. Digital events can be coupled to physical events, but also to other
digital events. This fact clearly surfaced in our RtD process: in the three demonstrators,
we defined couplings between on-screen and projected events, which were both digital
in nature. Similarly, couplings between physical events are already commonplace. Any
kitchen appliance that connects the pushing of a button to the activation of an electric
motor couples two physical events.

In addition, coupling is not necessarily limited to two events. In the Kuka demonstra-
tor, we coupled three events instead of two: an on-screen event, a projected event, and a
cobot event. Four or five events may also be coupled together. Whether these events are
physical or digital in nature is less important.

As digital technology evolves, and as digital phenomena break free from displays
and enter the physical world in projected or holographic form, the dichotomy between the
digital and the physical, which has been the blueprint for embodied interaction to date,
becomes less dominant [31]. We want to open the door to an understanding of coupling
that transcends the traditional bridging of the physical and the digital. Designers of digital
products and systems need to be primarily concerned with the intuitive and engaging
coupling of different events, regardless of their nature, rather than making interaction with
digital phenomena more physical.
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6.2. From Meaning to Expression

We defined four aspects of coupling. Three of them came directly from the Interaction
Frogger Framework: time, location, and direction. We called them couplings of meaning.
In the discussion about the Audi demonstrator, we stated that they are relatively easy for
designers to understand and employ, as they only require the organization and alignment
of aspects that are already present in each event separately.

The fourth aspect of coupling—expression—is more difficult to grasp, because it is
not already present in each individual event. Instead, it emerges as a result of the other
couplings and the design of the workplace in general. Coupling of expression stems from
the aesthetics of coupling, which we discussed in Section 2.3. However, the aesthetics of
coupling, as well as the MCRpd interaction model, relied on the dichotomy between the
physical and the digital realms. If this dichotomy fades into the background, then how can
we define coupling of expression and its relation to coupling of meaning?

Coupling of expression emerges as a consequence of, and as a contrast to, coupling of
meaning [32]. In order to set the stage on which coupling of expression can perform, at least
some realization of couplings of meaning is necessary. Couplings of meaning form, as it
were, a reference, i.e., a background against which coupling of expression is perceived and
felt by the operator. This stage or background has an orderly, logical, and natural character,
as the various coupled events resonate with familiar, often Newtonian laws and common
sense knowledge about the physical world [33]. However, when coupling of expression
appears on the stage, this familiar character is challenged and transcended, as the coupling
appears to violate the established laws. The resulting user experience enters the realm of
magic, beauty, and surprise, and appeals to the operator’s emotions, rather than to his/her
reasoning. We give three examples:

e  In the Kuka mockup, the movement of the on-screen longboard icon is adopted using
the projected longboard icon; thus, it appears to leave the display and slide across the
tabletop (Figure 12). Both icons appear to be one, which is an effect created via the
couplings of time, location, and direction. The expressive appeal of the interaction
routine lies in the fact that the operator clearly realizes that the two icons are not
the same. They have inherently different aspects. In the Kuka demonstrator, this
movement is reinforced through the cobot movements. The effect is that the cobot
pulls the on-screen content out of the display and spreads it across the tabletop
(Figure 20b).

e In the Kuka mockup and the Kuka demonstrator, the pill-shaped cavity of the support
is filled with a projected slider (Figures 14 and 23). Couplings of time, location, and
direction ensure that the slider carefully follows the contours of the physical cavity, as
if it were a real slider. The expression comes into play when the operator realizes that
the slider is not real.

e In the Kuka demonstrator, pushing the slider button on the control unit causes the
on-screen curtain to slide simultaneously in the same direction at almost the same
pace (Figures 18b and 26b). For the operator, it feels as if the curtain is physically
attached to the slider, although he/she clearly sees that the curtain is only an on-screen
representation, rather than a real one.

Why should designers bother to create couplings of expression? Apparently, unlike
couplings of meaning, coupling of expression does not contribute to the ease of use or
intuitive readability of an augmented workplace. Therefore, what is the point? We believe
that coupling of expression enhances the quality perception of the workplace. It creates an
interaction that is aesthetically pleasing, harmonious, and engaging for the operator, and
as such heightens his/her appreciation of the workplace [34]. In other words, coupling of
expression serves the operator’s emotional well-being.

We see a parallel between our concept of coupling and Hassenzahl’s theory of User
Experience, which is specifically aimed at digital products and systems [35]. Couplings of
meaning generate what Hassenzahl calls pragmatic quality. They concern the utility and
usability of a digital product, and describe how well the product fulfils a particular function
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or completes a particular task. Coupling of expression generates hedonic quality [36], and
determines how the operator feels when he/she performs a task in the workplace. The most
radical aspect of Hassenzahl’s theory, in our view, is the relationship between pragmatic
and hedonic quality. Pragmatic quality, according to Hassenzahl, is never a goal in itself. It
should be considered as an enabler of hedonic quality. The fact that a digital product fulfils
the task for which it was designed is taken for granted by the user, and does not contribute
to his/her well-being. A product that aims to provide pleasure and engagement should
have hedonic quality, and its pragmatic quality is subordinate to this. This relationship
between pragmatic and hedonic quality corresponds to how we position couplings of
meaning in relation to coupling of expression. The former couplings are merely enablers
of the latter type. The ultimate goal of the designer should be to design an augmented
workplace in which the operator feels good and thrives. Coupling of expression is directly
related to this goal. Couplings of meaning allow coupling of expression to flourish.

7. Conclusions

We started our investigation by formulating the following research question: what
coupling possibilities emerge when a strong specific workplace is enriched with SAR?
Our goal was to design a workplace as one holistic, integrated entity, combining physical
and SAR components. During the conception and crafting of three demonstrators, several
themes within the embodied interaction research agenda were addressed and explored.

Firstly, we believe that the traditional dichotomy between the physical and the digital
is becoming less prominent as a driver in the design of digital products and systems.
For years, this dichotomy prevailed in tangible interaction; the embodiment framework
we briefly described in Section 2.1; and our own research on the aesthetics of coupling
(Section 2.3). With the development of digital technology, the number of digital events in
people’s daily lives is increasing dramatically. Moreover, digital events are abandoning
the traditional, detached display. Instead, they are taking on new forms, such as 2D
projections or 3D holograms, which are better integrated into the physical world. As
a result, the traditional distinction between the digital and the physical is fading and
becoming less important. Together with this evolution, the concept of coupling is also
changing. Coupling, which we previously defined as the connection between physical and
digital events, can also occur between two digital events, for example between graphics on
a display and projected images on a real object. Moreover, coupling should not be reduced
to the connection between two events. Our research shows several action routines where
coupling occurs between three events, and it is likely that the number of coupled events
can be increased.

Secondly, we set the stage for a new taxonomy of couplings. As the amount of events
in digital products and systems increases, the design of the coupling between these events,
be they digital or physical, product or user-related, becomes more important. We propose
to divide couplings into two groups by making the distinction between coupling of time,
location, and direction on one hand, and coupling of expression on the other. The first three
couplings, which we called couplings of meaning, are related to ease of use and pragmatic
usability, while coupling of expression resides in the domain of psychological wellbeing. Bu
writing this paper, we want to stress the importance of coupling in the practice of industrial
and interaction design. It is our aim to establish the concept of coupling as a full-blown
design theory, just like 2D and 3D composition, color theory, and affordance theory.

Lastly, from our point of view, the speculative view that we formulated in Section 1.2,
i.e., the strong-specific workplace, opens up new possibilities for the design of spatially
augmented workplaces. Throughout the three demonstrators, we designed a workplace
that was fully tailored to a limited number of tasks. This allowed us to design the projected
images in conjunction with the physical workplace itself. The potential benefits of this
approach are best reflected in the design of the supports. In all three demonstrators, the
design of both the supports and the projected images on them were created simultaneously
by the same designer. As such, the physical shape of these supports and the projection
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onto them were allowed to influence each other, to the point where both were designed
as a single system. As a result, the supports have multiple physical reference points that
channel projected images. These physical reference points are persistent, meaning that
they are always present and provide the operator with information about the projected
images on the support. Even when there is no projected image present, the operator knows
where on the support it will appear. The idea of imposing physical restrictions on projected
content may seem counterintuitive, given the innate freedom of projection. However, we
advocate this approach, because we believe that a workplace that physically channels its
projected content makes that content more structured and predictable for the operator
working within it. This approach might reduce the operator’s chance of missing a projected
message and contribute to his/her sense of control over the workplace.

8. Future Research

The work described in this paper opens the door to further research. In the demon-
strators we built for Audi and Kuka, we encountered different types of events: physical,
on-screen, projected, and cobot events. With the advent of head-mounted display-based
AR, holographic objects emerge as a new event type. As holographic objects are not tied to
a display or projection surface, their coupling possibilities with other event types offer a
great deal of design freedom, and form a new and promising research space.

The dual approach to coupling that we established in this paper can be further elabo-
rated. Where does meaning end, and where does expression begin? How can coupling of
meaning support coupling of expression and the other way round?

Finally, this research is situated in the field of industrial workplaces. Further research
is needed to show that the result of this work—the coupling framework—is relevant to a
wider application area: digital products and systems in general.

Given the exploratory nature of this future research, we believe that Research through
Design is a valuable method to tackle this research gap. We hope that this paper will inspire
design researchers and design students to adopt this method and put it into practice.
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Abstract: Predictive maintenance is one of the most important topics within the Industry 4.0
paradigm. We present a prototype decision support system (DSS) that collects and processes data
from many sensors and uses machine learning and artificial intelligence algorithms to report devia-
tions from the optimal process in a timely manner and correct them to the correct parameters directly
or indirectly through operator intervention or self-correction. We propose to develop the DSS using
open-source R packages because using open-source software such as R for predictive maintenance is
beneficial for small and medium enterprises (SMEs) as it provides an affordable, adaptable, flexible,
and tunable solution. We validate the DSS through a case study to show its application to SMEs that
need to maintain industrial equipment in real time by leveraging IoT technologies and predictive
maintenance of industrial cooling systems. The dataset used was simulated based on the information
on the indicators measured as well as their ranges collected by in-depth interviews. The results
show that the software provides predictions and actionable insights using collaborative filtering.
Feedback is collected from SMEs in the manufacturing sector as potential system users. Positive
feedback emphasized the advantages of employing open-source predictive maintenance tools, such
as R, for SMEs, including cost savings, increased accuracy, community assistance, and program
customization. However, SMEs have overwhelmingly voiced comments and concerns regarding the
use of open-source R in their infrastructure development and daily operations.

Keywords: Industry 4.0; predictive maintenance; open source; R; machine learning; simulated data;
recommender; case study

1. Introduction

Maintenance in general is critical to achieving operational priorities and strategies [1],
especially within the context of smart factories, as indicated by Jerman et al. [2]. Mobley [3]
points out that maintenance expenditures represent a large portion of the operating costs
of a manufacturing or processing facility. Depending on the industry, maintenance costs
can represent between 15% and 60% of the cost of goods produced.

A good maintenance mechanism helps reduce equipment and machinery downtime,
improve efficiency, and increase productivity [1]. Since maintenance management is
dynamic and complex and maintenance performance is difficult to evaluate and enumerate,
choosing the right maintenance strategy is crucial [1], especially for the fulfillment of
sustainability goals within the context of Industry 4.0, as indicated by Roblek et al. [4].
However, Moore and Starr [5] emphasize that inadequate maintenance leads to further
unplanned plant and equipment failures, which are associated with a number of costs to
the company, including labor, spare parts, rework, scrap, late order charges, and lost orders
due to dissatisfied customers.
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In this paper, we focus on SMEs. Implementing predictive maintenance can be difficult
for SMEs due to the high cost of proprietary software and hardware solutions. However, by
using open-source tools, SMEs can create predictive maintenance applications at a fraction
of the cost of proprietary solutions. One of these is R. R is a robust programming language
that is freely available for statistical computing and data analysis. It provides access to
various statistical and machine learning methods required for predictive maintenance. R
has a large community of users and developers who collaborate to further develop the
programming language and the many packages it offers, making it easy to find support
and other useful resources.

The paper consists of the following parts: After the introduction, in the second chapter,
we outline the state of the art of predictive maintenance, provide an overview of the field,
and discuss the benefits of predictive maintenance and its role in Industry 4.0. In the third
chapter, we focus on IoT devices and sensors as a pillar of predictive maintenance. The
fourth chapter presents the prototype of a DSS for predictive maintenance. It explains the
architecture and purpose of the application, the machine learning engine, and the graphical
user interface, and concludes with an example of how to use the platform. The last chapter
contains a concluding remark.

2. State of the Art of Predictive Maintenance
2.1. Predictive Maintenance Overview

Although predictive maintenance has been around since 1940 [6], it has recently gained
popularity and is being used by many companies [7,8]. Ahmad and Kamaruddin [9], (p. 140)
even refer to predictive maintenance as “the most advanced and popular maintenance tech-
nique discussed in the literature”. Many industries have adopted predictive maintenance,
including those where reliability is critical, such as infrastructure, emergency services, trans-
portation networks, power plants, and communication systems. The popularity of predictive
maintenance is reflected in the Market Research Future Report forecast [10], which projects
that the global predictive maintenance market will grow at a compound annual growth rate
of 25.5% during the forecast period from 2019 to 2024, reaching 23 billion by 2025.

Turgis et al. [11] emphasize that predictive maintenance is often considered a sub-
class of preventive maintenance, which is defined by Chen and Trivedi [12] as an action
performed on a system at predetermined intervals to minimize or eliminate cumulative
degradation while maintaining satisfactory operation. Predictive maintenance as a mainte-
nance strategy is driven by predictive analytics technologies whose solutions are installed
to track and identify system faults or failures [10]. However, such solutions are activated
only when a critical failure is possible. This contributes to the efficient use of available
resources and capital, the maximization of system or equipment uptime, the improvement
of quality and supply chain systems, and the overall satisfaction of all stakeholders [10].

It is important to note that some authors, such as Parpala and lacob [13], understand
condition-based maintenance as a precursor to predictive maintenance. In contrast, others,
such as Ahmad and Kamaruddin [9], as mentioned earlier, equate these two terms. Ac-
cording to Parpala and Iacob [13], condition-based maintenance was a well-known method
of industrial maintenance before the widely adopted IoT concept. In contrast, predictive
maintenance includes the help of the IoT when it comes to maintenance. Jardine et al. [14]
define condition-based maintenance as a maintenance program that provides maintenance
recommendations and decisions based on the information obtained through condition
monitoring and works in three steps, namely

Data acquisition,
Data processing, and
Maintenance decision making.

It is important to note that some authors, such as Parpala and lacob [13], understand
condition-based maintenance as a precursor to predictive maintenance. In contrast, others,
such as Ahmad and Kamaruddin [9], as mentioned earlier in this report, equate these
two terms. According to Parpala and lacob [13], condition-based maintenance was a well-
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known method of industrial maintenance before the IoT concept was widely adopted. In
contrast, predictive maintenance includes the help of the IoT when it comes to maintenance.
Jardine et al. [14] define condition-based maintenance as a maintenance program that
provides maintenance recommendations and decisions based on the information obtained
through condition monitoring and operates in three steps.

The predictive maintenance techniques market can be divided into traditional and ad-
vanced techniques, with advanced techniques additionally divided into two segments [10]:

e IoT and Big Data techniques and
e  Machine learning-based techniques.

The Market Research Future Report [10] also shows that the traditional techniques
segment held the largest market share in 2018. Nevertheless, the advanced techniques
segment is expected to grow. In this context, Chuang et al. [15] state that most maintenance
approaches rely on traditional routine maintenance to keep a system running smoothly.
However, the cost of replacing components and oils during maintenance cannot be ignored.
Therefore, more and more companies are turning to predictive maintenance, in which the
system makes decisions individually and schedules the appropriate time for maintenance
according to the requirements [15]. Chuang et al. [15] also point out that Big Data analytics
and machine learning can help determine when assets are most likely to fail and when it is
the right time to repair and replace components before they fail. IoT platforms also greatly
support predictive maintenance as they can combine data from different machines and
production processes [13].

Christiansen [7] argues that predictive maintenance will increase as technology costs
decrease, mainly due to the shift from wired to wireless sensors.

The main component of a predictive maintenance strategy is the monitoring of machin-
ery and equipment. This involves the use of traditional and advanced monitoring methods
that enable the scheduling of machine maintenance before a malfunction occurs [10]. These
monitoring methods include the use of various monitoring or testing tools such as infrared
thermography, vibration monitoring, oil analysis, electrical isolation, ultrasonic leak detec-
tion, and temperature monitoring [7]. Based on the calculations provided by predictive
maintenance and the monitoring and testing results with the appropriate tools and instru-
ments, the company can run pre-programmed predictive algorithms to determine when a
piece of equipment might fail so that repairs can be initiated only when a failure occurs [7].
In addition, predictive maintenance data provide diagnostic and prognostic information
that indicates what is wrong, where the problem is, why the problem is occurring, whether
it is a malfunction or just a failure, and when the failure will occur, if ever [6]. Similarly,
Ahmad and Kamaruddin [9] argue that the main purpose of predictive maintenance is
to review and assess the requirements and condition of devices, systems, and machines
in real time to make maintenance decisions, resulting in less excessive maintenance and
associated costs. Therefore, condition monitoring is the heart of predictive maintenance
that leads to decision making [7]. In Figure 1, a graphical representation of the general
process of predictive maintenance is proposed, showing that a control loop exists between
the two elements of predictive maintenance.
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Figure 1. The process of applying predictive algorithms.
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The Market Research Future Report [10] also shows that the traditional techniques
segment held the largest market share in 2018. Nevertheless, the advanced techniques
segment is expected to grow. In this context, Chuang et al. [15] state that most maintenance
approaches rely on traditional routine maintenance to keep a system running smoothly.
However, the cost of replacing components and oils during maintenance cannot be ignored.
Therefore, more and more companies are turning to predictive maintenance, in which the
system makes decisions individually and schedules the appropriate time for maintenance
according to the requirements [15,16]. Big Data analytics and machine learning can help
determine when assets are most likely to fail and when it is the right time to repair and
replace components before they fail [15,17]. IoT platforms also greatly support predictive
maintenance by:

1. Condition monitoring technology and predictive maintenance techniques;
2. Internet of Things (IoT) technology;
3. Predictive algorithms.

Condition monitoring and predictive maintenance technology refers to installed con-
dition monitoring sensors that transmit real-time performance and system health data [7].
In this sense, Ahmad and Kamaruddin [9] explain that state monitoring is a tool used to
specify the state of devices in a system with a dual purpose:

1. Collection of condition data on the equipment;
2. Increase in knowledge about failure reasons and causes;
3. About the effects and deterioration patterns of equipment.

Condition monitoring equipment and devices can be mounted or retrofitted in a
variety of ways so that they can measure [9,18]: electrical currents, vibration, temperature,
pressure, oil, noise, and corrosion levels.

Predictive maintenance is based on the data analyzed for condition monitoring, from
which various patterns emerge that indicate that a machine or asset may be beginning to
malfunction or deteriorate [18]. In addition, the analysis provided by condition monitoring
allows the company to plan maintenance activities to avoid failures and prevent emergency
breakdowns [18,19]. As argued in Hodge et al. [20], condition monitoring also helps the
enterprise reduce the need for human inspection through automated monitoring, reduce
repair costs by detecting defects early before they escalate, and increase protection and
safety as well as efficiency and reliability. In addition, Christiansen [18] argues that another
benefit of condition monitoring sensors is that they can provide an accurate picture of what
is going on inside the plant without compromising efficiency, i.e., the plant does not have
to be interrupted and disassembled to perform physical inspections.

Ahmad and Kamaruddin [9] argue that state monitoring can be performed in
two ways:

e  Online—refers to the monitoring process performed during the operational state of
the machine, system, or equipment, i.e., during its running state.

o  Offline—refers to the monitoring process performed during the phase when the
machine, system, or equipment is not in operation.

Ahmad and Kamaruddin [9] also point out that condition monitoring with respect to
time can be conducted in the following two ways:

e  Periodic—refers to the monitoring process conducted at specified intervals, such as
every 30 min, every hour, at the end of a work shift, etc., and conducted using portable
indicators such as vibration pens, acoustic emission devices, handheld meters, etc.

e  Continuous—refers to the monitoring process that is performed automatically and
continuously based on specialized measuring devices, such as vibration and acoustic
Sensors.

There are two main limitations to continuous monitoring: (i) the high costs associated
with continuous monitoring, which arise because many specialized machines are needed;
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and (ii) the possibility of obtaining inaccurate information because the continuous flow of
data leads to increased noise [14].

Based on the sensors used for condition monitoring and related testing, there are a
variety of condition monitoring, i.e., predictive maintenance, methods and techniques that
can be used, such as the following [6,7,9]:

vibration monitoring and dynamic analysis,

oil analysis and lubricant monitoring,

sound, ultrasonic, and acoustic monitoring,

motor circuit analysis,

different variations of thermography and thermal analysis,
electromagnetic measurements,

radiography and radiation analysis,

laser interferometry, and

different performance measurements.

O RN LN

Internet of Things (IoT) technology enables communication between machines and
computers, software solutions, and cloud technologies, thus enabling the collection and
analysis of large amounts of data [21-23]. IoT technology, in combination with the afore-
mentioned sensors, helps collect and share data that predictive maintenance relies heavily
on to connect assets to a central system that stores incoming information and from which
assets (i.e., machine systems and devices) can communicate, perform data analysis, collabo-
rate, recommend remedial actions, or take direct action, depending on how the systems are
set up [7,21-23]. Christiansen [7] notes that such centralized systems are operated using
cloud technology, WLAN, or LAN-based connectivity.

Predictive algorithms refer to the most important part of predictive maintenance:
building predictive algorithms where all processed data are fed into predictive data models
that then provide failure predictions, meaning that the model must take into account a large
number of variables and how they interact and affect each other, with the goal of predicting
system failures [7,24-26]. The more variables included in the models, the more reliable
they are. Therefore, building predictive models is an iterative process [7,27,28]. Initial
models would need to be based on equipment history in a Computerized Maintenance
Management System or file cabinets, personal impressions, failure analysis, already usable
internal sensors such as flow meters and accelerometers, and other related sources. In
addition, it may be necessary to initially mount condition monitoring sensors and run them
for a period of time to collect baseline data and complete initial predictive models [7].

The final product is a fully automated system, as shown in Figure 1, which:

1.  monitors working conditions using installed sensors,
detects and predicts patterns characterized by data anomalies,
3.  generates warnings when deviations from established thresholds occur.

N

With this in mind, the predictive maintenance workflow described above and ex-
plained in [7] has been illustrated in Figure 2.

2.2. Predictive Maintenance Advantages and Disadvantages

There are many different types of maintenance, i.e., methods of maintenance manage-
ment, such as run-to-failure management [1,3,6,9], also called corrective maintenance, reac-
tive maintenance, unplanned maintenance, failure-based maintenance, failure-controlled
maintenance, fail-to-fix maintenance, or failure maintenance, which usually takes place
in companies and is the most expensive method of maintenance management because
it means that there is no maintenance approach in the company but actions are taken to
restore the failed equipment. This is a reactive and unplanned occurrence of equipment
failure, meaning the company does not spend a budget on maintenance until a system,
machine, or device fails.
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Figure 2. Predictive maintenance workflow.

Predictive maintenance has many benefits. For example, its implementation and ap-
plication help companies identify product failures and customer dissatisfaction in advance
so that they can be proactive and thus achieve significant cost savings, reduce product
downtime, and improve customer service [29]. Moreover, predictive maintenance improves
productivity, product quality, and the overall effectiveness of production and manufac-
turing organizations [3]. On the other hand, Christiansen [7] points out that the main
advantage of predictive maintenance is the ability to plan and perform work based on the
current condition of the plant and equipment.
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Selcuk [6] summarizes the benefits of predictive maintenance in the following list:

as 3-5%; balancing, 1-2%).

In addition, Selcuk [6] also provide data on average industrial savings from predictive

maintenance, as shown in Table 1.

improved safety for workers and the environment,
increased availability,
increased reliability,
reduced cost of parts and labor,
improved product quality,
reduced waste of raw materials and consumables such as lubricants,

energy savings from quieter machines (e.g., alignment, which in some cases is reported

Table 1. Industrial average savings. Adapted from [6].

Savings Area Savings

Return on investment (ROI) 10 times
Reduction in maintenance costs 25-30%
Elimination of breakdowns 70-75%
Reduction in downtime 35-45%
Increase in production 20-25%

Christiansen [7] also provides a list of benefits of predictive maintenance, as follows:
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e  Minimizes the occurrence of unplanned downtime and maximizes the uptime of
machines, equipment, and systems;

e Provides the company with a real-time view of the current condition of its plant,
machinery, equipment, and systems;

e  Ensures minimal disruption to productivity by allowing some predictive maintenance
activities to be performed on running assets;
Optimizes the amount of time the company spends on maintenance activities;
Optimizes the use of spare parts;
Improves equipment reliability.

The implementation of a predictive maintenance program plays an important role in
the benefits that an organization can derive from predictive maintenance technologies [3].
If the predictive maintenance program is limited to avoiding catastrophic failures in specific
plant systems, then this is the outcome that will result from such an implementation, but it
also indicates that focusing solely on avoiding failures could lead to a significant increase
in maintenance costs for the company [3]. In this vein, Mobley [3] argues that the benefits
of predictive maintenance are virtually unlimited when properly applied and cautions that
these benefits could be significantly limited if the scope of the program is artificially limited
by the scope of work or if the business enforces certain constraints.

However, Christiansen [7] states that the main disadvantage of predictive maintenance
is the complexity of its use and application, caused primarily by the high upfront costs and
time required for implementation, the requirements for condition monitoring equipment,
sensors, and software to be implemented and operated, and the expertise required for
someone to understand and analyze the data collected by condition monitoring.

2.3. Predictive Maintenance in Industry 4.0

Considering the increasing importance of technology and the rapid development of
Industry 4.0, as well as the main objective of asset management, which is to transform avail-
able data into valuable information, Demoly and Kiritsis [30] believe that asset management
requires technology in two main areas:

e  Data collection, storage, and analysis can be accomplished using powerful data servers
and software; and

e  Presenting and communicating the results of these analyses to decision-makers inside
and outside the organization.

Using an IoT platform to collect usage data from various production equipment is
the first step in developing a general cloud-based predictive maintenance system that
facilitates factory maintenance [13]. In this sense, Noura et al. [31] argue that in recent
years, many smart devices in the real world have become interconnected and communicate
over established Internet networks, resulting in a massive network infrastructure known
as the Internet of Things (IoT).

However, Parpala and Iacob [13] also emphasize that connectivity architecture is the
key drawback in integrating and combining production systems with IoT platforms since
most industrial communication protocols are not compatible with the current communi-
cation protocols introduced on IoT platforms. In this sense, they propose a modern and
convenient approach for real-time control and maintenance of industrial machines, focusing
on two features of networked manufacturing: (i) process monitoring that ensures consistent
quality assurance, and (ii) condition monitoring that prevents unplanned downtime [13].

Gregersen [32] also states that while the current Internet framework is open to and
can be used by all IoT devices, it is too bulky and power-hungry for most IoT applications,
resulting in the HyperText Transfer Protocol (HTTP) being considered an inappropriate
protocol for IoT. Moreover, IoT implementation requires advances in networking technolo-
gies necessary to realize the vision of reaching physical objects and connecting them to the
Internet [33].

According to Ferretti and Schiavone [34], there is a very wide range of industrial
IoT applications, with transportation and logistics being the central areas of IoT applica-
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tions. Predictive maintenance is usually introduced in a company for one of the following
reasons [3]:

1.  As a maintenance management tool—when its use is limited to preventing sponta-
neous downtime and/or catastrophic failures;

2. Asabusiness optimization tool—when its use relates to establishing best production
practices and procedures for all critical production systems within an organization;

3. As a reliability improvement tool—when its use is to quantify even the smallest

deviations from standard operating parameters. This enables company personnel
(e.g., reliability engineers, repair planners) to prepare and plan for minor changes
to prevent machine and equipment failures, thus avoiding extensive rebuilds and
associated downtime.

Ahmad and Kamaruddin [9] point out that applications of predictive maintenance
cover many problems in different fields, such as structures, industrial machines, and
medical devices. On the other hand, Parpala and Iacob [13] argue that IoT technology was
first applied to consumer devices such as washing machines, air conditioners, and smart
home control systems that could connect directly to the Internet through smartphones or
private networks. However, as the IoT has evolved, other products have been equipped
with the necessary technology. Many companies are trying to integrate the IoT into existing
production processes [13].

3. IoT Devices and Sensors as a Pillar of Predictive Maintenance
3.1. IoT Concept

Vermesan et al. [33] provide the simplest definition of IoT, defining it as a symbiotic
interaction between the real/physical and digital/virtual worlds. The Internet of Things
enables people and things to connect to anything and everything at any time and in any
place, ideally over any path/network, or service. This requires that elements such as con-
vergence, content, collections (repositories), computing, communication, and connectivity
are addressed in a context where there is a seamless connection between people and things
and/or between things and things, as graphically depicted in Figure 3.
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Figure 3. The IoT concept.

The Internet of Things (IoT) is a term that describes a modern environment where
virtually all machines and devices used by humans are connected to a network. They
could work together to accomplish difficult tasks that require high levels of intelligence. To
achieve such a level of intelligence and interconnectivity, IoT systems contain integrated
sensors, actuators, processors, and transceivers [35].

Noura et al. [31] argue that the [oT refers to a global network infrastructure of inter-
connected devices that communicate over the existing Internet infrastructure. However,
interoperability issues arise when each solution has IoT networks, applications, APIs, and
data formats. They also note that interoperability issues arise for several critical reasons,
such as vendor lock-in, the inability to develop IoT applications that expose cross-platform
and/or cross-domain data, and the complexity of integrating non-interoperable IoT de-
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vices into separate IoT systems, which ultimately hinders the widespread adoption of IoT
technology [31]. In this sense, Vermesan et al. [33] point out that protection, scalability, and
cross-platform connectivity between different networked systems are critical in the IoT.
In this context, the network infrastructure must have cost-effective solutions that allow
virtually anyone to connect to the network. This ubiquitous connectivity can change the
way information is handled.

Moreover, Noura et al. [31] emphasize that academia and practitioners have highlighted
the value of the IoT interoperability problem. In this sense, practitioners are trying to solve
IoT interoperability problems through standardization [31]. Moreover, Noura et al. [31]
explain that there are different perspectives on IoT interoperability (Figure 4), such as:
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Figure 4. The IoT taxonomy and its different perspectives.

There are many approaches and technologies to improve the state of IoT interoperability [31]:

e  Adapters and gateways—they take care of interoperability by developing a method
known as a medjiator to increase interoperability between IoT devices. Among other
things, they aim to establish a connection between different specifications, data, stan-
dards, and middleware;

e  Virtual networks or overlay-based solutions—the main idea is to build a virtual
network on top of a physical network that can communicate with other types of
devices, such as sensor nodes. The main goal is to seamlessly connect sensors and
actuators, as well as other smart IP objects, to the Internet to enable end-to-end
communication that is possible within each virtual network using different protocols;

e  Network technologies—include various network technologies and protocols such as
IP-based approaches, software-defined networking (SDN), network functions virtual-
ization, and Fog computing;

e  Open API—refers to an interface provided by service providers that exposes functions
or data to an application written in a high-level language;

e  Service-Oriented Architecture (SOA)—interaction with the end operations of various
wireless devices is divided into different service components, and application layer
software can access resources provided by the devices as services;

e  Semantic Web Technologies—refers to the Semantic Web of Things (swot) paradigm,
which is proposed to integrate the semantic web with the Web of Things (wot), with
the further goal of achieving a common understanding of the various entities that
make up the IoT;
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e  Open standard—nowadays numerous standardization bodies, consortia, and alliances
are trying to find a solution to the IoT standard problems, such as IPSO, OIC, seen
Alliance, etc.

Protocols for IoT data exchange are communication and security protocols that serve
as forms of communication and ensure that data exchanged between connected devices is
protected as much as possible [36]. Gregersen [32] emphasizes that the IoT infrastructure
stack is incomplete without IoT protocols, as [oT hardware would be considered useless.
Gregersen [32] further explains how IoT protocols enable hardware to communicate with
each other so that end users can derive valuable information from this exchanged data.

Typically, IoT devices are connected to the Internet via an Internet Protocol (IP) net-
work. However, they can also be connected locally via Bluetooth and radio frequency
identification (RFID), which leads to differences in the range, power, and storage of such
IoT devices [36]. Uppalapati [36] points out that while range is not a problem, connections
over IP networks are more difficult and require more memory and power from IoT devices.
In contrast, non-IP networks require less power and memory but have a shorter range. In
this sense, there are two main categories of IoT protocols and standards [32,36]:

1. IoT network protocols—used to connect devices over a network, usually the Internet;

2. IoT data protocols—used to connect to low-power IoT devices by allowing users to
communicate with hardware over a cellular or wired network without requiring an
Internet connection.

All IoT technology requires the handling of immense data volumes to realize its full
potential [37,38]. To deal with this, increasingly complex systems and frameworks are
being constructed, and new approaches are constantly being developed to tackle this open
problem [37,39-41]. The key issue is not the quantity but the quality of the data used for
model input, i.e., how to successfully clean and preprocess data from ever more abundant
data sources [42-46]. For example, Alharam et al. [47] discuss one facet of [oT complexity
in the healthcare industry, and Pappas et al. [48] in the tourist accommodation industry.

3.2. Analysis and Identification of IoT Devices and Sensors Available in the Market

According to Gartner [49], IoT is one of “the “most hyped technologies that could
transform the way businesses operate”.” Therefore, this chapter analyzes and identifies
the IoT devices and sensors available on the market and defines the protocols for IoT data
exchange.

Nowadays, many IoT devices and sensors are available in the global market. Accord-
ing to the Arm Glossary [50], examples of IoT devices are sensors, actuators, hardware,
equipment, gadgets, or devices designed for specific purposes that can transmit data over
the Internet or other networks and can be integrated into a variety of products, including
cell phones, industrial machines, medical devices, home appliances, environmental sensors,
and more.

Sharma [51] provides a list of the 15 most common types of IoT sensors used in various
industries, namely:

temperature sensors,
proximity sensors,
pressure sensors,
water quality sensors,
chemical sensors,

gas sensors,

smoke sensors,
infrared sensors,
level sensors,

image sensors,
motion detection sensors,
accelerometers,
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13.  gyroscope sensors,
14. humidity sensors,
15. optical sensors.

Temperature sensors measure the amount of thermal energy and convert the data for
a device or consumer to detect a physical temperature difference from a specific source [51].
Proximity sensors refer to devices that can sense the absence or presence of a surrounding
object or its characteristics and convert the information into a signal that can be easily read
by a consumer or simple electronic instrument without coming into contact with it [51].
Pressure sensors sense pressure and convert it into an electrical signal, with the amount
of pressure determining the amount applied. A more detailed overview of sensors can be
found in [51].

4. Prototyping a Decision Support System (DSS) for Predictive Maintenance
4.1. Case Study Description

The DSS was developed for the case study as a proof of concept for predictive main-
tenance of industrial air conditioning systems. These systems operate 24/7 throughout
the year and collect various types of data that we can use thanks to IoT and sensors. The
SME has several storage facilities, which are connected in a network using innovative IoT
technologies. The following information is collected for the monitoring and maintenance of
these facilities: location, device, energy, temperature, humidity, region, age, and cost. The
study presents an improved predictive maintenance DSS for Industry 4.0. The proposed
DSS analyzes data from multiple sensors. It uses machine learning and artificial intelligence
algorithms to report deviations from the ideal process and correct them to the best settings,
directly or indirectly through operator involvement or self-collection. The program also
predicts certain variables over time, such as energy consumption.

4.2. Architecture of the Application

The architecture of the application was developed following the predictive mainte-
nance framework [7]. Figure 5 shows the DSS architecture. Data is collected from different
devices at different locations. The DSS is fed by the stream of IoT data that is analyzed
using the machine learning application for predictive maintenance. This consists of the IoT
data database, the data preparation module, the machine learning for predicting IoT data,
and the predictive maintenance dashboard.

Location 1 ey i Location 2

Application for User
predictive
maintenance

Application for predictive maintenance

Figure 5. DSS architecture; Source: Authors” work.
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The application was developed using the open-source software R [52]. The packages
and libraries used in the development are:

o Tidyverse—The tidyverse is a collection of R packages designed for data science. All
packages share a common design philosophy, grammar, and data structures [53,54].

e  Shiny—Shiny is an open-source R package that provides an elegant and powerful
framework for building web applications with R [55].

e  shinyWidgets—the family of pre-built widgets in the Shiny package, each created with

a transparently named R function.

Shinycustomloader—a custom file for loading the screen in the R Shiny package.

bs4Dash—the R package for developing modern dashboards in R Shiny.

echarts4r—a package for interactive charts.

echartsdr.maps—a dataset with the latitude and longitude of all cities used for interac-

tive charts.

e  Reactable—creates a table from tabular data with default sorting and pagination. The
data table is an HTML widget that can be used in R Markdown documents and Shiny
applications or displayed via an R console.

e  Fresh—used for Custom ‘Bootstrap” themes in Shiny.

4.3. Machine Learning Deployment
Machine learning has been used for three purposes:

e  Dataset creation—The small company for which the DSS was developed chose to keep
its data anonymous. Therefore, we created an illustrative dataset.

e  Prediction of data—The DSS predicts the observed data for the selected time period in
the future.

e  Warnings for devices—The DSS generates warnings for the devices in the future based
on the observed data in the past and the predicted data.

4.3.1. Dataset Generation

To complete our case study, we simulated the dataset to be collected by networking
storage facilities based on innovative IoT technologies. The dataset used was simulated
based on the information on the indicators measured as well as their ranges collected by the
in-depth interviews, as is common in the field [56,57]. For data simulation and prediction,
the following R function was used: rnorm function—for generating the simulated dataset
using the normal distribution for a given integer sequence (depending on the metric) for a
synthetic site/device string. A normal distribution has been selected since the synthetic
dataset has been used for demonstration purposes. Such an approach has been often used
in machine learning research, as indicated by Bolon-Canedo et al. [58]. More specifically,
normal Gaussian distributions have been used by Camacho [59] and Panagiotakis et al. [60]
for generating synthetic datasets for recommender systems. Simulated datasets that mimic
real datasets well can either augment or entirely remove the need for training on real sensor
data [61-65].

The complete list of variables included in the dataset, as well as their format and
modalities as nominal variables, can be found in Table 2.

Table 2. Variables—Formats and Modality.

Variable Description of the Variable Format Modality of (Nominal) Variables
Location Location of the device Numeric
Device Device number id Numeric
Energy Energy consumption of the device Numeric
Temperature The temperature of the device Numeric
Humidity The humidity of the device Numeric
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Table 2. Cont.

Variable Description of the Variable Format Modality of (Nominal) Variables
Region Region of the device Nominal South, Central, West, East
Age Device age Numeric
Cost The average cost of maintenance for the device Numeric Home Office, Corporate, Consumer. . .
Warnings Detected warnings on the device Numeric

The simulated dataset was created using the normal distribution for a given integer
sequence (depending on the metric) for a synthetic site/device chain. The dataset includes
nine variables, including device location, device ID, energy, temperature, warnings, etc.

4.3.2. Forecasting Data

Second, the aggregate daily averages of the data are used to make predictions using
the Prophet algorithm implemented in R, a method for predicting time series data based on
an implemented additive model. This model fits non-linear trends with annual, weekly, and
daily seasonality and vacation influences. It works best when applied to time series with
significant seasonal effects and historical data from many seasons. The Prophet algorithm is
resilient to missing data and fluctuations in trends, and it usually copes well with outliers.

The program uses the historical simulated data from the last 100 days to predict
the next 100 days. The data were forecasted using the Prophet algorithm. Prophet is a
forecasting technique that can be implemented in R and Python. It is fast and provides
automated predictions, although data scientists and analysts can still post-process the
predictions by hand if they wish. Prophet is a technique for predicting time series data
based on an additive model and involves fitting nonlinear trends with annual, monthly,
and daily seasonality and vacation influences. It works most effectively for time series with
significant seasonal influences and historical data that spans many seasons. The Prophet
algorithm is resilient to missing data and fluctuations in trends, and it usually handles
outliers well. Prophet has been used for forecasting in many fields, such as energy [66],
sales [67], and the stock market [68].

4.3.3. Warning for Devices

To generate warnings about devices that need urgent maintenance, we apply the
following Recommenderlab algorithm: The package is used to apply the Recommender
algorithm, more precisely the collaborative filtering algorithm, which generates predictions
for each device based on observed patterns and predicted data.

The data must be sufficiently prepared to apply the collaborative filtering algorithm in
R using the “Recommender” function from the “recommenderlab” package. This package
provides a research platform for developing and evaluating collaborative filtering and
recommender algorithms [69]. This includes a sparse representation of user-element
matrices, many well-known methods, top-N recommendations, and cross-validation.

First, we transform the dataset into a matrix useful for machine learning using the
Devic X metric function. We performed cleanup and preparation steps and transformed
the matrix into a binarized matrix for faster computation. The matrix was split into
a training set and a test set. Using the training set and the test set, we generate the
recommendation algorithm for device alerts using item-based collaborative filtering [70].
The recommendation algorithm is trained to generate warnings for the future based on the
warnings in the past. In this illustrative example, energy, temperature, and humidity were
input variables while the warning was issued. The portion of the training data that was
used as the basis for the prediction is shown in Table 3.
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Table 3. Training data.

no ds Energy Temperature Humidity Warnings
<int> <date> <int> <int> <int> <dbl>

1 11 February 2022 32.5 13 67.6 0

2 12 February 2022 16.9 10.4 70.2 0

3 13 February 2022 14.3 7.8 78 0

4 14 February 2022 13 7.8 67.6 0

5 15 February 2022 24.7 5.2 76.7 0

6 16 February 2022 32.5 13 58.5 0

7 17 February 2022 36.4 7.8 67.6 1

8 18 February 2022 16.9 2.6 59.8 0

9 19 February 2022 36.4 6.5 63.7 0
10 20 February 2022 26 6.5 65 0

Note: Data types are presented in the second row of the table.

Recommendations are generated for each device. The recommendations are displayed
in the graphical user interface on the Analysis Table.

4.4. Graphical User Interface

The purpose of the graphical user interface is to provide insight into device behavior
based on past data and discover patterns that improve device maintenance by predicting
the future state of the devices.

The graphical user interface for the Predictive Maintenance application is shown
below (Figure 6).
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Figure 6. Application Overview opened on the Real-time tab.

5. Use Case of the DSS Platform Usage

The following use case demonstrates the validation of the platform and data collection

functions through the various sensors and operational actions.

An example of how to use the platform is presented in the following steps, which

illustrate the functionalities of the application:

SUE I S

Step 1: Location selection

Step 2: Checking devices based on energy consumption
Step 3: Checking devices based on temperature

Step 4: Overview of key performance indicators

Step 5: Inspecting devices by age and cost
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6.  Step 6: Inspecting devices by age and cost
7.  Step 7: Forecasting data
8.  Step 8: User feedback

5.1. Step 1: Location Selection

First, the user selects the location to be monitored. Once a location is selected, all
charts for that specific location are filtered. We obtain the three most important Key
Performance Indicators (KPIs) for that location: number of devices, energy consumption
(kWh—expected), and alerts (today), as shown above in Figure 7. You can filter the entire
dashboard using a synthetic site group. Depending on the selection, different devices and
readings will be displayed to simulate the real situation.

Devices by energy consumption (kwh/day % share)
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];)
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Figure 7. Real-time energy consumption of the devices for the selected location.

There are five active devices at this site with a current expected energy consumption
of 5.93 kWh and one warning (Figure 8).

Temperature categories by share -

Above average: 1%

Normal: 99 %

Figure 8. Temperature categories by share of daily occurrences.

5.2. Step 2: Checking Devices Based on Energy Consumption

Below the KPIs is a graph showing the energy consumption of the devices, sorted
by percentage of total energy consumption for the selected site. The real-time energy
consumption for units 29, 46, 42, 36, and 22 at the time of writing is shown in Figure 7.
When you hover over a particular device, a pop-up window appears with the device name
and the percentage of total energy consumption for the selected location. In this particular
example, the real-time energy consumption at the time of writing was:

e  Device 29—29.4 kWh/day % share
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Device 46—20.9 kWh/day % share
Device 42—20.7 kWh/day % share
Device 36—19.6 kWh/day % share
Device 22—9.5 kWh/day % share

5.3. Step 3: Checking Devices Based on Temperature

On the right, under Temperature Categories by Proportion of Daily Occurrence, is a
doughnut chart showing the detection of anomalies in temperature and all warnings in a

day, as shown in Figure 8, which represents the warnings for Site 8.

5.4. Step 4: Overview of Key Performance Indicators

The final table is the key performance indicator table, which lists the devices with
three main graphs for each metric: energy consumption, temperature, and humidity. The

final table is shown in Figure 9.
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Figure 9. Key performance indicators data.

5.5. Step 5: Inspecting Devices by Age and Cost

The Devices by Cost and Age chart allows us to look at the correlation between age
and cost for each device to see possible patterns, as shown in Figure 10. In this example, no
interesting patterns are observed, which is to be expected since simulated data were used.

Hovering over a specific point on the graph will display the exact data for that device.

Devices by cost and age
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Figure 10. Devices by cost and age; Ul is in eye-saving night mode.

5.6. Step 6: Inspecting Devices by Regions

Energy consumption by region is a doughnut chart that shows us the energy con-
sumption of the different regions in the dataset. In this case, these are the west, central,
south, and east regions. The exact energy consumption data (% share) for each region in

this example is as follows:
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West—45 (30.82%)
Central—45 (30.82%)
South—34 (23.29%)
East—21 (14.38%)

The Energy consumption by region doughnut chart can be viewed in Figure 11.

Energy consumption by region

222

cenrd west gouth gast

Figure 11. Energy consumption by region.

5.7. Step 7: Forecasting Data

To demonstrate the use of the DSS for scenario planning, we employ the prediction
algorithm, the Prophet algorithm [71]. The advantage of this approach is that it avoids the
opaque nature of other common machine learning algorithms [72]. The data to be predicted
are the aggregate average data for each day. The algorithm uses historical simulated data
from the last 100 days to forecast 100 days into the future.

Once 100 days of data are generated for each metric, the data are sent to the ML
function, which receives the data, cleans and processes it, and trains it with the Prophet
algorithm to predict 100 days into the future.

In this example, the user has selected the energy forecast for site 10. As we can see in
Figure 12, a slight increase in energy consumption is expected over the next 100 days.

Forecast for 100 days and selected metric

Temperature

10

Dec 2023 Feb Mar

Figure 12. Forecast for 100 days for the selected metric (Energy).

5.8. Step 8: Generating Warnings for Devices

Finally, the recommendation algorithm is used to generate the device warnings. Future
alerts are generated based on the trained algorithm and predicted data. Devices by number
of alerts is a bar chart with multiple alerts for each device to identify potential outliers and
problems. The bar chart can be seen in Figure 13. In this example, we have four devices
with one warning.
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Devices by no. of warnings
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Figure 13. Devices by number of warnings. The y-axis shows the number of warnings, and the x-axis
is the device’s name.

5.9. Step 8: User Feedback

The application was tested with four potential users: SMEs in the manufacturing sector.
The respondents were in the positions of Chief Technology Officer and Chief Information
Officer or involved in monitoring air conditioning and heating systems.

The positive comments highlighted that using open-source predictive maintenance
software, such as R, can be beneficial to SMEs, including cost savings, greater accuracy,
community support, and the ability to customize the program. The following positive
comments were made:

e “...looking for a cost-effective and efficient solution, and R was able to deliver
just that ... helped us save a significant amount of money compared to proprietary
alternatives.”

e ... a wide range of statistical and machine learning methods, we are now able
to make more accurate predictions about equipment failure and significantly reduce
downtime....... ”

“.. .The open-source community, of which Ris a part, is an extremely useful resource...”
“... the integration of the predictive maintenance solution into our existing infrastruc-
ture, which allows us to make it a seamless part of our business processes .. .. .. "

Negative comments referred to the following issues users may encounter when using
open-source software such as R:

e “...People who have no experience in programming or statistics may find the learning
curve to be quite high...”

e “...isconstantly evolving and changing, which can be both beneficial and annoying. . .
the solution became more difficult to maintain and keep up to date ... ..... "

In summary, SMEs overwhelmingly expressed comments and concerns about the use
of open-source R in their infrastructure development and day-to-day operations. These
conclusions are consistent with the findings of McCredie et al. [73], who emphasized that
flexible support, licensing cost savings, community support, and functionality are the
positive drivers and complexity is the negative driver for SME adoption of open source
software within the theory-based framework.

6. Open-Source Predictive Maintenance Playbook for SMEs
We suggest that emerging SMBs adopt open-source predictive maintenance solutions
using the following steps:

1. Define the problem—Determine which devices or systems need predictive mainte-
nance and clearly define the maintenance goals.

2. Data collection—Identify the necessary data sources for the system and set up a data
collection infrastructure to collect real-time data.
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3. Data pre-processing—Remove outliers, missing numbers, and discrepancies from the
data and normalize or scale the data to ensure consistency and comparability between
features. Develop new features.

4. Flagging and anomaly detection—Define criteria for flagging errors and maintenance
events. Label historical data to indicate normal operation or specific failure scenarios.
Identify aberrant data points.

5. Model selection—Evaluate different machine learning algorithms suitable for predic-
tive maintenance, considering tradeoffs between accuracy, interpretability, scalability,
and real-time capabilities.

6.  Model Training—Split the labeled dataset into two parts: Training and Validation.
Train the selected machine learning model on the labeled data, modifying hyperpa-
rameters and the model architecture as necessary.

7. Model evaluation—Select metrics to evaluate the model, such as F1 score, accuracy,
precision, recall, or similar, and evaluate the model.

8.  Integration and deployment—Integrate the trained model into the Industry 4.0 ecosys-
tem by creating an inference API to obtain real-time predictions.

9.  Monitoring and maintenance—Continuously monitor the performance of the pre-
dictive maintenance system, including data quality, model accuracy, and false posi-
tive/negative rates. Retrain models as needed using updated data.

10. Continuous Improvement—Analyze feedback from the installed predictive mainte-
nance system, including maintenance activities performed and their consequences.
Incorporate findings into future iterations of the system to increase accuracy, efficiency,
and effectiveness.

7. Conclusions

The paper demonstrates the DSS we developed and the results of a predictive mainte-
nance case study using a simulated IoT climate dataset. The DSS allows users to make these
predictions without advanced knowledge of the underlying machine learning algorithms
via its easy-to-use graphical user interface. The paper discusses technologies relevant to
the horizontal approach to predictive maintenance. The authors consider the application of
the methodology used in this research relevant, especially for SMEs. We have presented
the use of the DSS step by step so that it is relevant to other industrial applications due to
the benefits of an appropriate predictive maintenance strategy.

This work has important implications for business management, particularly in rela-
tion to the adoption of predictive maintenance using the open-source software R in SMEs,
which provides advanced features that can be used for predictive maintenance in the
context of Industry 4.0. Users concluded that R has an intuitive user interface and is easily
customizable, allowing the predictive maintenance solution to be tailored to their individ-
ual needs. In addition, SMEs can further streamline their operations by integrating the
application with their existing systems and tools, such as their enterprise resource planning
(ERP) system. Negative impacts of open-source software, such as a lack of support, should
also be considered and remedial actions planned.

The study presented here has some limitations because the hypothetical case was
developed to test the DSS prototype and used a limited number of machine algorithms and
a use case based on only one measurement device. These limitations call for future research
directions. First, real datasets should be collected from multiple facilities in the field so
that multiple algorithms can be tested. Such real-world cases would also allow further
testing of the theoretically-based framework for explaining the adoption of open-source
software. Second, future research should apply multiple machine learning algorithms to
real-world datasets to recommend which algorithms would be best suited for predictive
maintenance. Carvalho et al. [74] suggest the following algorithms as best suited for
predictive maintenance: Random Forest [75], Artificial Neural Networks [63,64,74,76-78],
Support Vector Machines [79,80], and k-means [81], as well as others such as Decision
Trees [82].
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Therefore, in future efforts to test DSS for predictive maintenance, these algorithms
should be tested with both simulated and real datasets and then compared to the approach
proposed by Nardo [83,84] for their effectiveness. Third, since the use case was devel-
oped only for the measurement devices, future use cases should focus on the upstream
functions relevant to Industry 4.0, as indicated by Irsa et al. [85], e.g., self-optimizing
processes, productivity improvements, the development of novel services, and additive
manufacturing.
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Abstract: Flexible Manufacturing Systems (FMSs) provide a competitive edge in the ever-evolving
manufacturing landscape, offering the agility to swiftly adapt to changing customer demands and
product lifecycles. Nevertheless, the complex and interconnected nature of FMSs presents a dis-
tinct challenge: the evaluation and prioritization of performance variables. This study clarifies a
conspicuous research gap by introducing a pioneering approach to evaluating and ranking FMS
performance variables. The Best-Worst Method (BWM), a multicriteria decision-making (MCDM)
approach, is employed to tackle this challenge. Notably, the BWM excels at resolving intricate issues
with limited pairwise comparisons, making it an innovative tool in this context. To implement the
BWM, a comprehensive survey of FMS experts from the German manufacturing industry was con-
ducted. The survey, which contained 34 key performance variables identified through an exhaustive
literature review and bibliometric analysis, invited experts to assess the variables by comparing the
best and worst in terms of their significance to overall FMS performance. The outcomes of the BWM
analysis not only offer insights into the factors affecting FMS performance but, more importantly,
convey a nuanced ranking of these factors. The findings reveal a distinct hierarchy: the “Quality
(Q)” factor emerges as the most critical, followed by “Productivity (P)” and “Flexibility (F)”. In
terms of contributions, this study pioneers a novel and comprehensive approach to evaluating and
ranking FMS performance variables. It bridges an evident research gap and contributes to the existing
literature by offering practical insights that can guide manufacturing companies in identifying and
prioritizing the most crucial performance variables for enhancing their FMS competitiveness. Our
research acknowledges the potential introduction of biases through expert opinion, delineating the
need for further exploration and comparative analyses in diverse industrial contexts. The outcomes
of this study bear the potential for cross-industry applicability, laying the groundwork for future
investigations in the domain of performance evaluation in manufacturing systems.

Keywords: Flexible Manufacturing System; FMS; performance variables; quality; productivity;
flexibility; BWM

1. Introduction

Flexible Manufacturing Systems (FMSs) have recently emerged as a focal point in the
manufacturing domain, primarily due to their exceptional adaptability to dynamic produc-
tion demands and their capacity to boost efficiency and productivity levels significantly.
FMSs seamlessly amalgamate an array of machinery, equipment, and computer-controlled
systems to automate manufacturing processes, enabling swift reconfiguration for producing
diverse product ranges. The ultimate significance of assessing the efficacy of FMSs is em-
phasized by the potential they hold for optimizing system efficiency, pinpointing areas for
refinement, and guiding well-informed decisions concerning system design and operation.
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Research in this domain, as noted in [1], defines the flexibility of a manufacturing
system as its “capacity to efficiently and effectively adapt to changes in the product mix,
volume, or timing of activities” [2]. Furthermore, ref. [3] characterizes FMSs as a man-
ufacturing approach that “employs programmed machines, computer systems, and/or
robotics for processing and assembling raw parts” [4]. In the context of modern digital man-
ufacturing, FMSs assume an imperative role, vividly portrayed in Figure 1, by bolstering
productivity, elevating quality standards, and boosting responsiveness to changes while
simultaneously curbing time, effort, and operational costs, even in the face of proliferating
product variations. It is essential to recognize that, as emphasized by [5], the quest to
achieve flexibility in conjunction with productivity and quality stands as a substantial
challenge confronting numerous manufacturers [6]. However, it is noteworthy that the
flexibility of an FMS hinges on a multitude of factors, including its components, capabilities,
interconnections, and mode of operation and control [2].

Mach Mach Mach
Aut Aut Aut
Parts transport
Completed + 1‘ + + /_ -

parts
~— . . . . Load . )
Unld Direction of
— 0000 |/, work flow

Starting

workparts * + + +
Insp Mach Mach
Aut Aut Aut

Figure 1. FMS loop layout [7].

In recent years, there has been a surge in studies aimed at investigating the perfor-
mance variables within FMSs and formulating suitable methodologies for evaluating their
effectiveness. Researchers have attempted to adopt diverse methodologies, ranging from
mathematical modeling and simulation to statistical assessment, to gauge the efficiency of
FMSs through key performance indicators (KPIs) such as productivity, throughput, flexibil-
ity, quality, and cost-effectiveness. A recent study by [6] has identified three paramount
parameters closely associated with FMS performance: productivity, flexibility, and quality.
These performance factors within FMSs are delineated in Figure 2.

Researchers have employed a variety of methodologies to evaluate FMS performance,
including conventional approaches like the Analytical Hierarchy Process (AHP) [8] or fuzzy
logic [9], as well as contemporary methodologies such as data envelopment analysis [10]
and machine learning algorithms [11]. In this study, our goal is to make a significant
contribution to the current body of knowledge related to FMS performance evaluation
by introducing an innovative approach based on the Best-Worst Method (BWM). The
BWM, which has gained popularity in recent years, excels at systematically and intuitively
capturing the comparative ranking of various criteria used in decision-making processes.

Through the implementation of the BWM, we aim to provide a comprehensive and
reliable assessment of performance variables in FMS, enabling a deeper understanding and
optimization of FMS performance in modern manufacturing environments. Furthermore,
our approach incorporates insights gained from an extensive literature review and consul-
tation with industry professionals and experts. As a result, we have identified a total of
34 variables that significantly influence FMS performance.

The subsequent sections of this article are organized as follows: Section 2 offers a
comprehensive overview of the literature related to FMS performance evaluation, including
a discussion of relevant studies that have employed various methodologies to assess FMS
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performance variables. Section 3 outlines the methodology and provides the specifics of the
proposed BWM-based approach for evaluating FMS performance. Section 4 presents the
outcomes and analyzes the performance evaluation using our proposed approach. Finally,
in Section 5, we draw conclusions from the implications of the results and outline future
research directions in the field of FMS performance evaluation.

FMS
Performance
Varianles

Figure 2. FMS performance variables.

2. Review of Literature

This literature review introduces an overview of relevant research conducted on
the performance variables that influence the outcomes of FMSs. The authors conducted a
comprehensive investigation of the literature, reviewing a total of 272 scientific publications.
While the ‘Dimensions’ database spanning the years 2013 to 2023 conveys a comprehensive
selection of recent research, it is essential to note that a substantial portion of the literature
review incorporates seminal works published before 2000. It is imperative to include older
publications in comprehending the essential concepts and theoretical development in the
domain of FMSs. It allows us to trace the historical evolution of FMS research and recognize
the enduring principles that continue to shape current investigations. The scrutinizing of
the literature comprises three primary sections. The first part summarizes prior research
on the factors that affect FMS performance. The second section discusses the research
approach of MCDM in relation to FMSs. Finally, the third part identifies gaps in the current
literature related to FMS performance.

By acknowledging the historical development of FMS research, we gain valuable
insights into the origins and evolution of the field, conveying a comprehensive perspective
that combines both essential principles and contemporary findings. This holistic approach
enriches our interpretation of the complexity of FMS performance.

2.1. Literature Review on FMS Performance, Accompanied by a Bibliometric Overview

The literature offers various definitions of flexibility in the context of manufacturing.
Ref. [12] presents flexibility principles, while [13] proposes additional types, including
material handling flexibility, program flexibility, and industry flexibility. Ref. [14] identified
four additional dimensions of flexibility: automation flexibility, labor flexibility, modern
design flexibility, and distribution flexibility. Numerous studies have explored diverse
performance indicators and research methods to determine the most influential factors
in FMSs. According to [15], earlier research on FMSs focused solely on investigating the
systems’ performance from a single perspective. For example, certain research has focused
on the productivity dimension; nevertheless, other studies have investigated time flow as a
single metric or dimension.
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Ref. [4] classified 15 performance variables into three groups—quality, productivity,
and flexibility—in order to analyze FMSs. Ref. [1] defined FMS capacity as the ability to
accommodate changes in product mix, volume, or timing of activities. Ref. [2] further
emphasizes that FMS adaptability is contingent on its components, capabilities, interconnec-
tions, and mode of operation and control. Additionally, ref. [5] emphasizes the significant
challenge manufacturers face in achieving flexibility alongside productivity and quality.

Researchers have utilized FMS in conjunction with various frameworks and methods
to model productivity variables and evaluate FMSs. Ref. [15] employed Data Envelope
Analysis (DEA) for FMS evaluation. Ref. [16] quantified the advantages of FMS imple-
mentation by employing the Multiple Attribute Decision Making (MADM) framework,
specifically the Analytic Hierarchy Process (AHP). Ref. [17] utilized the AHP strategy to
assess advanced technologies. Ref. [18] employed MADM frameworks such as MOORA
(Multi-Objective Optimization by Ratio Analysis) and PSI (Preferential Similarity Index) to
rank FMS performance variables. Refs. [19,20] applied FMSs to assess machine workload
balance. Ref. [18] utilized FMSs for modeling parameters influencing flexibility. Ref. [14]
applied FMSs as a case study for evaluating performance parameters in a printed circuit
board manufacturing plant. Ref. [19] utilized FMSs to assess loading and routing influ-
ences. Refs. [20-23] disclose formulations and methods for resolving system-loading issues
through the FMS framework.

Ref. [24] conducted an evaluation and prioritization of the Industry 4.0 challenges
pertaining to Indian automotive industry utilizing the BWM approach.

The literature also identifies common and uncommon indicators affecting FMS quality,
flexibility, and productivity. Common variables include production lead time, scrap percent-
age, automation, unit labor cost, and setup time. On the other hand, uncommon variables,
such as training, tool inventory, customer satisfaction, and rejection reduction, are statistically
insignificant to FMS performance variables. Additionally, bibliometric analysis quantitatively
evaluates the interconnections among published papers based on FMS performance variables.
By reviewing a wide array of literature from the Dimensions database from 2014-2023, about
50 articles were identified in the context of FMSs in their titles, abstracts, and keywords
(see Figure 3). Utilizing VOSViewer software, the interactions among parameters in the
publications are visually represented in a diagram (refer to Figure 4).

Publications in each year. (Criteria: see below)

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

o Publications (total)

Figure 3. The number of scientific articles published in academic journals. Source: extractions were
conducted by the authors with VOSViewer based on the data extracted in the Dimensions Database
[Dimensions Database, www.dimensions.ai, accessed on 20 September 2023].
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Figure 4. A graphical representation of connections among academic studies related to FMS perfor-

mance variables. Source: extractions were conducted by the authors with VOSViewer based on the

data extracted in the Dimensions Database [Dimensions Database, www.dimensions.ai, accessed on

20 September 2023].

Furthermore, multiple studies deployed a variety of performance variables and re-
search methods to spot the most effective FMS factors. The contributions of previous

authors are depicted in Table 1.

Table 1. Contributions of previous authors.

No Author Publication Methodology Performance Variable
1. Routing variety;
1 [2] 2011 Simulation modelling, Fuzzy logic 2. Routing efficiency;
3. Routing versatility.
1. Automation;
2. Capacity to handle new product;
3. Flexible fixturing;
4. Automation;
5. Increase machine utilization;
6.  Flexibility in the design of the
production system;
7. Use of automated material
handling devices;
Exploratory Factor Analysis (EFA), 8. Ability to manufacture a variety
2 [4] 2018 Confirmatory Factor Analysis (CFA), of products;
Absolute Fit Indices, Incremental Fit Indices 9~ Manufacturing lead time and setup
time reduction;
10.  Quality consciousness;
11.  Speed of response;
12.  Combination of operation;
13.  Reduced WIP inventories;
14. Reduction in material flow;
15.  Reduction in scrap;
16.  Use of a reconfigurable

machine tool.

66



Designs 2024, 8,12

Table 1. Cont.

No Author Publication Methodology Performance Variable
1. Effect of tool life;
2. Training;
3. Financial incentive;
4. Unit labor cost;
5. Customer satisfaction;
6.  Reduction in scrap percentage;
7. Reduction of rejection;
8. Reduction in rework percentage;
9.  Equipment utilization;
10. Trained worker;
11.  Manufacturing lead time and
3 [6] 2014 ISM, SEM, GTMA setup time;
12.  Unit manufacturing cost;
13.  Setup cost;
14.  Throughput time;
15. Automation;
16. Use of automated material
handling devices;
17. Reduction in material flow;
18. Reduced work in process inventory;
19.  Ability to manufacture a variety
of products;
20. Capacity to handle new product.
1. Machine flexibility;
2. Setup or changeover time;
3. Tool magazine or tool
current capacity;
4. Availability of technical know-how;
5. Skills and versatility of workers in
the system;
6. Type of machine;
7. Max. No. of tools available;
8.  Variety of parts to be handled by
the machine;
9.  Space availability;
10. Max. no. of operations available;
11. Number of machines available in
the system;
12.  Common tooling available;
4 [25] 2016 Effectiveness Index, ISM 13.  Similarities of parts in the system;
14.  Tool changing time of the machine;
15.  Design changes required in
the product;

16.  Flexibility of material handling
system;

17.  Similarity of workstations;

18.  Variety of products;

19.  No of existing part families
matching the new product design;

20. Type of operations to be performed
on the machine;

21. Maximum number of
routes available;

22, Offline part programming

preparation facility.
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Table 1. Cont.

No Author Publication Methodology Performance Variable
1. Effect of tool life;
2. Unit manufacturing cost;
3. Unit labor cost;
4. Manufacturing lead time;
5. Throughput time;
6. Setup cost;
7.  Scrap percentage;
Interpretive Structural Modelling (ISM), 8. Rework Percentage;;
5 [19] 2018 Structural Equation Modelling (SEM), 9. Automation; .
Graph Theory, Matrix Approach (GTMA) 10. Use of automated material
handling devices;
11.  Equipment utilization;
12.  Ability to manufacture a variety
of product;
13.  Capacity to handle new product;
14.  Setup time;
15.  Reduced work in process inventory.
1. Capacity to handle new products;
2. Ability to manufacture a variety
of product;
3. Flexibility to design
production system;
4. Combination of operation;
5. Automation;
6. Flexible fixturing;
) ) 7. Use of automated material
6 [26] 2016 Total Interpretive Structural Modelling handling devices;
(TISM) 8. Increased machine utilization;
9. Use of reconfigurable machine tool;
10.  Speed of response;
11.  Reduced work in progress;
12.  Manufacturing lead time and setup
time reduction;
13.  Quality consciousness;
14. Reduction in material flow;
15.  Reduction in scrap.
1. Minimize machine to machine
movements;
2. Balance workload per machine for
equal size machine;
3. Unbalance workload per machine
7 [21] 1991 Ic%entification of flexibilities, Fishbone for unequal size machine;
diagram 4.  Balance machine processing time;
5. Maximize the number of operation
assignments;
6.  Operation processing time variation;
7. Tool inventory.
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Table 1. Cont.

No Author Publication Methodology Performance Variable
1. Increased machine utilization;
2. Automation;
3. Use of automated material
handling devices;
8 [27] 2018 MOORA Approach, Ratio System Approach 4 Manufacturing lead time and
setup time;
5. Flexible fixturing;
6. Scrap percentage.
1. Effect of tool life;
2. Unit manufacturing cost;
3. Unit labor cost;
4, Manufacturing lead time;
5. Setup cost;
6.  Scrap percentage;
7. Throughput time;
8. Rework percentage;
9. Setup time;
10.  Equipment utilization;
11. Automation;
12.  Ability to manufacture variety of
products;
13.  Use of automated material handling
devices;
9 [19] 2018 MOORA Approach, Ratio System Approach 14, Reduced work in process inventory;
15.  Training;
16.  Capacity to handle new product;
17. Financial incentive;
18. Customer satisfaction;
19.  Reduction of rejection;
20. Reduction in material flow;
21. Trained worker;
22.  Flexibility in the design of
production system
23.  Flexible fixturing;
24.  Use of reconfigurable /machine tool;
25.  Speed of response;
26. Quality consciousness;
27.  Combination of operation.
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Table 1. Cont.

No Author Publication Methodology Performance Variable
1. Unit manufacturing cost;
2. Unit labor cost;
3. Manufacturing lead time;
4, Effect of tool life;
5. Throughput time;
6. Setup cost;
7.  Scrap percentage;
8. Setup time;
10 [28] 2019 TISM, Fuzzy logic 9. Rework percentage;
10. Equipment utilization;
11.  Automation;
12.  Ability to manufacture a variety of
product;
13.  Use of automated material handling
devices;
14.  Capacity to handle new product;
15.  Reduced work in process inventory.
1. Increased machine utilization;
2. Automation;
3. Use of automated material handling
devices;
11 [29] 2012 COPRAS approach 4. Flexible fixturing;
5. Scrap percentage;

6.  Manufacturing lead time and set up

time.

2.2. Review of Multi-Criteria-Decision-Making (MCDM) Approaches

The multicriteria decision-making (MCDM) approach is commonly used to address
complex problems [30]. There are four main MCDM pathways for constructing structural
networks: Decision Making Trial and Evaluation Laboratory (DEMATEL), Fuzzy Cognition
Map (FCM), and Interpretative Structural Modeling (ISM) [31]. Based on a systematic
literature review of MCDM approaches, it was found that the DEMATEL and FCM ap-
proaches have limitations compared to ISM [32]. Particularly, the DEMATEL approach
lacks consideration of all criteria and the aggregation of relative weights from experts
for group decisions [33]. On the other hand, FCM requires rigorous optimization and
convergence of membership functions, which can be cumbersome [34]. In contrast, ISM
overcomes these limitations by effectively identifying interrelationships among factors and
is considered a reliable approach for developing hierarchical structural models [31]. Com-
bining ISM with MICMAC yields favorable results for decision makers and researchers [34].
Additionally, integrating SEM (Structural Equation Modeling) enables the estimation and
testing of interactions among both measured and latent factors in the developed structural
network [30], and it allows for the validation of the proposed network fitness based on
expert responses [31]. Notably, BWM outperforms AHP in terms of consistency, minimal
violation, total deviation, and conformity, as demonstrated in studies by [35-37]. Thus,
the BWM framework is known for producing consistent results and has been extensively
utilized in various domains, including manufacturing, supplier selection, risk assessment,
biology, automotive, air freight transportation, R&D performance evaluation, banking ser-
vices, communication technologies, and logistics. These approaches provide a systematic
and quantitative means to evaluate the relative importance and impact of different factors
on FMS performance, aiding decision makers in making informed decisions.
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2.3. Gap Analysis

Drawing from the extensive literature assessment discussed in the preceding section,
subsequent gaps have been pinpointed:

1.  Lack of Consistent Labeling: While numerous researchers have defined the weights
of performance variables in various studies pertaining to Flexible Manufacturing
Systems (FMSs), only a few have classified them into dimensions based on “Quality
(Q)”, “Productivity (P)”, and “Flexibility (F)”, which would encompass the manu-
facturing system and technological methods [30]. This research introduces a novel
classification system based on these dimensions, conveying a structured framework
to assess FMS performance.

2. Limited Deployment of a Novel MCDM Approach: Although FMS performance
variables have been considered in studies using various approaches, such as ISM,
SEM, Exploratory Factor Analysis (EFA), Confirmatory Factor Analysis (CFA), and
others, no single study has employed a novel Multi-Criteria Decision Making (MCDM)
approach comparable to BWM for assessing the significance (weight) of these variables.
BWM offers enhanced consistency, minimal violation, total deviation, and conformity.

3. Inclusion of More Variables [14]: This research has incorporated 34 key performance
variables and three factors extracted from the manufacturing industry, encompassing
a larger number of variables compared to other studies, indicating a more compre-
hensive approach.

4. Empirical Validation: There is a need for more empirical studies that validate the
findings from conceptual frameworks and propose practical solutions for enhancing
FMS performance [2]. This study bridges this gap by presenting a comprehensive
empirical analysis based on a broad literature review, consultations with industry
experts, and the BWM approach.

5. Exploring Technological Advancements: Additionally, there is limited research on
the implication of technological advancements, such as Industry 4.0, on FMS perfor-
mance, indicating a potential research gap in this area [4,30]. This study acknowledges
this gap and, through the BWM methodology, explores the implications of these ad-
vancements on FMS performance.

6.  Scarcity of Case Studies in Europe and the USA Context: There is a lack of case
studies on FMS implementation not only in India [37] but also in German manufactur-
ing firms, which hinders a precise understanding of the outcomes and implications of
performance variables in the German context. This research draws attention to this
gap and, by providing a case study, offers valuable insights into FMS performance in
distinct geographical contexts.

2.4. Contributions of the Study

This study makes numerous significant contributions to the field of FMS performance
evaluation. The key contributions are summarized below in Table 2:

Table 2. Key contributions of this study to FMS performance evaluation.

Introduction of an innovative approach based on BWM for evaluating FMS performance.

Incorporation of insights gained from an extensive literature review and consultation with industry professionals.

Comprehensive overview and analysis of 272 scientific publications.

Identification of research gaps in the literature.

G @ N

Development of a novel classification for FMS performance variables based on “(Q)”, “(P)”, and “(F)” dimensions.

Enhancement of consistency, minimal violation, total deviation, and conformity compared to other existing approaches such
as AHP.

7. Identification of the need for further empirical studies.
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Table 2. Cont.

Highlighting the limited research on the implications of technological advancements, such as Industry 4.0, on FMS
performance.

9. Integration with other smart production system components.

10.  Consideration of sustainability.

11.  Generalizability to other industries.

3. Research Methodology

The BWM is a favored MCDM approach employed through research to evaluate and
rank alternatives based on their relative strengths and weaknesses. The research process for
applying the BWM method encompasses several key steps, including defining the research
problem, identifying criteria and alternatives, developing the BWM survey, collecting and
analyzing data, interpreting the results, validating the findings, and presenting the out-
comes in a comprehensive and systematic manner. A visual representation of the research
method is depicted in Figure 5, illustrating the flowchart of the further steps involved.

Systematic literature review I—)l Determining the area of gaps |
v ¥
Research aim: To rank FMS performance variables utilizing the best-worst method.

v
Identification and selection of FMS performance (——l Discussion with experts
variables in the current study

¥

Define the best and worst key parameters

v

The expert panel juxtaposes the best FMS with the
other FMS variables in a pairwise approach

v

The expert panel juxtaposes the worst FMS with the
other FMS variables in a pairwise approach

v

| Evaluate the diagraph's transitivity
v

| Substitute factor nodes with relationship

M

Modifications

I= there any
conceptual
inconsisten

Reveal a model based on interrelationships for ranking FMS performance variables

¥
Grouping the FMS performance variables
¢' k
| Hypothesis formulation _[€—— Data collection |
v v
| BWMassessment test |—>| Quantify the optimal weights of FMS variables |
v

Discuss the results, implications, solutions, conclusions, limitations, and future research.

Figure 5. Research methodology flowchart.
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In this investigation, a panel comprising thirteen experts was convened to determine
the FMS variables that would be included in the analysis (see Table 3).

Table 3. List of decision panel experts.

Expert Designation Education Exp. (in Years)
Expert 1 Academician Ph.D. Supply Chain Management 13
Expert 2 Production Manager M. Tech Production Engineering 9
Expert 3 Production Manager M. Tech Industrial Engineering 13
Expert 4 Manufacturing Manager B. E. Mechanical 9
Expert 5 Plant Manager M. Industrial Management 14
Expert 6 Operations Manager M. Tech Mechanical 13
Expert 7 Operation Management Ph.D. Operational Management 4
Expert 8 Manufacturing Manager Ph.D. Operational Management 10
Expert 9 Production Engineer M. Industrial Management 7
Expert 10 Quality Engineer M. Industrial Management 8

Expert11 ~ Production Management M. Operational Management 10
Expert 12 Operation Management Ph.D. Operational Management 9
Expert 13 ~ Manufacturing Manager Ph.D. Operational Management 13

The authors conducted in-person visits to the case organization and held brainstorm-
ing sessions with the organization’s experts to present the study’s framework and proce-
dures. A concise survey was designed to collect input from the participants, and the experts
were asked to complete it. Throughout the data study, the authors personally engaged with
the experts to gather their viewpoints and inputs at each stage.

Based on a comprehensive literature review and expert analysis, Table 4 presents
details about the chosen FMS elements. These selected FMS variables were then classified
into three primary criteria: quality (Q), productivity (P), and flexibility (F).

Table 4. FMS performance variables.

Major Factor Sub-Factor References
Quality (Q) Defect rate (Q1) [37]
Automation (Q2) * [37,38]
Scrap rate (Q3) [4,38,39]
Process capability (Q4) [37,40,41]
Conformance to specification (Q5) [42]
Effect of tool life (Q6) [43]
Rework percentage (Q7) [4,43]
First-pass yield (FPY) (Q8) [44]
Customer satisfaction (Q9) [26,45]
Rejection percentage (Q10) [4,46]
Takt time (Q11) [47]
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Table 4. Cont.

Major Factor Sub-Factor References
Productivity (P) Machine utilization (P1) [48]
Unit labor cost (P2) [4,49,50]
Unit manufacturing cost (P3) [4,43]
Production rate (P4) [45]
Manufacturing lead time (P5) [43,51]
Work-in-progress (WIP) inventory (P6) [4]
Setup time (P7) [45,48]
OEE (Overall Equipment Effectiveness) (P8) [52,53]
Throughput time (P9) [4,43]
Labor productivity (P10) [54]
Setup cost (P11) [4,48]
Cycle time (P12) [55]
Flexibility (F) Changeover time (F1) [56]
Equipment utilization (F2) [4,57]
Volume flexibility (F3) [28]
Routing flexibility (F4) [48]
Product mix (F5) [4]
Use of automated material handling device (F6) [25,58]
Reduced work in process inventory (F7) [4,43]
Redundancy (F8) [58]
Use of reconfigurable machine tool (F9) [38]
Flexible fixturing (F10) [59-61]
Machine reconfiguration time (F11) [53]

Automation (Q2) * in this study refers to the level of automation in the manufacturing process itself, not the
automation of quality inspection.

3.1. Overview of BWM Approach

“Rezaei introduced the Best-Worst Method (BWM) in 2015 as a pairwise evaluation
methodology used for multicriterion decision-making (MCDM) issues [36]”. Its goal is
to achieve consistent comparison outcomes while minimizing the number of pairwise
comparisons required. BWM replaces the complete pairwise matrix with two vectors,
which enables analysts to make decisions with less data. Furthermore, BWM employs a
single integer scale ranging from 1 to 9 for ease of contemplation. Due to its ability to obtain
quality outcomes with fewer pairwise comparisons, BWM is well suited for assessing the
ranking of 34 FMS (Flexible Manufacturing System) indicators in this study.

In BWM, multiple variables are evaluated and consolidated into a single standard
variable, which is then used to calculate the values of other items based on the preferences
of the most effective element and the most severe element. The most effective or best
parameter is compared to all other chosen elements, while the most severe or worst
parameter is compared to all other parameters. BWM follows a step-by-step approach
that involves five stages of implementation. In this article, to determine the pairwise
comparison of the components throughout the BWM process, the Excel Solver program
was employed.
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3.1.1. Phases of the BWM Process

To convey a clearer understanding of how BWM works, it is essential to outline the
specific phases of the methodology:

Phase 1: Determine the performance variables of the FMS.

The first step in the BWM process involves identifying the performance metrics of the
FMS. An expert panel comprising manufacturing experts, denoted as {C1, C2, ..., Cn},
is engaged to finalize the chosen FMS criteria. These criteria play an essential role in
clarifying the industry’s specific requirements and maximizing its capabilities. After extensive
consultation with manufacturing experts, an array of 34 FMS components was validated for
ranking and assessment.

Phase 2: Determining the Best and Worst FMS Components.

In this phase, the most favorable and least favorable components of the FMS are
identified with input from manufacturing experts. The best criterion is considered the
most imperative, preferable, or indispensable, while the worst criterion is recognized as
the weakest, least essential, least preferred, or of lesser value.

Phase 3: Expert Panels’ Pairwise Comparison.

In this phase, the expert panel employs a pairwise approach to compare the best
parameter with the remaining elements. The panel assigns values ranging from one to
nine to convey the preference for the best variable over each of the other variables. The
preference of the superior variable B over variable j, as assessed by the expert panel, is
denoted as

AB = (aB1, aB2, ..., aBn) D

Here, aBj signifies the preference of the superior variable B over variable j, as assessed
by the expert panel.

Phase 4: Expert Panels’ Pairwise Comparison of the Worst Parameter.

During this phase, the expert panels utilize a pairwise approach to compare the worst
parameter with the remaining variables. The panels assign values ranging from one to
nine to express the preference of other variables over the suboptimal variable. The worst
performance of variable W over variable j is denoted as:

AW = (alw, a2w, ..., anw)T (2)

where ajw reveals the favor of parameter j over the suboptimal variable W, which was
determined by the expert panel.

The value of aww = 1 is constant, signifying an equal preference between the worst
variable and itself.

Phase 5: Estimation of Weights for the Optimal FMS Components.

In this critical step, the previously described issue is mathematically transformed
into a linear programming framework. This framework presents a structured approach
to optimizing the assigned weights while considering various constraints. The primary
objective is to minimize the maximum value among the expressions { | WB/Wj — aBjl < &
for every j and | Wj/Ww — ajW | < & for every ‘j’. Here is a detailed explanation of this
essential step:

e  Minimizing Maximum Discrepancies: The core objective is to minimize the maximum
absolute discrepancy between two expressions for each variable j". The first expression
is IWB/Wj — aBjl, which measures the extent to which the assigned weight WB
deviates from the normalized weight aBj. The second expression is | Wj/Ww —
ajW 1, assessing the extent to which Wj differs from the variable’s weight relative to
the normalized.
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e Balancing Variables: The linear programming framework aims to balance these vari-
ables and minimize their discrepancies. The objective is to find an optimal solution
where the differences between the assigned weights (Wj) and the benchmark-based
weights (aBj and ajW) are as small as possible.

e  Accounting for Constraints: The framework considers specific constraints to ensure a
feasible solution. These constraints include:

o Non-negativity constraints: ensuring that all weights (Wj) are non-negative
(Wj > 0 for every 9").
o Weight sum condition: maintaining the sum of all weights equal to 1, indicating

that the weights encompass all evaluated components () j Wj = 1).

This linear programming approach has a single unique solution and offers a systematic
method for balancing the weights while considering the constraints and normalized weight:

IWB/Wj — aBjl < &forallj, |Wj/Ww — ajW | §£foreveryj,Zjo:1,WjzOforallj:

—_

®)

The outcome of this optimization process provides not only the optimal weights (W1*,
W2*, W3%, ..., Wn*) for each variable but also the optimal value of &, denoted as &*. This
value reflects the degree of balance achieved in assigning weights to the FMS performance
variables, with a lower £* indicating a more balanced and consistent allocation of weights
based on the chosen normalized weight. This comprehensive approach ensures that the
relative significance of these components is carefully and consistently evaluated in the FMS
assessment process.

3.1.2. Consistency Ratio and Interpretation

An important aspect of the BWM methodology is assessing consistency. To evaluate how
reliable the rankings are, we calculate a consistency ratio employing the consistency index.
The consistency ratio can be calculated using Equation (4):

Consistency Ratio = £*/(Consistency Index) 4)

The closer the ratio is to 0, the more consistent the outcome. A consistency ratio closer
to 1 would imply a less reliable ranking.

3.2. Case Explanation
3.2.1. Introduction to the Subject Company

Our case study focuses on a long-standing manufacturing firm specializing in automo-
tive component production. With nearly 40 years of experience in the automobile industry,
a workforce of 1300 employees, and prestigious certifications in TS 16949 and ISO 14001,
this company has maintained its position but aspired to achieve market leadership.

3.2.2. Motivation for BWM Implementation

Despite their significant achievements, the organization faces increasing competition
and a need to boost manufacturing performance. To respond more effectively to customer
demands for product diversity, demand, and quality in real time, the leadership decided to
implement a comprehensive strategy.

After careful consideration, they selected BWM as the ideal approach to evaluate and
prioritize essential performance variables for successful FMS implementation. The stake-
holders and management teams were convinced by the method’s analytical robustness and
its systematic approach to measuring the weights of FMS variables. This adoption reflects
a commitment to data-driven decision making and strategic manufacturing improvements.
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3.3. Analysis of Weight Ranking
3.3.1. The Expert Panel

In an earlier phase, a panel of thirteen experts representing diverse organizations was
responsible for evaluating FMS performance variables. Their task was to identify the most
effective-to-others (Table 5) and other-to-most severe (Table 6) relationships for each major
element. The experts” evaluations were based on their collective industry knowledge and
experience. These evaluations led to the creation of best-to-others and other-to-most severe
vectors, which were essential data for the subsequent analysis.

Table 5. Best compared to other variables.

Expert Best Q P F
Expert 1 Q 1 3 5
Expert 2 Q 1 8 6
Expert 3 P 2 1 3
Expert 4 Q 1 8 7
Expert 5 Q 1 2 3
Expert 6 Q 1 3 2
Expert 7 F 7 8 1
Expert 8 F 4 3 1
Expert 9 Q 1 6 4
Expert 10 P 2 1 7
Expert 11 Q 1 4 7
Expert 12 Q 1 4 7
Expert 13 Q 1 7 6

Table 6. Others compared to the worst variables.

Expert Worst Q P F
Expert 1 8 1 4
Expert 2 F 4 6 1
Expert 3 F 8 9 1
Expert 4 P 9 1 7
Expert 5 F 8 7 1
Expert 6 F 3 5 1
Expert 7 P 3 1 2
Expert 8 P 5 1 6
Expert 9 F 2 4 1

Expert 10 Q 1 3 4
Expert 11 F 7 4 1
Expert 12 F 7 4 1
Expert 13 P 9 1 6

3.3.2. Calculating Average Weights

After the expert panel’s assessment, the individual weights assigned by each expert
for Quality (Q), Productivity (P), Flexibility (F), and the Ksi* index were combined to
generate average weights (see Table 7). These average weights represent a consensus of
expert opinions.

77



Designs 2024, 8,12

Table 7. Weightage of major factors.

Expert Q P F Ksi*
Expert 1 0.6790 0.1234 0.1975 0.3086
Expert 2 0.7636 0.1454 0.0909 0.4000
Expert 3 0.3958 0.5208 0.0833 0.2708
Expert 4 0.8000 0.0555 0.1444 0.3555
Expert 5 0.5750 0.3000 0.1250 0.3250
Expert 6 0.5278 0.3611 0.1111 0.1944
Expert 7 0.6786 0.1786 0.1429 0.3929
Expert 8 0.1667 0.6852 0.1481 0.3519
Expert 9 0.7083 0.2083 0.0833 0.1250
Expert 10 0.1750 0.1000 0.7250 0.3250
Expert 11 0.7589 0.0714 0.1696 0.2589
Expert 12 0.6607 0.2143 0.1250 0.4107
Expert 13 0.7083 0.2083 0.0833 0.1250

Final weight 0.5844 0.2240 0.1715 0.2956

The formula to calculate the Ksi* (consistency index) in the Best-Worst Method (BWM) is as follows:
Ksi* = (Y (wi — wi)2)/(n(n—1)); Where: Ksi* is the consistency index; wi is the BWOR (Best-to-Worst Ratio)
for performance variable I; wiis the average BWOR ratio across all performance variables; n is the number of
performance variables.

3.3.3. Ensuring Consistency

The AHP methodology was employed for this analysis, and it was imperative to assess
the consistency of expert responses. The median consistency ratio weight, shown in Table 7,
was calculated and found to be 0.2956. This value, close to zero, indicates a high level of
consistency in expert comparisons, reinforcing the reliability of the outcomes.

3.3.4. Determining Global Weights

The major weights for each group of FMS performance variables (Quality, Productivity,
and Flexibility) were calculated using their average weights. While detailed calculations are
beyond the scope of this section, these weights are derived from the expert assessments in
Table 8. The final rankings in Table 8 represent the global weighting for each performance
variable, determined by multiplying the major weights and local weights and ranking them
based on their relative importance. The local weights were assessed using Formula (3).

Table 8. Final ranking of FMS performance variables.

Major Factor Major Weight Sub-Factor Element Local Weighting Global Weighting Ultimate Rank
Q1 0.0942 0.0522 4
Q2 0.0969 0.0537 3
Q3 0.0815 0.0452 10
Q4 0.0724 0.0401 11
Q5 0.0933 0.0517 5
Quality (Q) 0.5544 Q6 0.0889 0.0493 7
Q7 0.0933 0.0517 5
Q8 0.0981 0.0544 2
Q9 0.0863 0.0478 8
Q10 0.1093 0.0606 1
Q11 0.0858 0.0476 9
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Table 8. Cont.

Major Factor Major Weight Sub-Factor Element Local Weighting Global Weighting Ultimate Rank

P1 0.0792 0.0177 20

P2 0.0902 0.0202 15

P3 0.0844 0.0189 18

P4 0.0889 0.0199 16

P5 0.0728 0.0163 27

Productivity (P) 0.2240 P6 0.0658 0.0147 31
P7 0.0959 0.0215 12

P8 0.0764 0.0171 22

P9 0.0922 0.0207 14

P10 0.0759 0.0170 24

P11 0.0857 0.0192 17

P12 0.0926 0.0207 13

F1 0.0790 0.0135 32

F2 0.0912 0.0156 29

F3 0.0975 0.0167 25

F4 0.1069 0.0183 19

F5 0.0892 0.0153 30

Flexibility (F) 0.1715 Fé6 0.0924 0.0158 28
F7 0.0750 0.0129 33

F8 0.1005 0.0172 21

F9 0.0958 0.0164 26

F10 0.0733 0.0126 34

F11 0.0992 0.0170 23

3.3.5. Final Ranking of FMS Performance Variables

In this phase of our research, the BWM analysis resulted in the assignment of weights
to each major FMS factor and its subfactors. These weights indicate the relative significance
of each element in the overall evaluation of FMS performance. The outcomes are presented
in Table 7 for major factors and Table 8 for the final ranking of FMS performance variables
based on their global weights.

To ensure the credibility of our results, we calculated the outgoing median consistency
ratio, which was found to be 0.2956, a value close to zero. This proximity indicates a high
level of consistency in our comparisons, reinforcing the reliability of our findings.

Table 8 provides a concise summary of the weights assigned to the major FMS fac-
tors. These factors are pivotal in evaluating FMS performance, and their weights were
determined through expert evaluation and the robust BWM methodology.

Table 8 presents the global weightings of various FMS performance variables. These
variables underwent a rigorous evaluation process following the BWM methodology. Due
to space limitations, we provide a concise overview of the results in this section. The
table includes the final rankings, scores, and relative influence of each extracted FMS
performance variable.

To highlight the significance of these outcomes, let us focus on the three primary
performance variables:

e  Quality (Q): This factor carries a weight of 0.5544, indicating its paramount role in the
FMS performance assessment.

e  Productivity (P): With a weight of 0.1715, productivity is a notable, although secondary,
factor in the assessment.
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e  Flexibility (F): Flexibility is assigned a weight of 0.2208, signifying its essential yet less
influential role in the assessment process.

3.4. Findings and Discussion

The primary objective of this study was to investigate and prioritize the critical perfor-
mance variables and qualitative attributes, along with their respective weightings, within
German manufacturing companies utilizing the BWM method. In this study, the chief
factors of FMSs that influence their performance were taken into account, i.e., quality,
productivity, and flexibility, and 34 attributes that affect these parameters were also con-
sidered. To enhance the level of flexibility in manufacturing systems, organizations must
therefore prioritize these performance variables based on their importance or weight. The
case study’s findings disclosed that among the essential parameters, the quality perfor-
mance variable had the highest weight (0.5542), followed by productivity (0.2247) and
flexibility (0.2208).

Quality (Q): This factor, bestowed with a weight of 0.5544, is paramount in the FMS
performance hierarchy. Its high weightage signifies its vital role in the overall assessment.
The highest weighted variable in terms of quality is the rejection percentage (Q10), with
a weight of 0.0606. Ref. [47] argue that rejection might be caused by malfunctioning
equipment and tools, workers’ low levels of skill, or errors in technical working instruction
and control. Nonetheless, rejected parts could be recycled; however, the effects of part
rejection might also be varied and are generally grouped into two classifications: “ROI
losses and operational disruptions” [43].

Nevertheless, rejection might be resolved by the following strategies: process improve-
ment, training and skill development, feedback loops, supplier evaluation, and continuous
improvement. The First-pass yield was ranked second as a quality factor, with a global
weight of 0.0544. First-pass yield and rejection percentage have comparable sources of
defects. Ref. [61] suggests that First-pass yield could be maintained through robust design
and optimization, preventive maintenance, and supplier qualification.

Automation (Q2) came in third place in the rankings, embracing a global weight of
0.0537. According to [37,62], automation and technological improvements reduce annual
labor costs while increasing productivity and flexibility in the manufacturing system.
Furthermore, “a higher level of automation increases this flexibility, partly as a result of
both lower machine setup costs and lower variable costs” [62].

Defect Rate (Q1) resulted in the fourth position with a global weight of 0.0522. The
sources of defect rate are design, manufacturing defects, or inspection errors, which lead to
increased costs, lost sales, and customer dissatisfaction. According to the study by [36], the
defect in manufacturing could vary significantly depending on the industry, the product
being manufactured, and the manufacturing process employed. Ref. [37] assert that the de-
fect rate in manufacturing has been declining over time due to numerous factors, including
the adoption of novel technologies, the implementation of quality improvement initiatives,
and an enhanced awareness of the importance of quality. Process capability (Q4) had a
global weight of 0.0401 and was the lowest ranking among the Quality (Q) segments as
performance variables. Process capability is a statistical measure that quantifies the ability
of a process to consistently produce output within specified limits or tolerances of customer
requirements [41]. Process capability is typically evaluated by a process capability index of
Cp or Cpk.

Flexibility (F): In the dimension of flexibility, F4 (routing flexibility), F8 (redundancy),
F11 (machine reconfiguration time), F3 (volume flexibility), and F9 (use of reconfigurable
machine tools) have the most global weight and thus have the greatest influence on
FMSs [49]. The F4 (routing flexibility) had the highest global weight of 0.0236. Rout-
ing flexibility is a vital element that enables manufacturers to produce a wide range of
products with varying specifications and requirements. It enhances production agility,
reduces lead time, and increases overall efficiency in the manufacturing process. F8 (re-
dundancy) is in the second position with a global weight of 0.0222. Ref. [63] define it as
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the presence of duplicate equipment within the FMS that can be used to take over for a
machine that has failed or is undergoing maintenance. Higher redundancy can increase
the FMS’s flexibility [53].

Productivity (P): Among the Productivity (P) factors, Setup time (P7), Cycle time (P12),
Throughput time (P9), and Unit labor cost (P2) have the highest performing effects on FMS.
Setup time (P7) has a global weight of 0.0215 and refers to the time required to prepare the
machines, equipment, tools, and materials for a specific production run [60]. Furthermore,
Cycle time (P12) has a final weight of 0.0208, and this is the time required to finish a part
from beginning to completion [55].

In summary, this study investigated a total of 34 parameters, emphasizing the impor-
tance of effective management of these flexibilities by decision makers. Ultimately, the
analysis highlights that the following elements—Rejection percentage (Q10), First-pass
yield (Q8), Automation (Q2), and Defect Rate (Q1)—stand out as the key factors exerting a
substantial implication on FMS performance.

4. The Implications of this Study

The Experts and researchers in the manufacturing industry can derive practical value
from the study’s findings:

e  Strategic Prioritization: Manufacturing professionals can employ the insights to strate-
gically prioritize FMS elements. By recognizing the essential role of quality, they can
focus on enhancing quality management practices and minimizing rejection rates.

e  Operational Improvements: The findings on productivity and automation suggest
opportunities for operational enhancement. Implementing automation and optimizing
cycle times could lead to cost reductions and increased efficiency.

e  Flexibility Enhancements: Manufacturing experts can leverage the interpretation of
flexibility dynamics to boost their production agility in real time. Strategies such as
routing flexibility and redundancy can improve overall efficiency and responsiveness
in the context of Industry 4.0.

e  Research and Innovation: Researchers in the field could build on this study’s findings
to explore related topics further. Future research might delve into specific strategies
for implementing prioritized factors in real manufacturing settings.

In conclusion, this study’s implications are intended to motivate practitioners and aca-
demics to develop diverse strategies for prioritizing and managing FMS variables in their
respective domains of work and drive improvements within their manufacturing processes.

4.1. Theoretical Contributions

This study breaks new ground in the realm of Flexible Manufacturing Systems (FMSs)
research. While several prominent manufacturing firms, such as Toyota and General
Motors, have delved into the examination of FMS performance variables, none have
approached the task with the comprehensive and structured methodology employed.
Our research develops a novel theoretical framework that harmonizes queuing theory
with decision theory [57], creating a model that unravels the intricate dynamics of FMS
performance variables within the stochastic production environment. Queuing theory, a
discipline rooted in mathematics, opens a gateway to understanding and analyzing an
array of systems, from manufacturing to transportation and communication [64]. It allows
for an in-depth exploration of how different factors, such as arrival rates, service rates, and
queueing disciplines, influence these systems’ performance. By merging queuing theory
with decision theory, we introduce an innovative theoretical framework that affords the
ability to weigh the trade-offs between distinct performance objectives like productivity,
flexibility, and quality. This empowers us to pinpoint optimal strategies for operating FMSs
within diverse production contexts.

Additionally, our study identifies and validates a number of significant performance
variables, including operator skill level, system flexibility, and organizational culture, as the
primary determinants of FMS effectiveness within real-world manufacturing environments.
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According to [43], an FMS pertains to a combined computer-controlled system of
digitally controlled machinery and automated material handling parts and tools that are
capable of processing medium-sized volumes of various part kinds sequentially. These
insights offer essential guidance to managers, enabling them to prioritize these factors
when implementing and managing FMS.

Furthermore, our research serves as an empirical validation for the resource-based
view (RBV) theory, emphasizing its relevance in elucidating the competitive advantage
of firms that have embraced FMSs. This quantitative analysis, conducted across multiple
firms, supports the applicability of the RBV concept in the context of FMSs, enriching the
field of strategic management theory.

Moreover, we conveyed a lucid and comprehensive definition of FMSs, accompanied
by a classification framework that classifies FMSs into diverse types based on their opera-
tional characteristics. This lucidity ensures consistency and clarity within the existing body
of knowledge regarding FMS the concept and classification of FMS.

The contributions of this research extend beyond the academic realm, shedding light
on the roles that require fortification and anticipating prospective enhancements. The
unparalleled application of the BWM approach to assess the potential weights of FMS
performance parameters, particularly within the context of 34 variables, sets this research
apart in the FMS domain. Prior studies have primarily examined a smaller array of
performance variables, making this comprehensive analysis a noteworthy addition to the
study of FMS in the manufacturing industry.

4.2. Practical Implications

The research on FMS performance variables utilizing the BWM method offers two
distinct advantages. Firstly, it requires smaller pairwise relations compared to other MCDM
strategies, simplifying weight assessment for experts. Additionally, due to the reduced
number of pairwise comparisons, the BWM approach generates more consistent outcomes.
These reliable results and the efficiency of the BWM strategy encourage professionals and
decision makers to adopt FMSs, facilitating the transformation of traditional operations
into sustainable business practices.

By employing the BWM approach to analyze an array of 34 qualitative performance
variables, which have not previously been explored in the field of FMSs, this study becomes
a valuable tool for clarifying complex problems involving the selection of significant factors
from a large array of variables.

While the study was conducted at a manufacturing firm, its findings could serve as
a catalyst for further exploration and application of the BWM strategy in diverse man-
ufacturing industries, such as steel and iron, aviation, and others. Given the growing
concerns in the manufacturing industry about diminishing environmental implications,
this research could be essential for companies and researchers seeking to boost sustainable
frameworks within manufacturing firms. Identifying the most significant performance
variables through the BWM strategy can enable companies facing limitations in personnel
or resources. By prioritizing and focusing on key performance variables, companies can
indirectly clarify other variables; solutions for significant variables might positively affect
related ones. This approach allows for a more efficient allocation of resources and efforts to
the most influential performance variables.

Furthermore, the outcomes of this investigation open up novel research avenues for
academics. Future studies could expand the scope of performance variables by grouping
them based on other conceptual dimensions, such as the three major dimensions of business
(human, economic, and environmental). This broader application of the BWM methodology
to investigate other aspects within the domain of FMS can lead to a deeper interpretation
and analysis of performance variables in various contexts and perspectives.

The comprehensive approach of the FMS model, encompassing challenges in applica-
bility and efficiency in batch system planning and design, while incorporating the job-shop
layout, ensures that key system parameters and design considerations, such as work center

82



Designs 2024, 8,12

and lot dimensions, storage management, and planning processes, are considered. This
approach leads to an enhanced applicability and efficiency in batch system planning and
design, particularly in the context of job-shop layouts.

5. Discussion and Conclusions

In this study, the BWM was effectively harnessed to manage the assessment of FMS
performance metrics, taking into account qualitative characteristics. This method distinctly
captures the qualitative characteristics of pairwise comparisons using the BWM frame-
work, thus empowering researchers to pinpoint variables with the highest loading values.
The selection of key FMS parameters was a complex process, initiated with an extensive
literature review to ensure comprehensive FMS variable prioritization. Subsequently, the
identified performance metrics for the study were thoughtfully curated with the invaluable
input of experts from both academic and industrial backgrounds.

Through consultation with these experts, the identified FMS parameters were thought-
fully classified into three major categories: Quality, Productivity, and Flexibility. Leveraging
the BWM methodology, this research assessed and assigned appropriate weightings to
these finalized parameters. As a result, the study not only enables professionals to have
essential interpretations of FMSs but also equips them with the tools to analyze the individ-
ual implications of each variable. This, in turn, enables deeper explorations of the most
vital parameters, fostering the development of systematic strategies for their optimization.

A distinctive facet of this research is its utilization of BWM for ranking and rating,
a choice that yields notably more consistent results compared to other MCDM methods.
These findings will prove instrumental for professionals seeking to grasp the nuanced
dynamics within their organizations, as each FMS performance variable considered in
this study mirrors the influence of one of the key stakeholders—employees, suppliers,
and clients. Consequently, this investigation transcends the limitations of singular, one-
dimensional analyses and delves into the multifaceted aspects of FMS.

Additionally, by spotting underperforming functions within an organization, this
research enables companies to proactively devise strategies for enhancing their performance
by focusing on the selected key variables. The insights gathered throughout this study
suggest that the performance variables it identifies, along with their respective influence
powers, will serve as invaluable tools for professionals looking to discern and address the
most pivotal elements for effective FMS deployment.

In addition to these merits, it is essential to note that this research makes a significant
contribution in comparison to existing studies in the field. Unlike numerous prior works
that concentrate on the singular dimensions of FMS, this study casts a wider net by com-
prehensively exploring distinct dimensions of FMS performance. Its robust methodology
and inclusion of qualitative characteristics for pairwise comparisons ensure a more holistic
comprehension of the subject. This not only boosts its value for experts and researchers
but also solidifies its position as a significant reference point for future explorations in the
realm of FMS performance assessment.

6. Limitations and Future Research

Although the current study classified 34 performance variables into three groups, it is
imperative to acknowledge that other parameters might continue to influence the adoption
of FMSs. These additional parameters could be further organized into logically coherent
groups for more in-depth analysis.

Furthermore, the outcomes of the study heavily rely on the opinions and perspectives
of experts, making a thorough evaluation of expert input essential.

It is also important to note that the current investigation focuses on the manufacturing
industry in Germany, and the findings might not be directly applicable to other sectors
such as aviation, construction, services, etc. Nonetheless, they could still hold value for
manufacturing industries in other emerging economies such as France, the UK, Italy, and
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others. Conducting a large-scale survey in the manufacturing sector and comparing and
verifying the findings with other research results could provide more accurate insights.

Additionally, the results of this study are specific to the case analyzed and cannot be
generalized to the entire manufacturing industry in all domains. Further analysis could
investigate the interrelationships between FMS performance variables using fuzzy BWM
with a different set of performance variables. The findings could also be compared with
other fuzzy MCDM strategies such as fuzzy PROMETHEE, fuzzy TOPSIS, fuzzy VIKOR,
and fuzzy ELECTRE.

Finally, investigating the implications of external factors, such as regulatory changes,
technological advancements, and market dynamics, on FMS adoption could reveal a more
comprehensive interpretation of the topic.

In conclusion, the authors believe that this study makes a significant contribution
to the adoption of FMSs by prioritizing performance variables. Nonetheless, additional
research and analysis are needed to validate and generalize the findings to different contexts
and explore other fuzzy MCDM approaches for a more comprehensive understanding of
FMS adoption.
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Abstract: The authors of this article analyze the existing methods and models of technological
preparation of machine-building industries. The structure of a three-level simulation model with
network-centric control, the structures of individual elements of the simulation model, and the
process of simulation modeling are described. The criteria for choosing a rational option for the
processing technological route have been determined. During this research, a simulation program
was implemented in C++. It allows you to select the optimal scenario for the operation of a production
site based on two criteria: time and cost. The volume of implementation is about 2 x 10? lines of
code. A diagram of the modeling algorithm for the implemented program and a description of the
classes and their interactions are given in the article. The developed simulation model was tested at a
machine-building enterprise using the example of the “Pusher” part, manufactured under single-unit
production conditions. The technological equipment used for the manufacture of this part was
formed in the form of input data of the simulation model. The results of simulation modeling for
the selected part are described. For each variant of the technological processing route, the values of
variable costs and the duration of the production cycle were determined.

Keywords: technological preparation of production; automation of production processes; small-scale
production; single production; machine-building enterprises

1. Introduction

The prevailing trend in modern production organization involves shifting towards
sophisticated digital, intelligent production technologies, and robotic systems. Embedded
within this trend is the defining direction for the future of material goods and service
production, which revolves around employing production networks featuring network-
centric control [1]. Examples of modern production sites are complexes of multifunctional
computer numerical control (CNC) machines, 3D printers, and robots, which are integrated
into a network to create conditions for effective planning and optimal implementation of
parallel technological processes [2-5].

One characteristic of technological processes is their ability to adapt to small-scale
or custom production in various fields such as mechanical engineering, raw material
processing, assembly of multi-component products, and so forth [6,7].

Technological preparation of production (hereinafter referred to as TPP) is one of
the most important stages of the process for the production of parts. The Chamber of

Designs 2024, 8, 24. https:/ /doi.org/10.3390/ designs8020024 87 https://www.mdpi.com/journal /designs



Designs 2024, 8, 24

Commerce and Industry provides options for solving problems in many areas: for in-
stance, guaranteeing the feasibility of product design; planning technological processes
and crafting technological documentation; designing and producing technological equip-
ment; and the organization and management of the process of technological preparation
of production [8]. Typically, production automation and manufacturing processes involve
standardizing design elements and technological procedures [9], although in situations
of individual or small-scale production, this strategy might not be efficient due to the
significant preparatory expenses [10].

The objective of this endeavor is to construct a simulation model aimed at diminishing
the duration and labor intensity involved in the technological preparation of individual
and small-scale production, thereby enhancing the efficiency of production processes.

To build a new simulation model, it is necessary to use an analysis of various tech-
nological processing routes and the corresponding technological machinery used. One
of the most effective methods for assessing the many options for technological processes
and selecting the most suitable one is simulation modeling of production processes and
multi-criteria analysis based on a selected set of criteria [11,12]. When speaking about the
technological preparation of production, the authors will further refer to its model.

One of the factors for increasing the efficiency of an enterprise and its competitive-
ness is the automation of production processes [13]. Production processes also include
technological preparation of production, the automation of which through digitalization
ensures not only a reduction in production preparation time, but also optimizes the overall
costs of manufacturing products. In addition, such automation ensures and allows you to
adapt the technological process to changes in external conditions and quickly recalculate
the technological process [14].

The main approaches of modern TPP models include the theory of computational
complexity, analysis of design and technological elements, analysis of the similarity of
design solutions, and a scheduling system.

Complexity theory, as the basis of TPP, allows one to calculate the complexity of
a system based on the complexity of the elements included in the system [14-18]. The
complexity of the system (S) can be represented as the sum of the products of the complexity
of an element of a certain type (S;) and the number of such typical elements (k;):

S=Y " Sik M

Along with the complexity of individual elements of the system, an assessment is
made of the complexity of the relationships between them and the load on the system
with connections.

This theory was used as the basis for a number of techniques aimed at increasing the
efficiency of the TPP. These methods allow for, based on the analysis of time indicators,
the duration of the production cycle and the frequency of inter-operational pauses, while
facilitating the design of numerous technological processing routes for a product batch do
not enable the estimation of production costs for manufacturing the batch [19].

The theory, based on the analysis of design and technological elements (hereinafter
referred to as DTE), makes it possible to increase the efficiency of TPP through various
strategies and selection of equipment [20-22]. If we imagine the final product as a set of
DTEs, i.e., an elementary surface or a set of elementary surfaces that have a common design
purpose and are characterized by a common manufacturing route, then the DTE can be
described by characteristic parameters. These include the diameter of the DTE, the ratio
of the length of the DTE to the total axial length of the part, the location of the material
for cylindrical surfaces (inside/outside), the shape of the generatrix for surfaces obtained
by rotating the generatrix around the axis of rotation of the part or other features of the
shape of the DTE, and the location of the DTE in detail. Assessing the degree of compliance
of a cutting tool with a number of criteria allows one to set an algorithm for selecting the
optimal set of tools [23].
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Different strategies for using a selected set of tools allow you to construct a set of
possible outcomes, that is, the order in which these tools are used. Strategies take into
account machine processing time and tool change time, its cost, and other costs (for example,
the cost of processing an elementary surface).

Using a mathematical apparatus, a multi-criteria optimization problem was formu-
lated, setting the significance of the criteria described above by weighting coefficients

(a;) [24]: . .
J(x) =Y " aifi(x);a>0,) " ai=1, @)

where f;(x)—one of the criteria for the processing strategies under consideration.

This technique makes it possible to construct instrumental strategies for processing
DTEs and determine the parameters of the tools used in them. However, this technique
does not take into account an important parameter—the accuracy of DTE processing.

The methodology for analyzing the similarity of design solutions during the techno-
logical preparation of production is based on the formalization and comparison of design
and technological solutions [25-27]. The basic concept of this technique includes a tech-
nological complex (hereinafter referred to as the T-complex), which is a set of various
standard surfaces for which there is a trajectory in which these surfaces can be processed
together. Such complexes correspond to certain technological methods, used separately
or in combination, depending on the expected production conditions and workmanship.
T-complexes are characterized by types of incoming surfaces; indicators of production
and operational quality; and external attributes of the connection of this complex with the
others. These connections can be represented in the form of a model—a graph, the nodes of
which are the identifiers of the selected T-complexes, and the edges are the corresponding
connections between them. The connection graph makes it possible to estimate constructive
similarity in two ways, including by the composition of T-complex models and the structure
of connections of T-complexes [28,29]:

_ 2m
b+c

®)

where S—the value of the selected assessment of the design similarity of the part models.

Depending on the selected method, different values are associated with the parameters.

The disadvantages of this approach include incomplete consideration of the design
of the part and its technical parameters and the inability to evaluate many alternative
pathways for technological processing. As a result, the length of time for completing the
production cycle and the amount of production costs are not determined accurately.

The TPP scheduling system is based on the calculation of time intervals between
already planned operations for a given set of parts planned for production in the time
period under consideration [30-32]. In the process of scheduling, the complexity of per-
forming each operation on specific equipment is assessed: processing time for individual
technological operations, as well as the total processing time for a given technological route,
and equipment downtime during the processing of technological routes. Thus, based on
the results of successfully implemented technological routes, it is possible to determine
the most suitable equipment that has the best performance for still unprocessed routes.
The criterion of minimizing service time is a solution to the problem of optimizing the
production process [33]:

ki) = min(ZIGIS Wij) 4)

where Wjj—time interval between the end of the (j — 1)-th and the beginning of the j-th
operation of the i-th part;

Is—many order details S.

Planning is carried out taking into account the loading of technological equipment for
processing the ith part.
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Minimization of the time required to complete all work on a given set of parts is
carried out using the following formula [20]:

ks = min(ZIels Ry — Zlels E), ®)

where R;z—the amount of work that needs to be performed on the i-th order detail S.

With this theory, the planning of technological processes is conducted utilizing the
foundation of available data on successful implementations of similar or identical techno-
logical processes. Single and small-scale production involves the production of complex
products in a small series or single copy, which makes it impossible to use this model.
The use of equipment with the highest productivity for all identical technological routes
does not allow for optimizing the overall duration of the production cycle, as well as the
loading of all available equipment. In addition, this model does not take into account
production costs.

Thus, methods based on complexity theory make it possible to design many technolog-
ical processing routes, but do not allow for estimating production costs for the manufacture
of a given batch of products. The methodology for analyzing design and technological
elements makes it possible to determine strategies for processing DTE and the necessary
parameters and tools used in them. Unfortunately, the parameters used do not take into
account the accuracy of DTE processing. Methods based on the method of similarity of
design solutions do not allow taking into account the design features and technical param-
eters of the product. In addition, the methodology does not allow us to evaluate many
options for technological processing routes, as well as determine the precise length of the
production cycle. The scheduling method does not allow for the correction of the start time
of already existing technological routes. This constraint results in a notable limitation on
the overall number of potential production scenarios and prevents the selection of the most
optimal production process variant.

Therefore, the scientific novelty of this work is the construction of a simulation model
that describes the method for selecting the best option for the production process of techno-
logical preparation of single and small-scale production based on multi-criteria analysis.
The purpose of the article is to enhance the effectiveness of preparing technology for single
and small-scale production based on simulation modeling of technological processes. The
objectives of the study are to identify the main criteria for choosing a rational variant of the
technological process, implement a simulation program for individual and limited-scale
production with the possibility of multi-criteria analysis based on selected criteria, and test
the implemented program for simulating the manufacture of the “Pusher” part.

2. Materials and Methods

The main task of creating a model is to choose the most suitable scenario for the
operation of a production site using the provided information.

It must be taken into account that, depending on the equipment used and processing
methods, the same product may have many solutions [34,35].

As part of the work, a generator of implementations of technological processes for the
production of a given range of products on a given equipment (hereinafter referred to as
ITTP) was built. The main task of the ITTP is to generate the largest possible number of
possible implementation options at both the structural and parametric levels.

The generation of various implementations occurs by searching through all possible
priorities of processing operations for given technological processes. Each technological
process, as well as equipment, is given priority in the form of positive integers. Moreover, as
the number increases, the priority increases. The given preferences within the technological
process influence the choice of application, while the preferences regarding the equipment
determine the sequence in which equipment is selected for executing the technological
route. If a request with higher priority arrives while servicing an application, the current
application is not interrupted, and the incoming application awaits its turn.
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Likewise, priorities establish the order for choosing applications from sources, repre-
senting parts associated with specific technological processes, and dictate the sequence for
their processing on designated technological equipment.

Upon completing these procedures, the ITPP yields a comprehensive array of implemen-
tations, from which suitable options must be chosen to satisfy the relevant decision-maker.

Hence, we encounter a multi-criteria problem with m objective functions delineated
on a finite set D [36].

Problems of multi-criteria optimization of technological processes arise at different
stages of modeling. Within the framework of a given specific structural implementation
of a technological process, “continuous” problems may arise related to the multi-criteria
choice in the space of such continuous variables as the processing time of parts on various
machines, processing costs, cost of machine downtime, etc. Similar problems can be solved
for all possible (generated) structural implementations. At the next level of modeling,
when all particular implementations have been optimized according to their controllable
parameters, we have a finite set of implementations and each element of this set has a
vector estimate—the duration required for executing the technological process, the cost of
implementation, the downtime of machines, etc. The number of structural implementations
generated can be quite significant.

Thus, the task arises of automating the decision-making process for choosing a ra-
tional option for implementing a technological process in accordance with the system
of preferences of the decision maker. Such problems belong to “discrete” multi-criteria
selection problems.

When designing appropriate decision support systems, one can focus on existing
methods of multi-criteria selection [36-39].

2.1. Structure of the Simulation Model and Description of the Simulation Process

The research methodology and multi-criteria solution are based on the application of
Pareto principles and the associated concepts of effective (Pareto optimal) and suboptimal
solutions [40—42]. We examine a multi-objective optimization issue of the form:

fi(x) = max, npux € D (6)
firtD—=R,i=1,..., m (7)
D C R™ (8)

Hence, m functions or functionals f; are provided, which map the set of Dn-dimensional
vectors x = (x1, .. .,) to real numbers R. The selection of optimal values for the controlled
parameters (x) is not performed across the entire n-dimensional space Rn, but solely within
its subset D.

Equation (8) can be depicted as the optimal parameter selection problem (xi, ..., x,)
for a system, evaluated based on quality metrics (fy, .. ., f). In this context, the constraint
x € D signifies our technological and other constraints that determine the feasible values
for x;. In particular, the processing times for parts on machines and other equipment
are obviously non-negative. Certain limitations can be established based on the existing
information, which makes it possible to exclude obviously unsuccessful option x from
consideration.

To address the outlined multi-criteria problem in this research, we will employ the
linear convolution approach.

This technique of “scalarization” (convolution) of Equation (8) enables us to substitute
the vector optimality criterion f = (f1, .. .,) with a scalar criterion J: D — R. It relies on the
linear amalgamation of all partial objective functionals f1, ..., into one [43]:

J(x) = Z:n:l a;fi(x) - max; atx € D; a; >0, Z:il o; )
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In this case, the weighting coefficients «; can be viewed as indicators of the relative
significance of individual criterion functionals f;. Giving more weight to a criterion f;
implies it should contribute more to the overall sum, hence requiring a higher value for a;.
When dealing with significantly disparate criteria, determining the final set of coefficients
«i is often challenging and typically relies on informal considerations, typically stemming
from the outcomes of expert analysis.

The method outlined above for tackling the posed multi-criteria problem does not
pinpoint a single optimal solution. Solutions associated with different sets of weighting
coefficients are equally valid elements within sets of effective and suboptimal solutions.
These solutions, as per the general framework of the decision problem, represent the cores
of the respective binary relations (Pareto’s principle and Slater’s condition), thus fulfilling
the requisite criteria. However, from a practical standpoint, such as in problems involving
the selection of rational options for organizing technological processes, additional insights
into the decision maker’s preferences should be factored in. In this context, the Pareto
principle merely serves to refine the pool of potential solution candidates, eliminating
clearly inferior options from consideration.

Methods for selecting a single solution to a multi-criteria problem exist and are as-
sociated with the use of models and procedures designed to structure and quantitatively
describe the subjective opinion of the decision maker (technologist). These methods are not
discussed in this paper.

2.2. Description of the Methodology for the Simulation Modeling Process and Development of the
Structure of the Simulation Model

The main task is to analyze the maximum possible number of options for processing
technological routes for given products, in order to select the optimal work scenario
according to two criteria: time and cost of processing.

A simulation model of technological preparation of production can be presented as a
model structured into three tiers with network-centric management [43—45]:

Level 1: Management of technological macro-operations (hereinafter referred to as
MO—these are sequences of messages exchanged between the built-in controllers of first-
level objects and second-level computers that control the implementation of the technology)
of machine tools and robots. Every component of the production system is supervised, in-
volving evaluating the present condition of each system component, verifying the accurate
implementation of ongoing tasks for each component, and transmitting data indicating the
beginning or completion of any actions of elements of the production system, as well as
errors in their operation. At the first level, control of each element of the production system
is carried out.

Level 2: Management and control of technological processes, described in the form
of sequences of macro-operations: the interaction of elements of the production system is
monitored, as well as the transmission of data on the state of network objects and their
environment to the third level. At the second level, the interaction of elements of the
production system is monitored, as well as the transmission of data on the state of network
objects and their environment to the third level.

Level 3: Hierarchical optimization and planning involving multiple criteria of pro-
duction processes. At the third level, the “data lake” is analyzed, on the basis of which
dynamic planning of the workshop is carried out. When planning, the execution of MO by
production network objects is optimized, which takes into account the possibilities of paral-
lel execution of MO, their synchronization, areas of acceptable values of state parameters,
conditions for reliable execution of the plan, etc. Since specific success criteria are defined
for each operating mode of each network object, the third level must solve the problems
of multi-criteria planning, as well as deriving new or changing existing control rules or
assessing the state parameters of network objects.

Within the framework of this study, the third level of the model is considered, at
which the modeling and analysis of various options for the process of determining the
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technological processing paths and the corresponding technological equipment utilized for

each batch of components is conducted. The model being discussed will be realized in the

form of a queuing system, abbreviated as QS [46].

QS are models of systems into which applications (requirements) are received at
random times from outside or inside. Each application received into the system must
be serviced by the system. The service system is a set of maintenance equipment and
personnel with the appropriate organization of the maintenance process. The basic concepts
of QS include [47]:

1. A source that generates applications, and a set of sources create the input flow of
applications into the system. As a rule, sources can be of two types, finite and infinite,
which differ in the methods of generating requests.

2. Buffer memory (storage location of the request queue). As a rule, it is divided into two

types: general and zone. The shared memory stores requests from various sources,

and the order in which they are recorded is determined only by the buffering discipline.

Zone memory is a buffer divided into zones, each of which records requests only from

a specific source. Thus, the quantity of zones aligns with the number of sources.

Devices that service requests and create an output stream of requests after servicing.

4. Arrangement manager: sends a request for service or to buffer memory if there are
no free devices and organizes the refusal or knocking out of an application from the
buffer memory if there are no free places left in the buffer.

5. Selection manager: selects the device on which applications will be processed and
selects a request from the memory buffer, if it exists there.

@

Figure 1 shows the standard structure of the QS:

Sy . D, ™
S2 ™1 N PM — I l MB ‘ | SM s D'z T3
[
O | On |+
Figure 1. An example of the structure of a queuing system, where I1; (i = 1 ... n)—sources,

PM—production manager, MB—memory buffer, SM—selection manager, IT; (i=1 ... m)—device.

Unlike the standard structure, the following changes were made to the implemented
model:

1.  Inthe model, the sources are represented by technological processes (referred to as
TP). TP denotes a precise sequence of tasks, starting from the delivery of raw materials
and tools from the warehouse to the machines, and concluding with the storage of
finished products of specific types at the warehouse. Moreover, the durations of all
tasks are explicitly defined.

2. No buffer memory.

The system operates seamlessly as it cannot bypass any stages of the process.

4. The quantity of devices in the system is contingent upon the designated technological
equipment required for executing the specified technological processes.

5. During the modeling process, applications are generated—a separate stage of the
technological process. Simultaneously, the system handles one occurrence of each
technological process. Consequently, the quantity of applications within the system
does not surpass the overall count of technological processes.

®

3. Result
Algorithmization of Simulation Modeling

To analyze the widest range of potential technological processing routes for designated
products and subsequently select the optimal operational scenario based on processing time
and cost criteria, the simulation algorithm can be delineated into four primary phases: user
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input processing, preparatory phase, generation of implementation options, and selection
of the optimal operational scenario (refer to Figures 2 and 3).

( start l Description of TP Description of
\ equipment

|

All possible
implementation ‘ Formation of sources and
options have been | ‘ processors of requests
generated
e Yes
*/ No .
»
% | selecting the optimal scenario
Are there any No .
unprocessed parts left in
the system? l
Yes —>
L™
Are there
Selecting the next stage of any parts

leftinthe

part processing

Generating a list of
Extract details | completed stages of part
Define stage type processing
Machine selection I
l Plan - schedule ‘
Dogs the machine release
time exceed the completion No
time of the previous stage of
part processing?
l Yes
v
Set wait time for a part Installing the workpiece on the
machine

Figure 2. Simulation model algorithm diagram.

User Input: Input data are provided to the simulation model to ensure its proper

functioning;:

1. A compilation of TPs along with the number of implementations for each, comprising
the operation type, time required, and implementation cost.

2. A collection of technological equipment—where one unit of a specified piece of
equipment corresponds to one or more types of operations conducted.

Preparatory Stage: this involves the creation of processors and request sources, con-
sidering the user-provided information.
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\\ /
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Replace the original
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Figure 3. Scheme of the technology process description algorithm (TP).

Main Stage: This stage encompasses the operation of the ITTP. The process of gen-
erating implementation options allows you to generate the largest number of possible
implementation scenarios by enumerating the priorities of operations for processing given
data. Priorities allow you to set the sequence of selecting applications from sources, that
is, parts corresponding to certain technological processes, as well as the sequence of their
processing on specified equipment (machines) [48,49].

The optimal operational scenario is determined utilizing the linear convolution tech-
nique [50,51].

A simulation model consists of a set of simple elements, designed as basic abstractions.
Based on these concepts, it is possible to formulate a basic algorithm for the implemented
component of the simulation model.
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To implement the TP, it is necessary to consistently perform all its stages. Each such
stage can be represented in the form of a simulation model application. The application
must contain the following information:

1. The TP’s identification number implemented within the system (indicated by the id_ field);
2. The sequence number of the operation within this TP (id_);

3. The implementation number of the TP (id_);

4. The time when the application enters the system (birth_time_).

Fresh requests within the system await the availability of technological equipment
capable of executing the relevant technological operation. Upon submitting a service
request, the waiting duration (wait_time_) and the contractor’s identifier (exec_id_) are
logged. Consequently, for each implementation of a technological process, it becomes
feasible to compute the delay time for executing technological operations. A comprehensive
diagram of the Request class is depicted in Figure 4.

Request

-id_: request_id_t
-exec_id_: executor_id_t
-birth_time_: time_t

Lowait tmertime t L
+id(): request_id_t
+ eid(): executor_id_t
+empty(): bool
+executed(): time_t
+ birth(): time_t
+idle(): time_t
+execution(): time_t
+await(value: time_t)
+execute(value: executor_id_t)
+type(): std::string
+piece_name(): std::string
+machine_name(): std::shared
+weight():time_t
+machine(): num_t
+piece(): num_t
+step(): num_t
+impl_price(): float

<<using>>

time_t: unsigned int

<<using>>

<<using>>

request_id_t:std::tuple<process_id_t, num_t, num_t>

executor_id_t: std::tuple<machine_id_t, num_t>

Figure 4. UML diagram of the Request class.

TPs are portrayed in the system as application sources, which monitor the number
of implementations of a particular TP and generate a unique application identifier. The
execution of the TP process is reiterated until the designated number of implementations
is accomplished. As the TP stages unfold sequentially, each source furnishes only one
application at a time. Consequently, the quantity of requests within the system corresponds
to the number of concurrent processing operations. This pool of orders can be managed:
for example, you can select orders of a certain type of operation.

The management of the application pool is overseen by the Device_union class. Order
sources are depicted through the Device class, while TPs are portrayed by the Process class.
Figure 5 presents a comprehensive UML diagram illustrating the detailed relationships
among these classes and their interactions with the Request class.
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Process

-name_:std::string

+empty(): bool
+size(): size_t

+step(value: size_t): step_t
+name(): std::strin

Request +included in the system 1..1

Device

-pr_: process_id_t
-number_:int
-piece_amount: int
-current_: Request

+top(): Request
+empty(): bool
+pop()

+await(value: time_t)
+number(): int
+priority(): int
+task(): Task

+ refers to

Device union

..devices :std:list<Device> . .
+size():size_t
+pop()
+empty(): bool
+await(value: time_t)
+add(device: Device)
+as(operation: std::string): Device union

<<using>> <<using>>

step_t:std::pair<std::string, time_t> process_id_t: std::shared_ptr< Process >

Figure 5. UML diagram of technological processes and sources of requests.

The technological equipment is embodied by the Machine class, encompassing the
following details:

1.  The designation of the process equipment (captured by the name_attribute);
2. The categories of operations it can execute (line_).

The resources associated with a specific piece of technological equipment are overseen
by the Consumer class, which retains data regarding the most recent completed request.
The information contained within the application is sufficient for determining the readiness
of a particular piece of technological equipment to handle the subsequent application.

Throughout the modeling procedure, the Consumer_union class facilitates the al-
location of the requisite unit of technological equipment based on the chosen request,
considering the priorities and availability status of the units of technological equipment.

Below is a detailed UML diagram of technological equipment and application proces-
sors (Figure 6).

The complete class diagram is shown in Figure 7.
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Machine

-name_:std::string

+name(): std::string
+type(): std::string Request

+included in the system 1..1

Consumer

-machine_: machine_id_t
-m_number_: int

+top(): Request

+push(request: Request): Request
+flush():Request

+type(): std::string

+eid(): executor_id_t

+ refers to

Consumer union

+empty(): bool

+top(): Request

+top_cost(request: Request, time_k: float, price_k:float): Request
+push(request: Request): Request

+push_cost(request: Request, time_k: float, price_k:float): Request
+flush():Request

+add(consumer: Consumer)

+as(operation: std::string): Consumer_union

<<using>>

machine_id_t:std::shared_ptr<Machine>

Figure 6. UML diagram of technological equipment and application processors.

Process
Machin Request n
achine a -name_:std::string
-name_:std::string -id_: request_id_t -line A

-exec_id_: executor_id_t +empty(): booi
-birth_time_: time_t +size(): size_t
it_time: t +step(value: size_t): step_t

m;rid():';équest d_t +name(): std::string

+ eid(): executor_id_t
+empty(): bool

+type(): std::string

+included in the system 1.1

+included in the system 1.1

Consumer 8
+executed(): time_t Devi
-machine_: machine_id_t + birth(): time_t evice
-m_number_: int +idle(): time_t -pr_: process_id_t
+execution(): time_t -number_:int
: +await(value: time_t) -piece_amount: int
+top(): Request +execute(value: executor_id_t) -current_: Request
+push(request: Request): Request +type(): std::string
+flush():Request +piece_name(): std::string +top(): Request
+type(): std::string +machine_name(): std::shared +empty(): bool
+eid(): executor_id_t +weight():time_t +pop()
T +machine(): num_t +await(value: time_t)
+refers to . N
+piece(): num_t +number(): int
Consumer union +§tep(): nlum_t +priority(): int
+impl_price(): float +task(): Task
+size():size_t +refers to
+empty(): bool . .
Device union

+top(): Request
+top_cost(request: Request, time_k: float, price_k:float): Request <<using>>

+push(request: Request): Request

time_t: unsigned int

+push_cost(request: Request, time_k: float, price_k:float): Request +pop()
+flush():Request +empty(): bool
+add(consumer: Consumer) +await(value: time_t)
+as(operation: std::string): Consumer_union +add(device: Device)

+as(operation: std::string): Device union

<<using>>

- - <<using>>
request_id_t:std::tuple<process_id_t, num_t, num_t> Using:

executor_id_t: std::tuple<machine_id_t, num_t>

<<using>> <<using>>

<<using>>

machine_id_t:std::shared_ptr<Machine> step_t:std::pair<std::string, time_t>

process_id_t: std::shared_ptr< Process >

Figure 7. UML diagram of the complete simulation model.
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4. Discussion

In existing models based on queuing systems, the production manager sends requests
either directly for service or to buffer memory. If there are no free devices, the dispatcher
organizes a refusal or the request from the buffer memory. If there are no free places
left in the buffer the selection manager selects the device on which the requests will be
processed, selects the request from the memory buffer if it is there. This whole process,
in turn, makes it difficult to parameterize the state of the network according to specific
success criteria for each operating mode of a certain model object. In the model proposed,
the quantity of devices within the system is contingent upon the specified technological
equipment essential for executing the designated technological processes. Consequently, in
this model, there exists no buffer memory, thereby preventing the system from bypassing
individual stages of the technological process and ensuring flawless operation. Throughout
the modeling phase, applications are generated as a distinct step of the technological
process. Concurrently, the system handles a singular instance of each technological process.
Hence, the generation of applications within the system is managed in such a manner as to
not exceed the overall count of technological processes. The developed simulation model
was utilized in simulating the technological preparation of production for mimicking the
production of the “Pusher” component.

The manufactured part “Pusher” (Figure 8) has the following technical parameters:

1.  Dimensions: maximum diameter 24 mm, length 26 mm;
2. Exact dimensions:

- outer diameter ¢ 24h6 with roughness Ra 0.8;

- internal diameter ¢ 11H8 with roughness Ra 1.6;

- internal threaded surface M8-7H, roughness Ra 3.2.

3.  General tolerances for other dimensions: H14, h14, +1T14/2.

Figure 8. Solid model of the “Pusher” part.

Four types of machines are involved in the processing route:

Thun—universal lathes;

Tchpu—Ilathes with numerical control;

TFNC—turning and milling machines with numerical control;
KSh—cylindrical grinding machines.

Table 1 describes the types of machines and their method for processing technological units.

Table 1. Varieties of machine tools utilized and their machining techniques.

» Machine Type Typs:sfixiiih;:ery Machining Technique Pr‘(?c‘zssigﬁzti&f;t;fod
tapping threads opl
drilling op2
1 Tun machl semi-finish turning op3
rough turning op4
finishing turning op5
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Table 1. Cont.

Type of Machinery Designation of

Ne Machine Type Designation Machining Technique Processing Method
tapping threads opl
drilling op2
2 Tene mach?2 semi-finish turning op3
rough turning op4
finishing turning opb
tapping threads opl
drilling op2
semi-finish turning op3
3 TFene mach3 rough turning op4
finishing turning opb
Pre” opb
grinding
4 KS mach4 tapping threads opl

In accordance with Table 1, the input data for the simulation model for the given

equipment were formulated:

4.1. Equipment

(:consumer O:worker (:machine “mach1”:line (“op1” “op2” “op3” “op4” “op5”):factor 1.0:):)
(:consumer 1:worker (:machine “mach2”:line (“op1” “op2” “op3” “op4” “op5”):factor 1.2:):)
(:consumer 2:worker (:machine “mach3”:line (“op1” “op2” “op3” “op4” “op5”)-factor 1.3:):)
(:consumer 3:worker (:machine “mach4”:line (“op6”):factor 1.0:):)

Explanation:

Consumer ID—unique identifier for the designated equipment;

Operator—details regarding the designated equipment;

Machinery—designation of the specified equipment;

Operation list—roster of operation types feasible on this equipment;

Factor—cost factor (greater values correspond to higher part processing costs on
this equipment).

For each block of surfaces, the following sequence of processing of the design and

technological elements included in their composition was determined:

MB(1/1): DTE(1H-1)1 — DTE(2H/2-1)2 — DTE(2H/1-1)2 — DTE(2H/2-1)1;
MB(1/2): DTE(1H-1)2 — DTE(2H/1-4)1;

MB(2/1): DTE(2B/1-2)1 — DTE(2B/1-1)2 — DTE(2B/2-1)1 — DTE(1B-1)1;

MB(2/2): DTE(2B/1-2)3 — DTE(2B/1-3)4 — DTE(2B/2-2)2 — DTE(1B-1)2 — DTE(1B-2)3;
MB(4/1): DTE(4B/1-2)1.

For the “Pusher” part, the following sequence of processing of surface blocks was defined:
MB(1/2) = MB(2/1) — MB(1/1) — MB(2/2) — MB(4/1).

Technological elements are included in the design and technological elements are

processed sequentially.

The given surface blocks were divided into final operations (Table 2):
Table 3 shows the relationship between processing methods and their cost and execu-

tion time:

In accordance with relation (7) and Tables 2 and 3, the TP input data for the simu-

lation model were formulated, and the input data of the simulation model for a given
technological process are as follows:
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Table 2. Analysis of surface blocks for final operations.

Block of . Machining
» Surfaces DTE Processing Method Process Identification
1 DTE(1H-1)2 rough turning op4
re-grinding op6
1 MB(1/2) rough turning op4
2 DTE(2H/1-4)1
semi-finish turning op3
finishing turning op5
drilling op2
1 DTE(2B/1-2)1
semi-finish turning op3
2 MB(2/1) 2 DTE(2B/1-1)2 drilling op2
3 DTE(2B/2-1)1 drilling op2
4 DTE(1B-1)1 rough turning op4
1 DTE(1H-1)1 rough turning op4
2 DTE(2H/2-1)2 rough turnin op4
3 MB(1/1) ( 8 8 P
3 DTE(2H/1-1)2 rough turning op4
4 DTE(2H/2-1)1 rough turning op4
drilling op2
1 DTE(2B/1-2)3
semi-finish turning op3
drilling op2
2 DTE(2B/1-3)4 semi-finish turning op3
rough turnin op5
4 MB(2/2) & & P
drilling op2
3 DTE(2B/2-2)2
semi-finish turning op3
4 DTE(1B-1)2 rough turning op4
rough turnin, op4
5 DTE(1B-2)3 5 & P
semi-finish turning op3
drilling op2
5 MB(4/1) 1 DTE(4B/1-2)1
thread cutting opl

Table 3. Correlation of processing methods with cost and execution time.

» Designation of Processing Processing Time Amount of Costs
Processing Method Method (Working Hours) (Conventional Units)
1 opl tapping threads 32 4800
2 op2 drilling 18 5600
3 op3 semi-finish turning 12 8200
4 op4 rough turning 20 6800
5 op5 finishing turning 16 7400
6 opb re-grinding 29 5800

4.2. Technological Process

(:device O:task ((:process “TP-T”:line ((“op4” (:time 40:price 13,600:)) (“op3” (:time
12:price 8200:)) (“op5” (:time 16:price 7400:)) (“op6” (:time 29:price 5800:)) (“op2” (:time
18:price 5600:)) (“op3” (:time 12:price 8200:)) (“op2” (:time 36:price 11,200:)) (“op4” (:time
100:price 34,000:)) (“op2” (:time 18:price 5600:)) “op3” (:time 12:price 8200:)) (“op2” (:time
18:price 5600:)) (“op3” (:time 12:price 8200:)) (“op5” (:time 16:price 7400:)) (“op2” (:time
18:price 5600:)) (“op3” (:time 12:price 8200:)) (“op4” (:time 40:price 13,600:)) (“op3” (:time
12:price 8200:)) (“op2” (:time 18:price 5600:)) (“opl” (:time 32:price 4800:))):) 1):)
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Explanation:

- Device Ne—identification number of the specified TP;
- Tsk—information about a given TP;
- Process—name of the specified TP;
- Line—list of operations that make up the given TP:

1) time—processing time of a given operation;

) price—the cost of processing a given operation.
- No.—number of implementations of a given TP.

The output of the simulation model is presented in MRD (Machine-readable Data)
format, where:

id: details concerning the ongoing application;

name: TP name;

num: current TP part number;

step: operation number in progress;

type: type of ongoing operation;

birth: timestamp of when the current request entered the system;
price: cost of the ongoing operation;

wait: start time of processing the current request;

executor: details regarding the equipment processing the application:
name: name of the equipment processing the current request;
num: equipment number processing the current request;
execution: completion time of application processing;
impl_price: cost after the application is processed.

A listing of the final schedule of the simulation model with the main set of cutting tools:

4.3. Part of the Simulation Listing Is Shown Below

(dd (:name TP-T:num O:step O:type op4:):birth O:price 13,600:wait 0:executor (:name
machl:num O:execution 40:impl_price 13,600:):)

(id (name TP-T:num O:step 1:type op3:):birth 40:price 8200:wait 40:executor (:name
machl:num O:execution 52:impl_price 8200:):)

(:id ():birth O:price 0:wait 0:executor ():) (:id (:name TP-T:num O:step 2:type op5:):birth
52:price 7400:wait 52:executor (:name machl:num O:execution 68:impl_price 7400:):)

(id (mame TP-T:num O:step 4:type op2:):birth 97:price 5600:wait 97:executor (:name
machl:num O:execution 115:impl_price 5600:):)

(id (:name TP-T:num O:step 5:type op3:):birth 115:price 8200:wait 115:executor (:name
machlmnum O:execution 127:impl_price 8200:):)

(dd (:name TP-T:num O:step 3:type op6:):birth 68:price 5800:wait 68:executor (:name
mach4:num 3:execution 97:impl_price 5800:):)

Res_price:175,000 Res_time: 471

The full listing is provided in Appendix A.

As a result of simulating the production of the “Pusher” part, the optimal scenario for
the operation of the production site was selected according to the two criteria of time and
cost. The final duration of the production cycle was 471 working hours, and the final value
of variable costs was 175,000 conventional units, which confirms that the created algorithm
and simulation model are adequate under the conditions of a single production. In the
future, it is planned to develop a simulation model with an alternative set of cutting tools.
Typically, the choice of cutting tool affects the processing time of the part and its cost.

5. Conclusions

In this article, the authors solved the problem of automating the decision-making pro-
cess of choosing a rational option for implementing a technological process in accordance
with the system of preferences of the decision maker. Such problems belong to “discrete”
multi-criteria selection problems.
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1.  The manuscript scrutinized technological production preparation models outlined
in both Russian and international literature. In delving into the scientific literature,
models focusing on complexity theory, scrutiny of individual design and technological
facets, examination of design solution similarities, and scheduling were analyzed.

Through the examination of various methods and models aimed at enhancing the
efficiency of production technological preparation, the following observations emerged:

Multi-criteria analysis is notably absent in the majority of production technological
preparation models. The selection of optimal technological processing routes and processing
strategies for individual part elements is not elaborated upon; rather, decisions are predomi-
nantly based on analyzing production cycle duration or production cost assessments.

2. Methods for estimating the value of inter-operational breaks, based on the method
of mathematical statistics, do not allow an accurate assessment of the duration of
the production cycle and a highly accurate prediction of the production time of
the product.

3. Approaches relying on the similarity of design solutions during the design of a
technological process fail to consider all the design intricacies of the component
and its technical specifications. Moreover, they do not facilitate the assessment of
numerous processing route options or the determination of production duration with
high precision.

4. A number of the described methods use a production process planning method based
on the analysis of identical operations that have already been implemented in the
conditions of a particular enterprise. This method does not provide high accuracy
in single and small-scale production types due to the wide variety of design and
technological solutions.

5. In the model of technological production preparation, based on the scheduling
method, when forming a production schedule, adjustments to the start time of al-
ready existing technological operations are not allowed, which significantly limits
the number of simulated production scenarios. Consequently, this does not allow for
choosing the most rational option for the production process.

To build a new simulation model, the authors used an analysis of various technological
processing routes and the technological equipment used. One of the most effective methods
for assessing multiple options for technological processes and selecting the most suitable
one is simulation modeling of production processes and multi-criteria analysis based on a
selected set of criteria.

Unlike the standard structure, the following changes were made to the implemented
model:

1.  Inthe model, the sources are represented by technological processes (referred to as
TP). TP embodies a strict sequence of operations, encompassing the delivery of raw
materials and tools from the warehouse to the machines, culminating in the retrieval
of finished products of specified types at the warehouse. Additionally, the durations
of all operations are precisely defined.

2. There is no provision for buffer memory.

The system operates flawlessly as it cannot bypass individual stages of the process.
4. The quantity of devices within the system is contingent upon the designated techno-
logical equipment essential for executing the specified technological processes.

5. Throughout the modeling process, applications are generated as a distinct step of
the technological process. Concurrently, the system handles a singular instance of
each technological process. Consequently, the number of applications within the
system does not exceed the overall count of technological processes. Following the
analysis, a simulation model algorithm was devised, and UML diagrams were crafted
to delineate the system structure, classes, attributes, methods, and object relationships.

@
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6. A simulation program was developed in C++ specifically tailored for single and
small-scale production, with the objective of automating the technological processing
process by automatically generating a plethora of work scenarios and subsequently
selecting the optimal scenario for the production site based on two criteria: time
and cost.

7. Upon simulating the production of the “Pusher” component, the resultant production
cycle lasted 471 working hours, with variable costs totaling 175,000 conventional units.

In the future, based on the obtained structures and algorithms of the network-centered
simulation model, and created UML diagrams, it is planned to develop a new software
product that will combine the functions of production preparation systems (technical pro-
cesses, equipment preparation, route development, preparation of operational maps) and
MES (production control, schedule tracking, planning, and optimization). The peculiarity
of this development will be that it will not be a direct competitor to large narrowly focused
products that have a significant cost and in most cases are not available to small and
medium-sized businesses, this software product offers a private solution to a number of
mechanical engineering problems with low labor intensity of use.

In the following works, the purpose of rational cutting modes will be considered,
based on the calculation of the total processing error and the quality loss function according
to the Taguchi theory. The issues of assembly production will also be covered. It is planned
to develop a methodology for selecting a rational option for the assembly technological
route, and the variables that wield the most substantial influence on them, to implement the
developed simulation model: mathematical dependencies for determining the production
cycle, mathematical dependencies for determining the duration of the production cycle,
and mathematical dependencies for determining the amount of costs.
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Appendix A

(id (name TP-T:num O:step 6:type op2:):birth 127:price 11,200:wait 127:executor
(name machl:num 0:execution 163:impl_price 11,200:):)

(id (name TP-T:num O:step 7:type op4:):birth 163:price 34,000:wait 163:executor
(name machl:num O:execution 263:impl_price 34,000:):)

(:id ((name TP-T:num O:step 8:type op2:):birth 263:price 5600:wait 263:executor (:name
machl:num O:execution 281:impl_price 5600:):)

(:id (:name TP-T:num O:step 9:type op3:):birth 281:price 8200:wait 281:executor (:name
machl:num O:execution 293:impl_price 8200:):)

(:id (:name TP-T:num O:step 10:type op2:):birth 293:price 5600:wait 293:executor (:name
machl:num O:execution 311:impl_price 5600:):)

(:id (name TP-T:num O:step 11:type op3:):birth 311:price 8200:wait 311:executor (:name
machl:num O:execution 323:impl_price 8200:):)

(:id (name TP-T:num O:step 12:type op5:):birth 323:price 7400:wait 323:executor (:name
machl:num O:execution 339:impl_price 7400:):)

(:id (:name TP-T:num O:step 13:type op2:):birth 339:price 5600:wait 339:executor (:name
machl:num O:execution 357:impl_price 5600:):)

(:id (name TP-T:num O:step 14:type op3:):birth 357:price 8200:wait 357:executor (:name
machl:num O:execution 369:impl_price 8200:):)

(id (:name TP-T:num O:step 15:type op4:):birth 369:price 13,600:wait 369:executor
(name machl:num 0O:execution 409:impl_price 13,600:):)

(:id (name TP-T:num O:step 16:type op3:):birth 409:price 8200:wait 409:executor (:name
machl:num O:execution 421:impl_price 8200:):)

(:id (:name TP-T:num O:step 17:type op2:):birth 421:price 5600:wait 421:executor (:name
machl:num O:execution 439:impl_price 5600:):)

(:id (name TP-T:num O:step 18:type op1:):birth 439:price 4800:wait 439:executor (:name
machl:num O:execution 471:impl_price 4800:):)

(id (:name TP-T:num O:step 3:type op6:):birth 68:price 5800:wait 68:executor (:name
mach4:num 3:execution 97:impl_price 5800:):)

(id (:name TP-T:num O:step O:type op4:):birth O:price 13,600:wait 0:executor (:name
machl:num O:execution 40:impl_price 13,600:):)

(id (mame TP-T:num O:step 1:type op3:):birth 40:price 8200:wait 40:executor (:name
machl:num O:execution 52:impl_price 8200:):)

(dd (:name TP-T:num O:step 2:type op5:):birth 52:price 7400:wait 52:executor (:name
machl:num O:execution 68:impl_price 7400:):)

(id (mame TP-T:num O:step 4:type op2:):birth 97:price 5600:wait 97:executor (:name
machl:num O:execution 115:impl_price 5600:):)

(:id (name TP-T:num O:step 5:type op3:):birth 115:price 8200:wait 115:executor (:name
machl:num O:execution 127:impl_price 8200:):)

(dd (name TP-T:num O:step 6:type op2:):birth 127:price 11,200:wait 127:executor
(mname machl:num 0:execution 163:impl_price 11,200:):)

(id (name TP-T:num O:step 7:type op4:):birth 163:price 34,000:wait 163:executor
(name machl:num 0O:execution 263:impl_price 34,000:):)

(:id ((name TP-T:num O:step 8:type op2:):birth 263:price 5600:wait 263:executor (:name
machl:num O:execution 281:impl_price 5600:):)

(:id (:name TP-T:num O:step 9:type op3:):birth 281:price 8200:wait 281:executor (:name
machl:num O:execution 293:impl_price 8200:):)

(:id (:name TP-T:num O:step 10:type op2:):birth 293:price 5600:wait 293:executor (:name
machl:num O:execution 311:impl_price 5600:):)
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(:id (name TP-T:num O:step 11:type op3:):birth 311:price 8200:wait 311:executor (:name
machl:num O:execution 323:impl_price 8200:):)

(id (name TP-T:num O:step 12:type op5:):birth 323:price 7400:wait 323:executor (:name
machl:num O:execution 339:impl_price 7400:):)

(:id (name TP-T:num O:step 13:type op2:):birth 339:price 5600:wait 339:executor (:name
machl:num O:execution 357:impl_price 5600:):)

(:id (:name TP-T:num O:step 14:type op3:):birth 357:price 8200:wait 357:executor (:name
machl:num O:execution 369:impl_price 8200:):)

(id (name TP-T:num O:step 15:type op4:):birth 369:price 13,600:wait 369:executor
(name machl:num 0:execution 409:impl_price 136,00:):)

(:id (name TP-T:num O:step 16:type op3:):birth 409:price 8200:wait 409:executor (:name
machl:num O:execution 421:impl_price 8200:):)

(:id (:name TP-T:num O:step 17:type op2:):birth 421:price 5600:wait 421:executor (:name
machl:num O:execution 439:impl_price 5600:):)

(:id (name TP-T:num O:step 18:type op1l:):birth 439:price 4800:wait 439:executor (:name
machl:num O:execution 471:impl_price 4800:):)

(id (:name TP-T:num O:step 3:type op6:):birth 68:price 5800:wait 68:executor (:name
mach4:num 3:execution 97:impl_price 5800:):)

Res_price:175,000 Res_time: 471

References

1. Chernorutsky, I; Kotlyarov, V.; Shyamasundar, R.; Tolstoles, A.; Voinov, N. Implementation of reliable net-centric management of
IoT industrial workshop for small-scale production. IOP Conf. Ser. Mater. Sci. Eng. 2018, 497, 012040. [CrossRef]

2. Manzei, C.; Schleupner, L.; Heinze, R. Industrie 4.0 im Internationalen Kontext: Kernkonzepte, Ergebnisse, Trends; VDE VERLAG
GmbH: Berlin, Germany, 2016; p. 261.

3. Marcos, M.P; Pitarch, J.L.; de Prada, C. Integrated Process Re-Design with Operation in the Digital Era: Illustration through an
Industrial Case Study. Processes 2021, 9, 1203. [CrossRef]

4. Bako, B.; Bozek, P. Trends in simulation and planning of manufacturing companies. Procedia Eng. 2016, 149, 571-575. [CrossRef]

5. Chlebus, E.; Krot, K. CAD 3D models decomposition in manufacturing processes. Arch. Civ. Mech. Eng. 2016, 16, 20-29. [CrossRef]

6. Adam, R; Kotze, P.; Van der Merwe, A. Acceptance of enterprise resource planning systems by small manufacturing Enterprises.
In Proceedings of the 13th International Conference on Enterprise Information Systems, Beijing, China, 8-11 June 2011; Volume 1.
[CrossRef]

7. Browne, J.; O’Kelly, M.E]J.; Davies, B.]. Scheduling in a batch or job shop production environment. Eng. Manag. Int. 1982, 1,
173-184. [CrossRef]

8. Burdo, G.B. Improving the technological preparations for manufacturing production. Russ. Eng. Res. Vol. 2017, 37, 49-56.
[CrossRef]

9.  Siderska, J. Application of tecnomatix plant simulation for modeling production and logistics processes. Bus. Manag. Educ. 2016,
14, 64-73. [CrossRef]

10. Dong, S.; Medeiros, D.J. Minimising schedule cost via simulation optimization: An application in pipe manufacturing. Int. J. Prod.
Res. 2012, 50, 831-841. [CrossRef]

11.  San Cristobal, J.R. Critical Path Definition Using Multicriteria Decision Making: Promethee Method. J. Constr. Eng. Manag. 2013,
29, 158-163. [CrossRef]

12.  Jato-Espino, D.; Castillo-Lopez, E.; Rodriguez-Hernandez, J.; Canteras-Jordana, J. A review of application of multi-criteria
decision making methods in construction. Autom. Constr. 2014, 45, 151-162. [CrossRef]

13.  Rosova, A.; Behun, M.; Khouri, S.; Cehlar, M.; Ferencz, V.; Sofranko, M. Case study: The simulation modeling to improve the
efficiency and performance of production process. Wirel. Netw. 2022, 28, 863-872. [CrossRef]

14. Pompeev, K.P.,; Timofeeva, O.S.; Yablochnikov, E.I.; Volosatova, E.E. Methods of Parts Digital Models Design for Problems
Resolving in Technological Preparation of Production. In Advances in Mechanical Engineering; Lecture Notes in Mechanical
Engineering; Evgrafov, A.N., Ed.; Springer: Berlin/Heidelberg, Germany, 2022; pp. 129-139. [CrossRef]

15. Torres-Jimenez, J.; Rangel-Valdez, N.; De-la-Torre, M.; Avila-George, H. An Approach to Aid Decision-Making by Solving
Complex Optimization Problems Using SQL Queries. Appl. Sci. 2022, 12, 4569. [CrossRef]

16.  Sipser, M. Introduction to the Theory of Computation, 2nd ed.; Thomson: Boston, MA, USA, 2006; p. 418. ISBN 0-534-95097-3.

17.  Abramov, S.A. Lectures on the Complexity of Algorithms, 3rd ed.; MTsNMO: Moscow, Russia, 2020; p. 256. ISBN 978-5-443-91464-0.

18. Kalyakulin, S.Y.; Kuzmin, V.V,; Mitin, E.V.; Suldin, S.P.,; Tyurbeeva, T.B. Designing the Structure of Technological Processes Based
on Synthesis. Mordovia Univ. Bull. 2018, 28, 77-84. [CrossRef]

19. Khrustaleva, I.N.; Lyubomudrov, S.A.; Chernykh, L.G.; Stepanov, S.N.; Larionova, T.A. Automating production engineering for

custom and small-batch production on the basis of simulation modeling. J. Phys. Conf. Ser. 2021, 1753, 012047. [CrossRef]

106



Designs 2024, 8, 24

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.
48.

49.

Ivanov, V.; Botko, F.; Kolos, V.; Pavlenko, I.; Hatala, M.; Antosz, K.; Trojanowska, J. Locating Chart Choice Based on the
Decision-Making Approach. Materials 2022, 15, 3557. [CrossRef] [PubMed]

Trojanowska, J.; Kolinski, A.; Galusik, D.; Rocha Varela, L. A methodology of improvement of manufacturing productivity
through increasing operational efficiency of the production process. In Advances in Manufacturing; Springer: Berlin/Heidelberg,
Germany, 2018; pp. 23-32. [CrossRef]

Araujo, A.F; Varela, M.L.; Gomes, M.S.; Barreto, R.C.; Trojanowska, J. Development of an intelligent and automated system for
lean industrial production, adding maximum productivity and efficiency in the production process. In Advances in Manufacturing;
Springer: Berlin/Heidelberg, Germany, 2018; pp. 131-140. [CrossRef]

Vukelic, D.; Zuperl, U.; Hodolic, ]. Complex system for fixture selection, modification, and design. Int. . Adv. Manuf. Technol.
2009, 45, 731-748. [CrossRef]

Abouel Nasr, E.; Al-Ahmari, A.; Khan, A.A.; Mian, S.H. Integrated system for automation of process, fixture and inspection
planning. J. Braz. Soc. Mech. Sci. Eng. 2020, 42, 52. [CrossRef]

Liu, M.; Zhou, B.; Li, J.; Li, X.; Bao, . A Knowledge Graph-Based Approach for Assembly Sequence Recommendations for Wind
Turbines. Machines 2023, 11, 930. [CrossRef]

Chen, Z.; Bao, |J.; Zheng, X.; Liu, T. Assembly information model based on knowledge graph. |. Shanghai Jiaotong Univ. 2020, 25,
578-588. [CrossRef]

Li, X,; Zhang, S.; Huang, R.; Huang, B.; Xu, C.; Kuang, B. Structured modeling of heterogeneous CAM model based on process
knowledge graph. Int. |. Adv. Manuf. Technol. 2018, 96, 4173-4193. [CrossRef]

Xu, Z.; Liu, H,; Li, J.; Zhang, Q.; Tang, Y. CKGAT: Collaborative Knowledge-Aware Graph Attention Network for Top-N
Recommendation. Appl. Sci. 2022, 12, 1669. [CrossRef]

Han, Z.; Mo, R.; Hao, L. Clustering and retrieval of mechanical CAD assembly models based on multi-source attributes
information. Robot. Comput. Integr. Manuf. 2019, 58, 220-229. [CrossRef]

Stavropoulos, P.; Papacharalampopoulos, A.; Sabatakakis, K. Data Attributes in Quality Monitoring of Manufacturing Processes:
The Welding Case. Appl. Sci. 2023, 13, 10580. [CrossRef]

Wang, X.; Liu, M.; Zhong, P.; Zhang, C.; Zhang, D. A Discrete Cooperative Control Method for Production Scheduling Problem of
Assembly Manufacturing System. Sustainability 2023, 15, 13785. [CrossRef]

Xiong, H.; Shi, S.; Ren, D.; Hu, J. A survey of job shop scheduling problem: The types and models. Comput. Oper. Res. 2022,
142,105731. [CrossRef]

Mokhtari, H.; Hasani, A. An energy-efficient multi-objective optimization for flexible job-shop scheduling problem. Comput.
Chem. Eng. 2017, 104, 339-352. [CrossRef]

Ciurana, J.; Garcia-Romeu, M.L.; Ferrer, I.; Casadesus, M. A model for integrating process planning and production planning and
control in machining processes. Robot. Comput. Integr. Manuf. 2008, 24, 532-544. [CrossRef]

Garcia-Leon, A.A.; Dauzere-Péres, S.; Mati, Y. An efficient Pareto approach for solving the multi-objective flexible job-shop
scheduling problem with regular criteria. Comput. Oper. Res. 2019, 108, 187-200. [CrossRef]

Knopp, S.; Dauzere-Péres, S.; Yugma, C. A batch-oblivious approach for Complex Job-Shop scheduling problems. Eur. J. Oper.
Res. 2017, 263, 50-61. [CrossRef]

Azzouz, A.; Ennigrou, M.; Ben Said, L. A self-adaptive hybrid algorithm for solving flexible job-shop problem with sequence
dependent setup time. Procedia Comput. Sci. 2017, 112, 457-466. [CrossRef]

Xing, L.N.; Chen, Y.W.; Yang, K.W. An efficient search method for multi-objective flexible job shop scheduling problems. J. Intell.
Manuf. 2009, 20, 283-293. [CrossRef]

Shen, X.N.; Han, Y.; Fu, ].Z. Robustness measures and robust scheduling for multi-objective stochastic flexible job shop scheduling
problems. Soft Comput. 2017, 21, 6531-6554. [CrossRef]

Fernandez Pérez, M.A.; Raupp, EM.P. A Newton-based heuristic algorithm for multi-objective flexible job-shop scheduling
problem. J. Intell. Manuf. 2016, 27, 409-416. [CrossRef]

Moslehi, G.; Mahnam, M. A Pareto approach to multi-objective flexible job-shop scheduling problem using particle swarm
optimization and local search. Int. ]. Prod. Econ. 2011, 129, 14-22. [CrossRef]

Kacem, I.; Hammadi, S.; Borne, P. Pareto-optimality approach for flexible job-shop scheduling problems: Hybridization of
evolutionary algorithms and fuzzy logic. Math. Comput. Simul. 2002, 60, 245-276. [CrossRef]

Gunantara, N. A review of multi-objective optimization: Methods and its applications. Cogent Eng. 2018, 5, 1502242. [CrossRef]
Ondov, M.; Rosova, A.; Sofranko, M.; Feher, J.; Cambal, ].; Feckova Skrabulakova, E. Redesigning the Production Process Using
Simulation for Sustainable Development of the Enterprise. Sustainability 2022, 14, 1514. [CrossRef]

lTassinovski, S.; Artiba, A.; Fagnart, C. A generic production rules-based system for on-line simulation, decision making and
discrete process control. Int. J. Prod. Econ. 2008, 112, 62-76. [CrossRef]

Bernard, A.; Perry, N. Fundamental concepts of product/technology/process informational integration for process modelling
and process planning. Int. |. Comput. Integr. Manuf. 2003, 16, 557-565. [CrossRef]

Shah, D.; Shin, J. Randomized scheduling algorithm for queueing networks. Ann. Appl. Probab 2012, 22, 128-171. [CrossRef]
Bathaee, M.; Nozari, H.; Szmelter-Jarosz, A. Designing a New Location-Allocation and Routing Model with Simultaneous Pick-Up
and Delivery in a Closed-Loop Supply Chain Network under Uncertainty. Logistics 2023, 7, 3. [CrossRef]

Malega, P.; Gazda, V.; Rudy, V. Optimization of production system in plant simulation. Simulation 2022, 98, 295-306. [CrossRef]

107



Designs 2024, 8, 24

50. Kuznetsov, PM.; Khoroshko, L.L. Digitalization of Multi-Object Technological Projecting in Terms of Small Batch Production.
Inventions 2020, 5, 38. [CrossRef]

51.  Simunovic, G.; Majdandzic, N.; Simunovic, K.; Lujic, R. Applying of the Typical Technological Operations in the Single Production.
In AMST’02 Advanced Manufacturing Systems and Technology; International Centre for Mechanical Sciences; Kulianic, E., Ed.;
Springer: Vienna, Austria, 2002; Volume 437, pp. 275-281. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

108



. designs

Article

Predicting Quality of Modified Product Attributes to Achieve
Customer Satisfaction

Andrzej Pacana * and Dominika Siwiec

Faculty of Mechanical Engineering and Aeronautics, Rzeszow University of Technology, 35-959 Rzeszoéw, Poland;
d.siwiec@prz.edu.pl
* Correspondence: app@prz.edu.pl

Abstract: In the era of the competitive environment, the improvement in current products is ensured
through activities aimed at increasing a product’s quality level and, consequently, reducing the amount of
waste. The dynamically changing production environment and sudden changes in customer expectations
force us to take precise and well-thought-out development steps. Furthermore, it is important to
anticipate favourable product changes to prepare for market changes over time. This is still an open
problem. The aim of this study was to develop a method to predict the quality of potential product
prototypes resulting from the proposed modifications of the product features. This methodology takes
into account current customer expectations. The method was created based on the principles of creating
Quality Function Deployment (QFD) in the context of taking into account current and future customer
expectations regarding product features. This is a new approach to analysing product quality within
the principles of the traditional QFD method. The originality of the study is the technique used in
the method to estimate the expected values of product features and their importance (weights), taking
into account current customer expectations. Its originality is also manifested in drawing conclusions
supporting the decision-making process of product improvement, because it involves ensuring the
pro-quality modification of selected features of current products in the order that is most advantageous
from the customer’s point of view. The use of the proposed method allows for the analysis of the impact
of modifying the current value of a product feature. The method is illustrated with an example of a
vacuum cleaner for home use. However, the proposed method can be applied to the design of any
product to predict products that will meet customer expectations.

Keywords: product design; predict; product quality; customer requirement; house of quality;
mechanical engineering

1. Introduction

The improvement in product quality covers a product’s customisation to expecta-
tions [1-3]. In this regard, it is necessary to have a skilful shape of the attributes of a
product to achieve product quality that meets the level of expectation. This shaping in-
cludes acquiring the Voice of Customers (VoC) [4,5], and then involves its analysis and
transformation in product attributes [6-8]. The product quality level mentioned is the level
of compliance of a product with customers’ expectations and refers only to specific product
uses. On the other hand, customer expectations (i.e., their desires and assumptions in the
context of the future) are customer satisfaction with what they received (current product)
and what they expected (product they expected) [9-11]. Despite that, designing products is
still a problem; therefore, a search for methods to solve this problem is needed.

After reviewing the literature, it was concluded that the House of Quality (HoQ) [12]
i.e., Quality Function Deployment (QFD) [13], is the most popular and most-used method
to design a satisfactory product [14-18]. This method is a correlation matrix. The method
supports the process of design by collecting and verifying expectations, e.g., of customers
and the producer, to achieve the required product quality level. Previous work as part of
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HoQ concerns mainly the validity (weights) of customer requirements, e.g., mainly as part
of the use of the AHP method (Analytic Hierarchy Process) [15,19-21]. Also, as part of
HoQ, the customers’ requirements were specified, mainly using the fuzzy Saaty scale and
FAHP method (Fuzzy Analytic Hierarchy Process) [16,22,23]. For this purpose, the HoQ
with the AHP method and the Kano model have been integrated relatively often [21,24,25],
where the objective of this combination is to precisely determine the importance of customer
expectations in the context of product satisfaction. This precision was achieved by using
the 2-tuple linguistic [17], in which the customer’s needs were characterised by description
and number, which is a distance of the central value of the linguistic term. Despite this,
the importance of customers’ requirements in the HoQ was determined by implementing a
mathematical model according to LGP (Linear Goal Programming), in which the ordinal scale
was used [26]. Another example is a combination of the HoQ with the Yager algorithm [27] to
determine customer requirement weights also in the case of indifferent requirements. Another
example concerning the design of the expected product is the combination of the HoQ method
with the TRIZ method (Theory of Innovative Problem Solving) [28-30]. This combination
encompasses determining customers’ requirements and their expectations as part of providing
a satisfactory product.

Based on a literature review in the context of the popular HoQ method, it was shown
that it is known how to design a product [18,23,27,31] and also how to verify the importance
of product attributes [15,16,19,22,32]. As shown, the QFD method is one of the most
popular methods for transforming customer expectations into technical features of the
product. It has been modified many times, but its attributes have not yet been used as
a framework for predicting the ranking of pro-quality modifications to existing product
attributes. Therefore, there is no method or transformation method that would indicate
how to modify the product to meet customer expectations. Hence, a method to predict the
pro-quality modification of product attributes, i.e., the modification (changes) of important
product attributes for customers, that allows achieving the expectation of customers of
the product quality level is needed. This prediction is passing, guessing, or expecting a
satisfactory product. Therefore, the lack of this method has been recognised as a gap.

It is possible to create the main question as follows: How can we predict the pro-quality
modification of product attributes to achieve a product quality level that satisfies customers?

Hence, the purpose of this study is to propose a method to predict the quality of
product attribute modifications considering the current customers’ expectations. The
proposed method is preferred to determine the order of product attribute changes based
on customer information to achieve desired quality. Additionally, the method can provide
the anticipation of beneficial activities of the manufacturer to achieve the product quality
level expected by customers. The added value is the presentation of a method (according
to the principles of the QFD method) according to which it is possible to predict which
features of a product should be modified and how to achieve a competitive product. It
is an original proposition to the application of the framework of the QFD method, which
will support producers in making modifications to current product attributes ahead of
the competition to design a product that is expected by customers. It is important to note
that this method makes it easier to predict (in advance) what changes to make. Therefore,
it provides time for appropriate preparatory activities for enterprises, and the achieved
design results may be satisfactory to customers, which increases the accuracy of design
decisions and, consequently, the quality level of the offered products.

The originality of the presentation of this method (according to the principles of the
QFD method) regards its ability to predict which features of the product should be modified
and how to achieve a competitive product.

The developed method is presented in the following parts of the article (Section 2).
The method was characterised in ten main stages, taking into account the assumptions
adopted for the method. The characteristics include a general methodology, so it can be
used for any product. Section 3 tests and illustrates the method using the example of a
home vacuum cleaner. The method test is presented stage by stage, as adopted in the
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general description of the method. Section 4 is the discussion, where the analysis is further
deepened based on comparisons of the results obtained from the method test. The main
advantages of the method, business implications, and limitations and directions for future
research are presented. Section 5 is a summary covering the main findings of the study.

2. Materials and Methods

The method aims to predict the pro-quality modifications of product attributes con-
sidering current customers’ expectations. The method was developed by transforming
the House of Quality in the context of considering the current and future expectations of
customers of the state of product attributes. A mathematical model was implemented to
calculate the quality of attribute states and their importance. Additionally, the method
allows one to make the product features dependent on their importance (weights). As a
result, it is possible to rank the product attribute changes and also to predict expectations
of the product quality level.

The structure of the research is as follows. The analysis of the product selected for the
research is based on the customer requirements, which are obtained as part of the research
of the survey. Customers rate the importance of product criteria and their satisfaction
with these criteria in the current state and the proposed modified state (above and below
the current state). These requirements are processed in subsequent stages of the method.
Initially, the criteria important for the client are determined according to the Pareto-Lorenz
principle. Pro-quality activities are planned for these important criteria. Then, the quality
level is calculated for the current state of the product criteria and their modifications,
and the impact of modifying the current values of the product attributes is estimated.
A mathematical model developed for this purpose is used. As a result, a ranking of
modifications of important product features is obtained in order to achieve the expected
level of product quality. On this basis, a pro-quality modification of the product is planned,
i.e., one that meets customer expectations.

The algorithm of the proposed method and the zones in a new House of Quality is
shown in Figure 1.

The method in ten main stages was designed as follows:

Stage 1. Determining the purpose of the research.

Stage 2. Acquiring the customer’s requirements.

Stage 3. Determining important product attributes based on customer expectations (II
zone in HoQ).

Stage 4. Noting the current and modification values for important product attributes
(I'and V zones in HoQ).

Stage 5. Calculating the quality of product attributes on a point scale (IIl and VII zones
in HoQ).

Stage 6. Calculating the quality of product attributes considering the weights of
attributes (IV and VIII zones in HoQ).

Stage 7. Calculating the quality changes in the current product attribute values (IX
zone in HoQ).

Stage 8. Calculating product quality for current important product attribute values (X
zone in HoQ).

Stage 9. Calculating the impact of the attribute values of the modification of the current
product (XI zone in HoQ).

Stage 10. Predicting the modification of the pro-quality product (XII zone in HoQ).

The short characteristic of the method stages is shown in the next part of the article.
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Figure 1. Algorithm to predict the pro-quality modification of product attributes considering the
expectations of the current customers and the visualisation zones of the new House of Quality.

2.1. Stage 1: Determining the Purpose of the Research

As part of determining the purpose, it is necessary to use the SMART method (Specific,
Measurable, Achievable, Relevant, Time-bound) [33]. In the proposed approach, the
purpose is to predict a high-quality modification of product attributes.

2.2. Stage 2: Acquiring the Customers’ Requirements

This purpose of this stage is to acquire customers’ requirements, that is, Voice of
Customers (VoC) [34,35] about product attributes. To achieve this, it is possible to use
survey research, which is the most popular approach [7,36,37], with scoring on a Likert
scale [26,38]. The sample size to predict expected product quality is preferably determined
according to the method shown in [9]. Customers should be the users of the product.
Furthermore, the entity that uses the proposed method should select the area of research
depending on the market in which it will offer its modified product. As part of acquiring
customers’ requirements, determining the importance (weights) of product attributes,
e.g., in the context of use of the product, should be allowed. Additionally, the customers’
requirements have to refer to assessments of customer satisfaction of current product
attributes and their modifications. For this reason, the characteristics of the product to be
tested are initially defined. The selection of product attributes can be made based on the
product catalogue (specification) by determining 14 to 25 attributes [19,39,40]. Next, by
using a catalogue of a product, the current and modification values, e.g., values or range
of values (parameters), must be noted for each attribute. The current value is the current
state of the attribute. In turn, the modification value is the predicted state (future, not
existing at present). From the obtained customers’ requirements, the important attributes
for customers will be selected, i.e., which attributes will have the greatest importance for
product level quality.
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2.3. Stage 3: Determining the Important Product Attributes Based on Customers’ Expectations
(II Zone in HoQ)

This purpose of this stage is to determine the attributes that are important (significant)
to customers in the context of using the product. For these attributes, the pro-quality
changes of the product features are predicted. The important features for customers are
chosen based on the weights of product attributes according to the Pareto rule (20/80), i.e.,
even a small number of important attributes has a significant impact on product quality,
where the impacts of other attributes are less [41]. This stage is shown in five main steps.

2.3.1. Step 3.1: Determining the Weights of Attributes

For each product attribute, the weights are calculated as an arithmetic average from
assessments of the importance of the product attributes (1):

1 n
AWi - 7ZWi (1)
N3

where A,, is the arithmetic average of the product attribute weights, w is the customer
assessment of product attribute importance, n is the number of assessments, andi=1, 2, 3,
S,

The application of the arithmetic average results from the fact that it is an unencum-
bered estimator [42], and at the same time it has the highest reliability of the value of the
expected random variable when the number of events is large enough (>100) or the distri-
bution of the variable is normal. The median is better if a small number of observations is
obtained or the distribution is not normal, e.g., there are outliers.

2.3.2. Step 3.2: Ordering the Product Attribute Weights

The first stage is to order the weights of the product attributes. For this purpose, it is
necessary to sort in descending order the weights of the attributes of the product [41].

2.3.3. Step 3.3: Calculating Cumulative Values of Product Attribute Weights

Cumulative values are calculated on the basis of ordered values of product attribute
weights. The first value is equal to the maximum value of the weight of the attribute of the
product (2):

Ci=A @)

4 *Wmax

In turn, other cumulative values are calculated with Equation (3):
C =Ci_1+ AWi 3)

where C; is the first value of the cumulative values, Ay, is the maximum product attribute
weight, A, is the product attribute weight,andi=2, 3,4, ..., n.

The cumulative values of product attribute weights are calculated for all ordered
values of product attribute weights.

2.3.4. Step 3.4: Calculating the Percentage Cumulative Values of Product Attribute Weights

The percentage cumulative values of the product attribute weights [43,44] are based
on the cumulative values from Section 2.3.2. For this purpose, the following Equation (4)
is used:

C-% — G
! Cmax

where C% is the percentage cumulative value of the product attribute weight, C is the
cumulative value of the product attribute weight, Cpay is the maximum cumulative value
of all product attribute weights, andiis 1,2,3, ..., n.

The percentage cumulative values of the product attribute weights should be calcu-
lated for all cumulative values of the product attribute weights.

x 100 4)
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2.3.5. Step 3.5: Selecting the Product Attributes Important to Customers

The selection of features is made on the basis of the percentage values of cumulative
product feature weights. For this, the Pareto rule (20/80) is used [43,44].

The percentage cumulative value of the weight of the product attribute close to 20%
determines the group of important product attributes (GI) and the group of unimportant
attributes for the customer (Gy)) (5):

Cl < ~20% e Gy
Cl* > ~20%eG ©)
i ~ o € GN

where C” is the percentage cumulative value of the product attribute weight, i = 1, 2, 3,
...n, Gy is the group of important product attributes, and Gy is the group of unimpor-
tant attributes.

To determine important attributes, it is useful to visualise the results on the Pareto—
Lorenz diagram, as shown, for example, in [43,44]. The weights of important product
attributes for customers are noted in the II zone in the HoQ.

2.4. Stage 4: Noting the Current and Modification Values for Important Product Attributes (I and
V Zones in HoQ)

The purpose of the fourth stage is to note the current and modification values for
important product attributes. It refers to filling the I zone of the HoQ by current attribute
values and filling the V zone of the HoQ by values of the modification of these attributes.
These values were determined in the second stage of the method.

2.5. Stage 5: Calculating the Quality of Product Attributes on a Point Scale (111 and VII Zones in HoQ)

The purpose of the fifth stage is to calculate the quality of the attributes of the product
on a point scale. It refers to determining the sum of the points that the customers have
given to important attributes of the product (in stage 2). The quality (current or modified)
of the product attribute on a point scale is expressed by Equation (6):

SCi = ZPCiI Smi - ZPD’II (6)

where P is the points given by customers, c is the current product attribute value, m is the
modification product attribute value,andi=1,2,3, ..., n.

The quality of the current product attribute is noted in the III zone of the HoQ. In turn,
the quality of the modified product attribute is noted in the VII zone of the HoQ.

2.6. Stage 6: Calculating the Quality of Product Attributes Considering Weights of Attributes (IV
and VIII Zones in HoQ)

The purpose of the sixth stage is to calculate the quality of the attributes of the product
considering the weights of the attributes. This stage refers to calculating the quality for
each of the important attributes of the product. This quality is determined for current
attributes (IV zone in HoQ) and for their modifications (VIII zone of HoQ).

The quality of the current product attribute is estimated as the quotient of the attribute
weight and the sum of the customers’ assessments, which refers to satisfaction with the
current value of this attribute (7):

Qg = Awg X Sq @)

where A,, is the weight of the product attribute, S is the quality of the product attribute, c
is the current product attribute,andi=1,2,3, ..., n.

114



Designs 2024, 8, 36

The quality of the modification product attribute is estimated as the quotient of the
attribute weight and the sum of the customers’ assessment, which refers to satisfaction
with the modified value of this attribute (8):

Qm; = Awm; X Sm; ®)

where A,, is the weight of the product attribute, S is the quality of the product attribute, m
is the modification of the product attribute value, andi=1,2,3,..., n.

The obtained quality values of important current and modified product attributes are
noted, respectively, in the IV and VIII zones of the HoQ.

2.7. Stage 7: Calculating the Changes in Quality of Current Product Attribute Values (IX Zone
in HoQ)

The purpose of the seventh stage is to calculate the quality changes in the current
product attribute values (IX zone in HoQ). This refers to a comparison of the quality of the
current and modified product considering the weights of these attributes, that is, (9):

Qci +le

Ji= chi+Awmi

9)
where Q is the quality of the product attribute, Ay, is the weight of the product attribute, c is
the current value of the product attribute, m is the modified value of the product attribute,
andi=1,2,3,...,n.

The obtained values are noted in the IX zone of the HoQ.

2.8. Stage 8: Calculating the Product Quality for Current Important Product Attribute Values (X
Zone in HoQ)

The purpose of the eighth stage is to calculate the quality of the product via the values
of the current important attributes of the product. The quality of the product regarding the
current values of the important product attributes is obtained from Equation (10):

QCi+QCi + o + QCn

I=
AWCi+AWCi + e + AWCn

(10)

where Q is the quality of the product attribute, A, is the weight of the product attribute, c
is the current value of the product attribute, and i—1, 2, 3.. ., n.

Based on the product quality for the current values of important product attributes, it
is possible to estimate the changes (impact) in the modification of these attribute values.
This is shown in the next stage of the method.

2.9. Stage 9: Calculating the Impact of Modification of Current Product Attribute Values (XI Zone
in HoQ)

The purpose of stage nine is to calculate the impact of the modification of current
product attribute values. This refers to determining the ratio of the change value of the
current attribute quality to the level of quality of the modification. The purpose is to
determine the relevance of changing the current product attribute value to the modified
value, i.e., (11):

r i
Ji = 1 (1)

where | is the quality of the attribute value, I is the quality of current attribute values, and i
is1,2,3...,n.

The higher the value of J;, the greater (more beneficial) the impact of modifying the
current value of the product feature from the customer’s point of view.
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2.10. Stage 10: Predicting the Pro-Quality Product Modification (XII Zone in HoQ)

The tenth stage predicts the modification of the product. The purpose of this stage is to
create a ranking of the modification of important product attributes as part of achieving the
expected level of product quality. It consists of arranging in descending order the value of
the impact of modifying the current product attribute value (from the XI zone of the HoQ).
The first position, the maximum value, is the priority modification, i.e., the most important
in the view of the customers, which ensures a significant increase in product satisfaction.

Based on ranking, it is possible to predict which attributes should be primarily modified
and also which attributes allow the achievement of a quality product. Because in the research
important product attributes were included, it is assumed that each modification has a
significant impact on the level of product quality. However, it is possible to schedule these
modifications depending on the manufacturer’s needs and the company’s production capacity.

It should be remembered that the proposed method is a possible alternative for man-
agers to support themselves in the decision-making process related to product improve-
ment. Since the proposed method refers to potential prototypes of the same product, the
results were not verified in comparison to those of other methods. Other methods operate
according to different assumptions. Depending on the assumptions made, appropriate to
the analysed product, the decision maker selects the appropriate method, and the selected
method leads to suggestions regarding solutions that modify the product.

3. Results

The test research for the method was conducted using an example of a domestic
vacuum cleaner. The vacuum cleaner test presented in this article should be treated as a
pilot study. It shows the possibility of using the proposed methodology. The choice of the
vacuum cleaner was based on its availability and universality, and it is a widely known
and used product. As part of the first stage, the purpose of the research was determined,
i.e., to predict the quality of the modification of vacuum cleaner attributes considering the
expectations of current customers. According to the second stage, the customer expectations
about product attributes were acquired. The survey was conducted electronically using
MS Forms. The customers were people who used the vacuum cleaner, and therefore their
opinions were considered relatively trustworthy. Research samples of 166 customers were
obtained, and this sample size was a preliminary sample (for pilot studies). The sample
size was calculated based on the method presented in [9]. Furthermore, following the
authors of the studies [44], it was considered sufficient within the proposed method. A
certain limitation was collecting information from respondents coming only from Poland
and mainly from customers belonging to the Z formation. Customers’ expectations were
acquired as part of a survey using the five-point Likert scale. According to the assumptions
obtained in the second stage of the method, the product was described by 20 attributes.
The attributes were selected as part of brainstorming (BM) based on a product catalogue.
Five employees familiar with the product participated in the brainstorming session. These
were managers from the production plant whose knowledge and experience related to the
product are the greatest. They know the real scope of product improvement possibilities
but also know about the current, successful, and unsuccessful areas of improvement.
However, in the future, the user of this proposed method will decide who will work in the
brainstorming session because this is a very important decision. The research included
the stage of satisfaction assessment with the current and modified values of the product
features and the stage of determining the validity (weights) of the product attributes.

The current product attribute was determined by values and the metric unit according
to the product specifications. In turn, the modifications of the product attributes were
determined as values above and below current states. The customers” expectations were
reliably obtained by comparing the current value with the modified value. Then, according
to the third stage of the method, the important attributes of the product were determined.
For these attributes, in the next part, the pro-quality changes were predicted. These
attributes were selected using the Pareto (20/80) rule. Initially, for each of the product
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attributes, the weights were calculated as an arithmetic average of customers’ assessments
of the importance of product attributes. Subsequently, the attribute weights were ordered in
descending order, and cumulative values and percentages of product feature weights were
calculated. Then, according to the 20/80 rule, the important attributes and the unimportant
attributes for the customers were selected. The results are shown in Table 1.

Table 1. Pareto-Lorenz analysis for product attribute weights.

Percentage

. Attribute Cumulative . Group of Product
No. Product Attribute (A) Weight (Ay) Value (C) Cumul(aéloz)e Value Attributes
1 Vacuum in the suction pipe 3.66 0.06 6.04
Working range of the vacuum cleaner Group of
2 3.65 0.12 12.07 important product
connected to the power cord attributes (Gy)
3 Length of the power cord 3.62 0.18 18.06 I
4 Vacuum cleaner motor power 3.61 0.24 24.03
5 The noise level during operationof the 336 0.30 29 58
vacuum cleaner
6 Power cord winding system 3.33 0.35 35.09
7 Vacuum tank capacity 3.16 24.40 40.31
8 Thermal protection (against overheating) 3.13 27.53 45.49
9 Type of vacuum cleaner dust filter 3.08 30.61 50.57
10 Rubber protec‘tors to prqtect furniture 3.04 33.65 55.60
against knocking
1 Number of accessories included with the 302 36.67 60.59 Qroup of
vacuum cleaner (suction tubes and nozzles) unimportant
12 Length of the suction pipe 2.84 39.51 65.28 attributes for
13 Vacuum bag type 2.84 42.35 69.97 customers (Gy)
14 Weight of the vacuum cleaner 2.77 45.11 74.54
15 Dimensions of the vacuum cleaner 2.73 47.85 79.06
16 Possibility to 'control the Yacuum cleaner 269 50,54 83.51
vacuum in the working handle
17 The type of material of the vacuum cleaner 266 53.20 87.90
road wheels
18 Electric brush socket 2.53 55.73 92.08
19 Type of vacuum cleaner on/off 2.48 58.20 96.17
20 Suction pipe diameter 2.32 60.52 100.00

The important product attributes were the vacuum in the suction pipe, working range
of the vacuum cleaner connected to the power cord, length of the power cord, and vacuum
cleaner motor power. The weights of important attributes for customers were noted in the
IT zone of the HoQ, that is, (12):

{Aw1 =3.66; Ay, = 3.62 (12)
Ay, =3.65; Ay, =361

where A,, the weight of the product attribute, and 1, .. ., 4 is the number of attributes.
According to the fourth stage, the weights of important product attributes were
described as current values (I zone of the HoQ) and modification of these values (V zone of
the HoQ). The modification values of the product attributes were noted for the product
state that was more favourably assessed by the customers (had a higher number of total
points, which meant greater customer satisfaction). Subsequently, in the fifth stage, the
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quality of the product state was estimated on a point scale. For this purpose, the sum of
points granted by customers for important product values was calculated (13):

Se, =527, Sm, = 658
Se, =557, Sm, = 670
Sey = 550;  Sm, = 661
Se, =538, Spm, = 689

(13)

where S, is the quality of the current product attribute on a point scale, S, is the quality of
the modified product attribute on a point scale, and 1, . . ., 4 is the number of attributes.

In the III zone of the HoQ), the number of points obtained for the current values was
noted, and in the VII zone of the HoQ, the number of points obtained for the modification
values was noted. According to the sixth stage, the quality of the attributes of the product
was estimated considering the weights of the attributes (14):

Q, =3.66 x 527 =1927.04;  Qp,, = 3.66 x 2406.06 = 2406.06
Q., =3.65 x 557 = 2033.39;  Qp,, = 3.65 x 2445.90 = 2445.90
Qc, =3.62 x 550 =1991.27;  Qy,, = 3.62 x 2393.14 = 2393.14
Qc, =3.61 x 538 =1944.58; Q,, = 3.61 x 2490.36 = 2490.36

(14)

where Q. is the quality of the current product attribute value, Qn, is the quality of the
modification product attribute value, and 1, .. ., 4 is the number of attributes.

The results were observed in the IV and VIII zones of the HoQ. Then, as shown in
the seventh stage, the changes in quality of the current product attribute values were

estimated (15):
]1 _ 1927.04+2406.06 — 5925

3.66+3.66
__ 2033.39+2445.90 __
]2 - 3.65+3.65 =613.5 15
J = 1991276239814 _ g5 5 (15)
3 — 3.62+3.62 - .
_ 1944.58+2490.36 __
]4 - 3.61+3.61 =613.5

where ] is the change in quality of the current product attribute valuesand 1, .. ., 4 is the
number of attributes.

The changes in the quality of the current product attribute values as part of converting
them to modification product attribute values were observed in the IX zone of the HoQ.
Next, as part of the eighth stage of the method, the quality of the product was estimated
for the current important attribute values (16):

_1927.04 +2033.39 + 1991.27 + 1944.58

I
3.66 + 3.65 +3.62 + 3.61

= 542.99 (16)

The estimated product quality for the current important attribute values was noted
in the X zone of the HoQ. Then, as in the nine stages of the method, the influence of the
modification of the current attribute values was estimated (17). The values obtained were
noted in the XI zone of the HoQ:

Ji = S = 1.091
_ 6135 _

Jo = 555 = 1130
_ 6055 _

J3 = sigs = 1115

Ji = g9 = 1130

(17)

In the last stage of the method, the pro-quality modifications of the product were
predicted. In this stage, the ranking (order) of the product attribute changes was predicted
in the context of achieving the expected product quality level. It was considered that in
the first order, the working range (above 19 m) and motor power (above 900 W) should be
changed. It has been predicted that making changes to these attributes allows an expected
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increase in the product quality level. Then, it is necessary to consider changing the length
of the power cord to above 15 m and the vacuum in the suction pipe to above 27,000 Pa. It
is possible to consider the simultaneous modification of several product features, where
this decision depends on the needs of the manufacturer and the company’s production
capabilities. The ranking of the predicted order of modifications of product attributes in
the XII zone of the HoQ was observed. The new House of Quality designed to predict the
pro-quality modification of the product attributes is shown in Figure 2.

s .
< n
= _ =
Sl 2| 2| =
2 = z =
= A o =
[= e [
] = o. z
B = 2 2
2 2 2 5
-
3 =
-
3.66 3.65 3.62 3.61
658 670 661 689
2406.06 | 2445.90] 2393.14| 2490.36
I |
Vacuum in the suction pipe = 27,000 Pa 3.66 527 1927.04 : 592.5 :
T i
Working range = 19 m 3.65 557 2033.39 : 6135 :
""" N
Length of the power cord = 15m 3.62 550 1991.27 : 605.5 :
""" R
Motor power = 900 W 361 538 1944 .58 : 6135 :
542.99
1.091 1.130 | 1.115 | 1.130
3 1 2 1

Figure 2. The new House of Quality to predict pro-quality modification of product attributes
considering current customers’ expectations.

Depending on the needs, it is possible to modify the presented House of Quality. For

example, additional space in the HoQ can be filled with complaints or competitive products.

The test of the method shows that the proposed methodology is applicable to deter-

mining the ranking of potential product prototypes. This ranking would advise decision
makers of which variants of the modified product would be most desired by customers and
would be rated the highest. The proposed methodology can also be applied to intangible
products, i.e., services. The proposed calculations are not complex and can be performed
using a computer, significantly increasing the possibility of repeated use of the proposed
method not only for one product but even for different products.

4. Discussion

As part of the test of the proposed method, the differences obtained between the

estimated values were verified. It was shown that the values of the modification of the
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current product attributes (XI zone of the HoQ) and also the ranking of the predicted
changes in the attributes (XII zone of HoQ) are characterised by slight differences.

It was concluded that relatively minor differences between the values of the predicted
pro-quality modification of the product attributes resulted from minor differences between
the values of the current product attribute levels, the values of the modification of the
product attribute levels, and the product attribute weights. The differences between the
values, which have an impact on the results of the method, are shown in Figure 3.

2 current attribute quality level modification of attribute quality level o product attribute weight
]
% 750.00 3.66
=
-q;) 700.00
2 650.00 3.65
2
£ 600.00 550 P
2 550.00 : 364
2 500.00 =
T 45000 2
s o 363 3
= 400.00 =
.S <
5 350.00 i B
g 300.00 g
S 250.00 a
T 20000 3.61
= 150.00
g
| 100.00 3.60
o

50.00

0.00 ’ s e 3.59
Vacuum in the suction Working range Length of the power cord Motor power
pipe

prodcut attribute

Figure 3. Difference between main values of the method.

The quality level of the attributes of the current product is relatively high. Despite that,
the differences between the values of the current and modified attributes are important
from a customer’s point of view. The difference between the maximum current attribute
value (557) and the maximum modification of the attribute value (689) is about 132 points.
This is an increase in product quality of about 20%. Hence, the obtained values allow us
to estimate the increase in the current product quality level after modification. The main
advantages of the proposed method are as follows:

Predicting pro-quality modifications of product attributes;

Predicting product attribute changes based on current customers’ expectations;
Predicting the growth in the product quality level depending on product attribute
modifications;

Creating a ranking of product attribute modifications;

Determining important product attributes and their modifications;

Designing a product by including the importance of product attributes and the quality
level of these attributes (current and modified);

Supporting enterprise actions in the pro-quality design of a product.

Additionally, the proposed method has the following business implications:
Providing a low-cost method for designing important customer changes in an exist-
ing product;

Predicting in advance a satisfactory product that will be competitive in the market;
Making the right decisions about the need to modify product attributes and their order;
Waste reduction, e.g., unnecessary changes to the product and time spent on strate-
gic actions;

An accurate definition of customer expectations.

There are also disadvantages of the proposed method, as follows:

The possibility of the occurrence of small differences (or a lack thereof) between
predicted values, which generates a problem in creating ranking;
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e  Alack of a complex analysis of all product attribute values, which determines the lack
of precision in determining the product quality level after modification;

e Creating voluminous matrices of HoQ, e.g., as a result of analysing a large number of
product features.

A certain limitation of the method is the assumption that for all attributes, the modifica-
tions occur as values above and below the current state. This resulted from the assumptions
regarding the uniformity of the method. The departure from this principle may constitute
the basis for a new, perhaps even more utilitarian, attractive method. This would constitute
an improvement of the currently proposed method and perhaps become the basis for
further research. Improvements in the methodology should concern the analysis of a larger
number of criteria, which is somewhat of a limitation of the current proposal. This is due
to the fact that the number of criteria increases the number of possible modifications of
these criteria to be considered, and thus the House of Quality becomes extensive, and the
results obtained may be problematic in a comprehensive analysis. However, to solve this
problem, we plan to develop several connected quality houses. As part of future research,
we also plan to implement sustainable development criteria that will ensure prediction not
only of product quality but also of the environmental impact or price changes depending
on alternative product solutions. This is a challenge, but the proposed method, as well
as the House of Quality itself, can be modified and extended, including by combining it
with other techniques. At the same time, this is its advantage and versatility, not only in
practice but also as an inspiration for other researchers. Also, as part of future research, we
plant to extend of proposed House of Quality, e.g., by including subsequent modifications
of product attributes, by including a transformation of assessments in the Saaty scale to
reduce uncertainty in customers’ assessments, or by implementing the method in software.

5. Conclusions

In a competitive environment, it is reasonable to look for various solutions to improv-
ing products. This mainly concerns shaping the current features of products as part of
customising them to customers’ expectations. However, designing a satisfactory product
ahead of the competition is still a problem. This refers to the prediction of the quality level
of the expected product, which can be designed based on the current customer expectations.
For this purpose, a method was proposed to predict the pro-quality modification of product
attributes considering current customers” expectations. The method was developed by
transforming the House of Quality in the context of considering the values of the attributes
of the current and expected product.

The proposed method was tested by using a domestic vacuum cleaner as an example.
The purpose was to predict the quality of the modification of the attributes of the vacuum
cleaner considering the expectations of current customers. By using a survey and the Likert
scale, the requirements of 166 customers were obtained. In the research, 20 attributes of
the vacuum cleaner were included, for which the customers assessed their satisfaction
with the current and modified values of the features. In addition, customers determined
the importance (weights) of the product attributes. According to the Pareto rule, the
important attributes were selected. The important product attributes were the vacuum in
the suction pipe, working range of the vacuum cleaner connected to the power cord, length
of the power cord, and vacuum cleaner motor power. For these attributes, the current and
favourable modification values were determined. As part of the calculation model, the
quality of the product attributes was estimated. In addition, the importance and influence
of the modification of the current product attribute values were estimated. As a result, the
pro-quality product modifications were predicted. Therefore, a classification (order) of the
changes of the product attributes in the context of achieving the expected level of product
quality was predicted. It has been predicted that in the first order, the working range
(above 19 m) and motor power (above 900 W) should be changed. The change in these
attributes allows for an expected increase in the product quality level. The next anticipated
changes were length of the power cord to above 15 m and then vacuum in the suction
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pipe to above 27,000 Pa. Herein, the manufacturer has the final decision as to which of the
product attribute modifications will be implemented.

The test of the method allowed us to confirm that it is possible to design a new House
of Quality to predict a ranking of the pro-quality modification of the current product
attributes. Also, it is possible to predict which of the product attributes are most important
and how to modify the design of the product to advance its satisfaction. Therefore, the
proposed method can support manufacturers in designing competitive products that in the
future will be satisfactory to customers.
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Abstract: While digital twins (DTs) have recently gained prominence as a viable option for creating
reliable asset representations, many existing frameworks and architectures in the literature involve
the integration of different technologies and paradigms, including the Internet of Things (IoTs),
data modeling, and machine learning (ML). This complexity requires the orchestration of these
different technologies, often resulting in subsystems and composition frameworks that are difficult
to seamlessly align. In this paper, we present a scalable compositional framework designed for
the development of a DT-based production management system (PMS) with advanced production
monitoring capabilities. The conducted approach used to design the compositional framework
utilizes the Factory Design and Improvement (FDI) methodology. Furthermore, the validation of our
proposed framework is illustrated through a case study conducted in a phosphate screening station
within the context of the mining industry.

Keywords: digital twin; production management system; monitoring; industrial internet of things;

framework; machine learning; forecasting; artificial intelligence; mining industry

1. Introduction

In the last few years, the idea of a DT has been evolving as a transformative agent
in different industries. Physical objects, processes, and systems can now be virtually
represented with the help of digital twins (DTs). This virtual model enables live tracking,
exercising, and improving the functionality of system operations [1]. A DT makes use
of past usage analysis, which is an important way to attain complete knowledge about
the functionality of an IoTs device over its lifetime [2]. The application of this technology
provides an immense boost to the operation and maintenance of such systems, especially
in terms of hindering circumstances, namely mining [3]. The mining industry is renowned
for being extremely tough; it needs all equipment to be highly available and reliable
to ensure safety as well as to maximize productivity. The old ways of monitoring and
preventive maintenance may be implemented, but they provide delayed responses that
result in unexpected downtimes and reduced efficiency. But DT technology is now being
introduced, which has virtual models made for real-world monitoring and simulation
purposes. This technology has brought about a new ray of hope in terms of the productivity
and efficiency of maintenance practices, where mining companies can delimit equipment
production and decrease downtime.

In the competitive global market, deploying DT technology is pivotal for enhancing
industrial efficiency. As a key component in the Industry 4.0 roadmap, DTs bridge physical
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and virtual realms, offering dynamic models that accurately reflect real-world entities.
Within the context of the Fourth Industrial Revolution (Industry 4.0) [4], a scalable compo-
sitional DT framework emerges as a systematic solution for connecting the physical and
virtual worlds [5].

This paper is dedicated to the elaboration of a scalable compositional framework, with
a specific emphasis on the adoption of this framework in a real mining plant as a tool for
production management improvement. A systemic approach, the framework incorporates
a series of solutions intended to handle the complexity of modern industrial operations as
well as streamline these operations to achieve smooth productivity and flexibility. Among
others, this framework enables data entities to communicate with each other, thus spreading
knowledge and linking information, creating a more intelligent contextually aware DT.
Framework specifies a modular and integrated environment where users use DTs according
to their needs and develop them.

The main contributions of this paper are as follows:

o  The design of an architecture for a production management system tailored to the
mining operations of the experimental pilot of our research, the experimental open-
pit mine.

e  The development and implementation of a scalable compositional framework for a
DT, facilitating an efficient PMS.

This paper is organized as follows: Section 2 mainly presents the relevant background
and related works on digital twin technology, monitoring systems, and production man-
agement systems. Section 3 contains the research methods and materials, which include
a data modeling process and the FDI-based methods used to conduct the site survey at
the industrial mining site to extract the value chain of the industrial mining site, as well as
the design of the database architecture. Section 4 includes the digital twin infrastructure
modular and scalable compositional monitoring framework. Section 5 presents the experi-
mental data, the results obtained, and their analysis and interpretation. Section 6 concludes
our study by highlighting the potentialities of the presented project and provides possible
research avenues for further efforts.

2. Background and Related Works

Within this section, we intend to provide a comprehensive analysis of the key compo-
nents of Industry 4.0 and automated machine systems that are created with the most recent
technology and techniques, such as DT, monitoring systems, and PMS. These elements are
what maintain the industrial machines” operation today, serving as the most important
constituents in developing more efficient, precise, and adaptable production technologies.
Furthermore, we will be tackling the foundational principles of these components, un-
dressing the practicality of these ideas, and critiquing the recent research, as well as the
practices in the field. By this means of disentangling and connecting these important points
of divergence, a clear and well-researched understanding of the multidimensional and
changing scenario of these issues, their relationships, and the field of science that guides
the operational decisions in modern industry is the aim.

2.1. Digital Twin
2.1.1. Definitions and Associated Attributes

Digital twins (DTs), which originated as an aerospace concept, facilitate virtual ver-
sions of objects or systems. While it was originally used for aircraft analysis, its usage has
spread to multiple areas. NASA uses a widely accepted definition that treats a simula-
tion as a digital tool based on advanced models and real-time data, which can accurately
resemble the original system. In simpler terms, DTs are akin to a pair of twins, who can
either be tangible or digital [2,5]. Crucially, DTs encompass three key elements: a physical
being, a virtual mimicry, and a network of paths for real-time synchronizing. DT can be
presented in several ways, but the simplest explanation is that it provides scalable and
secure connections between relevant data from the physical to the virtual world. Figure 1
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illustrates the differences between a digital model, a digital shadow, and a digital twin,
which are three different integration levels illustrated in the same figure. Generally, they
are all associated with data exchange among physical, digital, and whatever else (model,
shadow, twin) [6].

Data Flow

Digital Treads

Physical Asset

Figure 1. Integration level of digital twin.

The characteristics of DTs include real-time reflection; the physical and digital dimen-
sions coexist, allowing for the synchronous real-time data of the current states to be made
available in one place. A cycle of fusion and divergence between the real and virtual worlds
is enabled based on the continuous integration of current and historical data. A DT has the
potential to be self-updating, i.e., it dynamically updates its data simultaneously, allowing
the virtual part to evolve by comparison with the real part [7].

By depicting the feature essential properties of DT for its incorporation, we have
created a MoSCoW diagram, as represented in Figure 2, laden with their significance
and impact. In the “Must-have” category, we have essential components like “Data
Flow/Updates”, which is the most livewire that keeps the DT algorithm in real-time
modes, thereby giving it its relevance and accuracy. “Real-time Synchronous” operation, in
turn, updates the DT with the immediate data and changing of conditions of the physical
counterpart in a real-time manner [8], ensuring the quick response requirements. “Con-
nectivity” is fundamental giving the possibility of working and exchanging ideas in a
seamless setting with the sundry systems and “Simulatability” is thus used to simulate the
behavior of the physical asset with the desired level of accuracy. The “Active Interaction
Applicability” is a crucial contributor for the “Should Have” category, which enhances
adaptability, “Data Fusion” increases the level of insights, and “Interpretability” helps
with the generation of data which are actionable. In the “Could Have” realm, aspects like
“Self-improvement”, “autonomous” decision-making, and envisioning consequent roles
for “Artificial Intelligence” provide some more capabilities, though they are not mandatory.
Notably, otherwise, there is nothing described in the “Do not have” category, which means
that the DT should accomplish this objective in order to obtain the best result in different
industrial situations.
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Figure 2. MoSCoW Diagram showing the attributes and features of digital twin.

2.1.2. Current State of Digital Twin Research

In the current state of DT research, worldwide efforts thrive, with numerous frame-
works and architectures emerging. In the manufacturing context, the DT serves as a
virtual representation mirroring the real-time operation of the physical manufacturing as-
set, encompassing machines, production lines, the shop floor, products, and workers. This
digital counterpart empowers real-time monitoring and the prediction of future behavior,
performance, and maintenance needs [1,5].

Notably, three primary application scenarios for DT exist: supervisory, involving real-
time status provision for decision-making; interactive, where DT autonomously adjusts
parameters upon disruptions; and predictive, where DT forecasts the asset’s future state
for a corrective action [9].

Within manufacturing, the DT rejuvenates multiple tasks:

e  Equipment health management: DT enhances system and worker reliability, availabil-
ity, and safety through seamless monitoring and informed maintenance decisions [10].
For example, it estimates the remaining useful life (RUL) of equipment components,
enabling intelligent design and timely monitoring for predictive maintenance [11].

e  Production control and optimization: Dynamic manufacturing environments require
continuous monitoring and optimization [12,13]. DTs use real-time data to optimize
throughput by adjusting controllable parameters [14]. They also react in real time to
disturbances on the shop floor [15].

e  Production scheduling: Traditional static production scheduling methods struggle
with process uncertainty. DTs dynamically elaborate or verify schedules during
disruptions. They even communicate with robots for optimal task scheduling.

The DT for manufacturing usually consists of a physical element, a virtual element,
and a real-time information exchange between them, assisted by the IoTs, data collection
and storage tools, big data analytics, and ML [15]. Making the privacy and security of
data a top priority still stays. DT research has experienced rapid progress, especially in
manufacturing, but defining the research areas remains a question because there is no
unified definition [16]. To promote a base of knowledge shared among members and
address implementation problems, further study is still required even though progress
has been made in the realms of equipment health management, production control, opti-
mization [17], and scheduling [18-20]. Nevertheless, there is still a noticeable gap, which is
mostly defined by the lack of hands-on examples of real-live implementation. Although
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the technology is mostly theoretical, it has not been implemented in a clear manner, and its
practical cases are limited [5,16].

These areas of research acknowledge the application of advanced analytics to disrupt
conventional data analysis [21], such as equipment maintenance, simulations for the
greater in-depth examination of processes and factories, and the utilization of emerging
technologies like virtual and augmented reality for data accessibility improvement [22].

Although progress has been achieved, there are still gaps in research, e.g., the lack
of practical implementation cases and suitable solutions for small- and medium-sized
businesses. The adaptability and effectiveness of DT frameworks across different industries
and scenarios also requires further study [23,24]. In the following sections, we examine
the establishment of a DT-oriented integrated monitoring system that can enhance the
effectiveness of a smaller enterprise to be in charge of its operation.

2.2. Monitoring System

In the realm of industry and manufacturing, monitoring systems have emerged as
pivotal drivers of efficiency, safety, and productivity [25]. These systems, founded on the
real-time tracking and analysis of processes, equipment, and operations, provide invaluable
insights for decision-makers. Their multifaceted benefits encompass heightened operational
control, predictive maintenance, quality assurance, and resource optimization, finding
applications across diverse industrial domains [3]. However, challenges persist, including
the integration of disparate data sources, ensuring data security, and scalability concerns.

It is the synergy between monitoring systems and technology of data that makes
the position of research notable, creating a paradigm shift for the industry. The fusion
of Electrical and Computer Engineering (ECE) and Al not only brings better control and
predictive capabilities but also the capacity to simulate and optimize processes in a risk-
free digital environment which is needed to conduct tests on “what if” scenarios [26]. It
amplifies the perks of the monitoring systems and provides a great impact on industry
applications, from observing mechanical processes on the factory floors to monitoring big
industrial activities [24].

Nevertheless, the translation of the already-developed integrated systems from theory
to practice appears to be a problem. Despite significant development, there is a lack of
practical real-time prototypes existing currently that combine the specific systems and
prove their applicability in different industries [24,25]. This offers a challenging demand for
the development of practical, flexible, and cost-effective solutions that can effectively work
in different industrial situations to be considered in future research [27]. In addition, we
should take into account the security problem of the data, complexity of integration, and
scalability problem [28] in order to provide the smooth implementation of the integrated
monitoring systems empowered by DT technology [22,29].

2.3. Production Management System

PMSs have become recognized as a much more significant element in the industry
and manufacturing sector of today. They carry out an essential function in performing
the somewhat complicated tasks of production [4]. These elements are the main things to
rely on for planning, scheduling, and sending out production signals. They ensure that
resources are used effectively and nothing less than maximum productivity [27]. What is
their behavioral formula is the data-driven approach, automation, and an analysis of the
results. They support improvements in production that become more effective, speedy, and
successful in today’s turbulent markets. The main advantages of these systems are natural
resource efficiency, cost savings, product excellence, and timely deliveries. Therefore, they
are critical for modern manufacturing [7].

Nevertheless, the inclusion of such systems in the current networked world also
poses serious challenges in regard to system integration, cybersecurity, and adaptation to
different production zones [29]. A vital research viewpoint is the successive gaps between
theoretical development and the actual realization of the scaled ‘Pseudo-mobile work
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lifestyle’ [30]. Nevertheless, significant advances have been made, yet the scarcity of
complete real-life simulated cases of perfect integration of those transition tools, on the
industrial level, remains.

The research gap reveals a very strong need: the development of solutions that are
practical, flexible, and affordable and can be adjusted to comply with the specified require-
ments of any industry. In the quest to bridge this gap and fully harvest the capabilities of
PMSs in manufacturing, there is a new and astonishing way to achieve this through the
application of the DT concept.

DT framework implementation into PMSs is a turning point in which they can meet up.
The integration of PMS dynamic capabilities and the real-time tracking, data integration,
and analytics of DTs render a new horizon. DTs, which are known for their features such as
real-time reflection, interaction, convergence, and self-evolution, can equip the PMSs with
exceptional levels of accuracy and adaptability of operation [31].

Imagine a manufacturing environment where the DT of a production asset, be it a
machine, production line, or even an entire factory, mirrors its real-world counterpart. This
digital replica operates in tandem, offering real-time insights and predictions regarding the
physical asset’s behavior, state, performance, and maintenance needs [31,32]. It enables
not only enhanced operational control but also predictive maintenance strategies, quality
assurance, and optimization in a risk-free digital environment ideal for testing “what
if” scenarios.

DTs could be the key to revolutionize PMS production control and optimization.
The dynamic rapid changes and uncertainties in manufacturing environments require
continuous monitoring. Since DTs are available, the PMS receives an inclusive perspective
of the manufacturing asset in real-time when utilizing data [33]. This facilitates rapid and
accurate corrections for overall throughput maximization [22].

Moreover, production scheduling, which has always had a hard time coping with the
dynamic nature of production as a whole, might finally receive a boost from DTs. In reality,
when disturbances happen on the shop floor, DTs responsible for the dynamic modeling
and verification of schedules can do so efficiently and ensure resource allocation as well as
prevent cascading effects due to unexpected events.

Meanwhile, it is undeniable that we also have several challenges to overcome. Data
integration complications and the security and reliability of the integrated systems are the
major challenges faced in the infusion of integrated systems into the healthcare industry [34].
To effectively make full use of the benefits of PMSs which have been delimited by DTs,
more study and innovations are required [7]. This includes creating scalable, affordable,
and flexible technical solutions that can take into consideration these challenges and also
provide solutions based on the individual needs of industries [35]. This pillar of innovation
challenges is calling us as we move to a future where the interfacing of PMSs and DTs
transforms the manufacturing processes to unprecedented levels of efficiency, adaptability,
and improvement [36].

3. Materials and Methods

The following section forms the cornerstone of our efforts to enhance mining op-
erations. Here, we describe the following research methodology, as well as discuss the
subsequent methods involved in developing the proposed digital twin-based production
management system designed for the real-time monitoring and optimization of key perfor-
mance indicators (KPIs). Data modeling is our starting point, and we use the modeling and
improvement principles of a factory. Beginning with a comprehensive survey of the mine
value chain, data points are collected, and a system architecture database is explored. To
complete the picture, we introduce you to the ARIMA (Autoregressive Integrated Moving
Average)-based production forecasting model, which is the key component in the con-
text of our novel approach. The combination of these methods and materials forms the
basis for an improved system adapted to increase the efficiency and accuracy of mining
decision-making.
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3.1. Research Methodology

The research methodology used in this study aims to develop a monitoring system
based on a digital twin architecture for production management. This methodology—
Figure 3—comprises eight sequential steps, each of which contribute to a comprehensive
understanding and refinement of the proposed system. First, an exploratory literature
review of the mapping type is carried out to gather evidence and identify existing knowl-
edge gaps. This mapping review aims to provide a comprehensive overview or ‘map’ of
the existing literature on a particular topic. This conducted literature review summarizes
key characteristics, trends, and themes across a broad range of the literature. It helps to
understand the scope of research on a topic and serves as a basis for further investigation
or synthesis. Focus groups are then formed with heterogeneous stakeholders from various
levels of the open-pit mine workforce, including managers, engineers, and technicians
representing diverse disciplines within the craft body responsible for handling the mining
operations. These focus groups are convened to discuss and evaluate the findings from the
literature review. The adoption of a systems design approach based on the Factory Design
and Improvement (FDI) technique is then validated. A survey of the mine value chain is
then initiated to gather essential data for further analysis. Based on this baseline data, a
system data model is constructed to provide a structured representation of the production
environment. The subsequent development of a digital twin-based system framework
integrates advanced technologies to enhance production monitoring capabilities. Following
this framework’s development, the case study of the proposed system is defined, with the
screening station identified as an experimental pilot for evaluation purposes. Finally, the
experiments and system integration are carried out by validating the proposed system with
a real-time data flow and integrating it with the SCADA system data.

Defining Case
Study

Developing
the DT- Based
Designing the System
Data Model Framework

Launching System
Mine Value
Adopting Chain Survey

System
Conducting Design
Focus Groups Approach

Figure 3. Followed research methodology.

3.2. Data Model
3.2.1. Factory Design and Improvement-Based Data Model

To achieve the aim of flexible integration and interoperability of our designed system,
it is relevant to develop a data model assisting the connecting heterogeneity of the DT’s
components and the bidirectional data flows to ensure that there is a link with the physical
part of the whole cyber—physical system (CPS). In this paper, our data model relies on the
FDI Activity Model. Developed by the National Institute of Standards and Technology
(NIST), the FDI serves as a foundation framework for our study, as unveiled in the presented
diagram in Figure 4. The FDI formalizes essential [30] activities, functions of enterprise
software, and crucial information for operational design and management tasks in the
context of smart manufacturing systems [37]. It aligns with the standard work processes
commonly observed in global manufacturing enterprises, encompassing aspects such as
factory operations, manufacturing lines, processes, and equipment operations [30].
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Figure 4. Factory Design and Improvement (FDI) reference activity model.

At its heart, the ICOM (input, control, output, mechanism) parameters, foundational
to the smart manufacturing system (SMS), dictate its operational dynamics. Each compo-
nent of the ICOM paradigm plays a distinct yet interlinked role in making decisions and
performing actions regarding information [34].

3.2.2. Mine Value Chain Parameters Survey

By leveraging the FDI model, we gain a comprehensive overview of the operational
processes within the open-pit mine’s value chain [26], encompassing factory operations,
manufacturing lines, processes, and equipment. This model empowers us to analyze
performance measures, organizational structures, tools, systems, and associated data
comprehensively. The FDI model divides the design process into four distinct phases,
including development and design requirements, basic design tasks, detailed design tasks,
and testing [30,34]. This structured breakdown of design activities has been demonstrated
to expedite factory development projects significantly. By following this approach, we
conduct a systematic inventory and mapping process to comprehensively document and
analyze the facets within the mine value chain according to the ICOM (input, control,
output, mechanism) parameters [30] listed in Table 1.
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Table 1. FDI-based mine value chain parameters survey.

ICOM Factors Description
Tnout Information Product Information, Market Information, Resource Information,
p Production Schedule, Labor Information, Equipment Information,
.. Cycle Time, Lead Time, Production Output, Work-In-Process (WIP),
Output Key performance indicators (KPIs) Return-On-Capital-Employed (ROCE),
Work process Product Lifecycle Management (PLM),
Methodology Operational Excellence (OpEx), PDCA
Control
People Process Operators, Process Designer, Process Engineers, Process Managers
Technology Statistical method, stochastic method, simulation, co-simulation
Mechanism Tools/system functions PLM, Computer-Integrated Manufacturing (CIM) pyramid, SCADA, OEE

Though the focus of the production value chain survey includes three main stations,
namely destoning, screening, and train loading, respectively, the input, control, output,
and mechanism parameters within the FDI methodology offer a systematic approach to
organizing and managing the operating processes logically. In the input stage, informa-
tion is the paramount element, addressing the critical elements. This refers to Product
Information giving out specifications of the products being manufactured, Market Infor-
mation presenting insights into the target market for demand, competition, and trends,
Resource Information furnishing the demand for tangible and intangible resources, Produc-
tion Schedule detailing the sequencing and timing of tasks, Labor Information providing
workforce details, and Equipment Information indicating the machinery and tools utilized
in manufacturing. The output factor, key performance indicators (KPIs), serves as a guide
for systems performance metrics such as Cycle Time, Lead Time, Production Output, Work
in Process (WIP), and Return on Capital Employed (ROCE). Control mechanisms determine
factors like Work Process, which focuses on Product Lifecycle Management (PLM) for sys-
tematic product supervision, methodology that highlights Operational Excellence (OpEx),
PDCA, which stands for constant improvement, People, involving key personnel roles,
and Technology, which emphasizes statistical methods, simulations, and co-simulations for
precision. The Mechanism factor involves Equipment and System functionalities such as
PLM, CIM, SCADA systems, and ERP, which drive process effectiveness and efficiency [38].
In general, the ICOM structure enables companies to have a roadmap in comprehending,
evaluating, and refining complex operational processes that then emphasize the impor-
tance of accurate data inputs, performance metrics, control mechanisms, and the use of the
latest technological tools in ensuring that operations efficiency and output optimization
are achieved.

3.2.3. FDI Data Model Enabling Production Management System

The elucidated data model shown in Figure 5, is vividly evident in the intricate de-
tailing of the overall mine’s value chain. Central to this model is the ‘Factory.Description’
element, anchoring the entire design by synchronizing the attributes and functionalities of
the factory with the 3PR (Product, Process, Plant, Resources) approach, a holistic paradigm
focusing on Product, Process, Plant, and Resources. The ‘Product’” domain, with its at-
tributes like weight, destination, quality, and profile, underscores the end goals and the
quality benchmarks set by the production system. ‘Resources’, a pivotal segment, elucidates
the tangible and intangible assets, accentuating the operational efficiencies, equipment
reliability, and the strategic deployment of labor. The ‘Process” section, intertwined with
operations such as destoning, screening, and train loading, exemplifies the step-by-step
manufacturing mechanics, ensuring that no detail is overlooked. On the other hand, the
‘Plant’ category offers a panoramic view of the facility’s infrastructure, capturing aspects
from layout designs to safety standards. With the inclusion of the 3PR approach, the
model transcends traditional factory designs, harmonizing product quality, efficient re-
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source allocation, streamlined processes, and optimal plant utilization. In essence, this data
model, inspired by NIST’s FDI methodology and enriched by the 3PR approach, presents a
visionary overview for a future-ready, operational holistic customized database of our PMS.
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Figure 5. FDI-based data model enabling production management system.

3.3. Autoregressive Integrated Moving Average Model
3.3.1. Theoretical Background

The Autoregressive Integrated Moving Average (ARIMA) model stands as a robust

statistical tool for the analysis and forecasting of time series data [39]. This model adeptly
addresses various structures inherent in time series data, offering a straightforward yet
powerful approach for making accurate forecasts [40].
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AR (Autoregression): Emphasizing the dependent relationship between an observa-
tion and its lagged counterparts.

The Autoregressive (AR) model, which is among the earliest models employed in time
series analysis, is a linear model. This model utilizes a combination of past values within a
time window, to which an error is added, as illustrated by Equation (1):

X(t) = lgaix(t —1)+e(f) 1)

i=0

where X(t) is the value of the series at time t, p is the order of the model, a; denotes the
autoregressive parameters, and e(t) represents white noise, denoting the autoregressive
model of order p as AR(p).

I (Integrated): Introducing differencing to achieve a stationary time series, mitigating
trends and seasonality.

MA (Moving Average): Focusing on the relationship between an observation and the
residual error from a moving average model based on lagged observations.

The moving average model, also known as ‘Moving Average (MA)’, is another linear
model used for time series forecasting. Unlike the autoregressive model, it is based on
the white noise of the series. This model is defined by Equation (2) and is referred to as a
moving average of order q, denoted as MA(q):

i=p )
X(t) =Y apet "+ )
i=0

where 4; represents the moving average parameters, and e" denotes the white noise of
the series.

Each component is explicitly defined in the ARIMA model, denoted as ARIMA (p, d,
q), where the parameters take integer values to specify the model type. The parameters are
elucidated as follows:

p (Lag Order): Signifying the number of lag observations incorporated in the model.

d (Degree of Differencing): Representing the number of times raw observations
undergo differencing to achieve stationarity.

q (Order of Moving Average): Indicating the size of the moving average window
used in the model.

The ARIMA model is a combination of the two preceding linear models: AR and MA.
It also includes an integration term (I) to account for the non-stationarity of time series.
The equation for an ARIMA model is represented (3):

p q
AXp =Y ;X i+ ) Beri+e 3)
i—1 i—1

In constructing the linear regression model, the specified terms are integrated, and the
data undergo differencing to attain stationarity, eliminating trends and seasonal structures
that may negatively impact the model. It is noteworthy that any of these parameters can be
set to 0, allowing the ARIMA model to emulate simpler models like ARMA, AR, I, or MA.

The adoption of an ARIMA model for time series analysis assumes that the under-
lying process generating the observations follows an ARIMA process. This assumption
underscores the importance of validating the model’s assumptions against both the raw
observations and the residual errors of the forecasts [40,41].

To implement the ARIMA model in Python, the next step involves loading a simple
univariate time series, initiating the practical application of the theoretical foundations
discussed above.

The next diagram of Figure 6 illustrates the implementation workflow [42].
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Figure 6. ARIMA model training flow.

3.3.2. Model Performance Metrics

We use different performance metrics to check how well our ML model performs on
new, unseen data by comparing their predictions to the actual outcomes in a test dataset.
We evaluate the suggested models using three key metrics [43]: mean absolute error (MAE),
root mean squared error (RMSE), and mean absolute percentage error (MAPE). The specific
formulas for these metrics are given by Equations (4)—(6).

e  Mean Absolute Error

The mean absolute error (MAE) is a measure utilized to evaluate the discrepancies
between paired observations that pertain to the same event. The computation of MAE
involves the multiplication of the subsequent formula as depicted in Equation (4):

1 n
MAE = =3 [y —/| 4)
i=1

The mean absolute error is calculated on the same scale as the data. However, since
this accuracy metric is dependent on the scale, it is not suitable for comparing series with
different scales. In the realm of time series analysis, the mean absolute error is commonly
employed to gauge the forecast error.

e  Root Mean Squared Error

The root mean square error (RMSE) is a common way to measure how much the
predicted values from a model differ from the actual observed values. It is important to
note that RMSE depends on the scale of the data, making it more suitable for evaluating
forecasting errors within a specific dataset rather than comparing different datasets.

The equation for the RMSE is represented (5):

1 n
RMSE = | — —y')? 5
L=y 5)

i=1

e  Mean Absolute Percentage Error
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The mean absolute percentage error (MAPE) is a metric used to assess the accuracy
of a forecasting model by measuring the percentage difference between predicted and
observed values, providing a relative measure of prediction accuracy.

The equation for the MAPE is represented (6):

n Y
MAPE = © y | =L

x 100 ®)
i3

4. Scalable Compositional Digital Twin-Based Production Management System for
Real-Time Monitoring and KPI Optimization in Mining Operations

The proposed Scalable DT-based PMS for real-time monitoring and KPI optimization
in mining operations (Figure 7) introduces a groundbreaking approach to enhancing the
efficiency and effectiveness of mining operations [44]. By seamlessly integrating edge
computing, cloud computing, and artificial intelligence, the framework effectively gathers,
analyzes, and visualizes data from various sources to create a comprehensive digital
representation of the mining process. This virtual mirror, known as the DT, serves as a
powerful tool for real-time monitoring, predictive production, and optimization of key
performance indicators (KPIs).

The system efficiently manages the high volume of data generated by mining equip-
ment through edge computing. The programmable logic controllers Schneider Modicon
340 and local control panels also known as human machine interface Schneider Magelis are
commonly positioned at the mining site to collect raw data from sensors, data loggers, and
smart meters. These data are then transmitted to the multi-controller server OPC Factory
Server (OFS) via Modbus TCP protocol between dispersed edge control devices (data logger,
smart meters, relays, etc.).

Once collected, the data are logged onto the multi-controller Server Data Object File
System (OFS). The SCADA system then utilizes these data for monitoring and SCADA
functionalities, e.g., real-time visualization and monitoring [44]. Subsequently, the data are
stored in the backbone of our system, the PostgreSQL-pgAdmin database, which serves as
a centralized repository for both historical and current data. This centralized repository
facilitates efficient data retrieval and analysis for various purposes.

To prepare the data for further analysis, the framework lies on the bloc named Data
Preprocessing, which performs multiple Python libraries, such as Numpy, Pandas, Seaborn,
and Matplot. This involves cleaning and formatting the data, removing outliers, missing
values and inconsistencies, and ensuring data compatibility with the DT and predictive
models. Furthermore, the preprocessed data come to the prediction stage, within the
milestone component that revolves around leveraging advanced ML functionalities, par-
ticularly those embedded in the Auto Regression Integrated Moving Average (ARIMA)
algorithm, where this block delves into the intricate mechanisms of the ML model that relies
on ARIMA, utilizing historical data collected from diverse mining fields. This integration
embodies a forward-looking approach that aligns with the industry’s drive toward efficient
production prediction. The advantages of the ARIMA model are presented in Section 3.3.
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5. Experiment and Results
5.1. Data Description

The dataset under consideration originates from real-time measurements collected at
the phosphate screening station over the course of 20 months, starting from 1 January 2021
to 31 August 2022. Specifically, the data pertain to the tonnage of phosphate that has been
screened and is in a wet state upon exiting the screening station. The information is sourced
directly from the mining site, with measurements taken daily and in real-time.

The flow of the operational process of the screen station is inextricably connected to the
data collection process. A built-in weighing scale, consisting of the conveyor belt system,
registers the tonnage of the phosphate that goes through the screen. These measurements
are taken in intervals to specifically correspond with the end of each working shift. This
total will provide an overall daily metric that is produced by the summation of the tonnage
from all three shifts.

Figure 8 shows that the dataset includes the daily tonnage of wet phosphate as it
is screened and monitored over 20 months. The temporal format of the dataset corre-
sponds with the changes and operations cycles, providing a useful tool for analyzing and
forecasting the trends of phosphorite production.

Time Series Plot of THC Values
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Figure 8. Screened tonnage of phosphates time series.

5.2. ARIMA Model Training
5.2.1. Time Series Stationarity

During this stage, a thorough analysis of the time series behavior is conducted to
extract essential information for the model’s creation. According to the model training
workflow depicted in Figure 6, the process initiates with visualizing the series, followed by
an examination of its stationarity and the identification of the parameters [41].

After that, we visualized the time series plot (Figure 8), where we employed the
augmented Dickey—Fuller (ADF) test. The result in Table 2 reveals an ADF metric that
dictates the stationarity of the series with an important low p-value of 0; all the other ADF
metrics are shown in Table 2.
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1.00

Table 2. Augmented Dickey-Fuller (ADF) test metrics.

ADF-Statistic —19.273189906
p-value 0.0
1% 5% 10%

Critical values
—3.4415777 —2.8664932 —2.569407

5.2.2. ARIMA Parameters’ Identification

In the subsequent phase, our attention turns to the crucial task of identifying the
parameters p, d, and q for the ARIMA model. To achieve this, our initial step involves
plotting the Autocorrelation Function (ACF) and Partial Autocorrelation Function (PACF).
As depicted in Figure 9, a visual analysis of these plots guides us in estimating the values
for p and q. Specifically, the ACF aids in estimating the Moving Average (q) part, while the
PACEF assists in estimating the Autoregressive (p) part.
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Figure 9. Plots of Autocorrelation Function and Partial Autocorrelation Function: (a) Autocorrelation
Function; (b) Partial Autocorrelation Function.

Upon careful examination of Figure 9, a potential ARIMA candidate emerges as (1,0,1).
This determination is rooted in the PACF plot, where the upper confidence interval is
crossed at the first lag (p = 1), and the ACF plot similarly exhibits a crossing at the first lag
(q = 1). With our time series confirmed as stationary (d = 0), this configuration presents
itself as promising. In light of the stationarity, we initially set d = 0. Subsequent exploration
involves testing alternative integer values in proximity to zero, encompassing 1 and 2, to
identify the optimal differencing parameter.

Following this, we find that the ARIMA model (1,2,1) provides the most suitable
results through the comparison of different combinations, (1,0,1), (1,1,1), and (1,2,1), which
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have the lowest errors. This procedure once more emphasizes the role of parametric
studies, which in turn stresses the importance of choosing the right model in improving
the model’s performance.

While the visual analysis carries some subjectivity and more than one ARIMA para-
metric combination may be plausible, further diagnostic tools are used to improve our
choice of the forecast model. That is when the Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC) become important instruments to use. These cri-
teria help in the quantitative assessment of various parameter settings, and this aids in
optimization.

e  Akaike Information Criterion (AIC)

The AIC assesses both the appropriateness of a model to the data and its overall
complexity. Typically, the selected model is the one with the lowest AIC value, indicating a
balance between model fit and complexity.

AIC = —logL + 2k @)

where L is the likelihood function, and k is the number of model parameters.

e Bayesian Information Criterion (BIC) (8)

BIC = —log L + KInT 8)

where L is the likelihood function, k is the number of parameters, and T is the number of
observations. The AIC and BIC scores, as defined above, are minimized. The model and
parameters p, d, and q chosen are those that minimize these criteria.

In order to calculate the AIC and BIC metrics, we follow the algorithm that is presented
below—Algorithm 1. We first set the range of possible values for p, d, and g, these being
integers, as the starting point. The subsequent algorithm applies an iterative search over
all possible combinations contained within the predefined range. For each running of the
algorithm, the AIC and BIC criterion values are calculated, and the one with the lowest
score is selected. This detailed strategy ensures the quality of the parameter combinations
optimization and fitting, and finally the identification of the ideal combination that satisfies
both the AIC and BIC criteria.

Algorithm 1: AIC and BIC Calculation Algorithm

1 — Load the dataset
2 — Define a range for p, d and q values
p =range (0, 3)
d =range (0, 3)
q =range (0, 3)
3 — Initialize minimum AIC and minimum BIC as infinity
4 — Initialize best parameters as (0, 0, 0)
5 — for every combination of p, d, and q values Do:
Fit the ARIMA model with the current combination
Calculate AIC for the model
Calculate BIC for the model
if current AIC value is lower then
Update the minimum AIC for best parameters.
end if
if current BIC value is lower then
Update the minimum BIC for best parameters.
end if
end for
6 — Print the best parameters identified based on both AIC and BIC
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The computation performed with the Python code that encloses the supplied
Algorithm 1 returns the optimal parameters based on the Akaike Information Criterion
(AIC) are (1,2,2), with a criterion value of 11,436.483. Further, for BIC (Bayesian Infor-
mation Criterion), the optimal parameters are (1,1,1), with the associated criterion value
being 11,451.199.

During the choosing of our parameters, we put our visual assortment, derived from
visual analysis, to severe checkup. This entails evaluating both theoretically proposed com-
binations as well as the ones found through visual observation. The integrated approach
combines both theoretical and empirical aspects to generate a robust and comprehensive
model development protocol.

The Table 3 presents an overall comparison of a plethora of options that our ARIMA
model has to offer. The framework of our comparative analysis presents both empirical and
theoretical considerations. Specifically, the table encompasses three distinct approaches: the
first is the visual analysis, the second is via AIC, and the third is the BIC. The comparison
is organized based on four critical criteria: mean absolute error (MAE), mean absolute
percentage error (MAPE), root mean squared error (RMSE), and criterion value that comes
from the combination of them. On the other hand, the table also indicates that the smallest
MAPE, 0.35, is for the first combination, (1,2,1). It must be pointed out that the values of
MAE and RMSE are virtually the same for the first and the third combination, suggesting
that an ideal lower value is achieved. Thus, we select configuring our model with the
parameter swap combinations (1,2,1) which appear to be the best as they result in the most
effective ML-based model.

Table 3. Comparative analysis of (p, d, q) optimal combinations.

Analysis Based on Visual Akaike Information Bayesian Information
Observations Criterion (AIC) Criterion (BIC)
(p.d g 1,2,1) 1,2,2) (1,1,1)
Related criterion value - 11,436.483 11,451.199
Mean absolute error (MAE) 3553.32 3628.66 3547.81
Mean absolute percentage error (MAPE) 0.35 0.59 0.60
Root mean squared error (RMSE) 4386.69 4386.69 4383.29

5.2.3. Dataset Splitting

To build our predictive model, we need to split our dataset into two main parts:
the training set, which is 80% of the dataset and is used for teaching the model, and the
test set, which is 20% of the dataset and is held back to evaluate the model. To create a
high-performance model, we specify six different splits from our dataset. This will ensure
complete training and foolproof testing of the model, thus giving a good insight into how
it works in different scenarios. These six splits -shown in Table 4- constitute what we know
as a time series cross-validator, which is a model that increases effectiveness by combining
different training and test datasets into consideration. This reveals that the analysis of the
model will be comprehensive and insightful.

Table 4. Dataset splits forming the training and testing sets.

Time Series Cross-Validator Combination

Percentage of Dataset

in Use per Each Split Iteration (Split #) Training Set Testing Set
(# of Used Raw) (# of Used Raw)

29.18% 1st 88 83
43.34% 2nd 171 83
57.51% 3rd 254 83
71.67% 4th 337 83
85.84% 5th 420 83

100% 6th 503 83
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5.3. Model Evaluation
5.3.1. Performance Metrics for ARIMA Model Predictions

To examine the efficiency of the ARIMA model, we utilize a set of performance metrics
for a comparison of how good or relevant our predictions are. Through this method of
evaluating the model, the predictions from the model are compared to the actual results
from the test dataset, thus providing a comparative analysis that is used in determining
real-world performance. These three basic metrics are the ones that matter the most—MAE,
RMSE, and MAPE.

As depicted in Table 3, our ARIMA model’s performance is summarized with key
metrics: MAE (3553.32), MAPE (0.35), and RMSE (4386.69). These results remain promising
and intriguing when compared to the statistical metrics of our dataset, specifically the
maximum, minimum, mean, and standard deviation values (Table 5).

Table 5. Dataset statistical values.

Maximum Value Minimum Value Mean Value Standard Deviation Value
22,092 220 11,178.58362 4314.32453

For a clearer understanding of the model’s performance, we provide a graphical
representation (Figure 10) that compares the predicted values from the ARIMA model with
the actual values in the test dataset. This visual depiction not only evaluates accuracy but

also offers insights into the model’s ability to capture trends and patterns in the time series.

ARIMA Model Predictions
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Figure 10. Original and predicted times series of screened wet phosphate.

5.3.2. Inference and Model Validation with External Time Series

As we go into the stage of monitoring how our ARIMA model works and if it can be
processed better, we reach the point of introducing a time series that comes from an external
source and that is not limited to the time parameter of our original dataset. The following
critical procedure involves using a dataset with a three-month time series, from 1 January to
31 March 2023. Also, the other data anchor emerges from the same screening station as the
initial wet phosphate samples. We will test the model, therefore, by carrying out inference
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passing, a rigorous evaluation of its accuracy in a separate time frame. This attempt seeks to
make an overall evaluation, identifying its potential to adjust to the changing environments
and the ability to predict under temporal conditions.

Based on Figure 11, it can be seen that our ARIMA model very well encompasses
the temporal patterns and well captures the trends within the time series data for the
verification part. The alignment of model performance and reliability herein points to
the efficiency and trustworthiness of our built ARIMA-based model. Additionally, our
building ARIMA model has a satisfactory performance in the evaluation metrics, with
MAE, RMSE, and MAPE values of 4185.95, 5092.9, and 0,25. These parameters overall
provide evidence of the model’s performance in terms of precision and closeness of the
forecasts to the observed values.

ARIMA Model Predictions
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Figure 11. ARIMA model-based validation within external time series data.

5.4. Proposed Production Management System-Based Digital Twin Implementation
5.4.1. Implementation Setup

We begin our dedicated deployment procedure by gathering time series data from
our primary database. Through a real-time link, the SCADA monitoring system updates
these data on a minute basis. By filling in the missing values and combining the daily
volume of screened phosphates from three work shifts, we systematically preprocess these
data. Secondly, we use an ML-based model to perform the prediction. An important
cornerstone of our system is Flask [45], a flexible web framework which is a very important
element in supporting the hosting of our PMS application. Acting as a bridge, Flask pro-
vides advanced functionalities for processing HTTP (hypertext transfer protocol) requests,
routes, and views. It enables users to access our application through a web browser with
ease [46]. Moreover, Flask interfaces effortlessly with our graphical interfaces, which are
based on Streamlit. This comprehensive deployment ensures visualization and interactivity
within our DT application. Thereafter, we link the developed interfaces of our PMS into
the SCADA supervision main views displayed in the control room associated with the
screening station, as illustrated in Figure 12. This combined configuration will develop a
next-generation monitoring system that enables SCADA functionalities, such as ensuring
the availability and continuous supervision of performance and quality, known as Overall
Equipment Effectiveness (OEE). Additionally, it provides an outlook of the expected pro-
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duction, including the tonnage of screened phosphate output from our screening station.
Furthermore, it empowers operators to reconcile estimated/expected production with
realized performance.
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Figure 12. Integration of production management system (PMS) in the control room combined with
SCADA monitoring of screening station.

5.4.2. Production Management System Digital Dashboard

Our PMS has an integrated digital dashboard, which is the most crucial element
contacting the system framework-based DT. Its main emphasis lies in the control of the
monitoring activities of the screening station. The digital dashboard contains a suite
of functionality such as real-time monitoring [47,48], Overall Equipment Effectiveness
(OEE) [49], and graphical analytics that depict the historical trends and patterns of the
screening station. The entire package of these features allows for a complete picture of the
station functioning, as well as more effective decision-making. Moreover, a forecasting
function, for the screening of wet phosphate production, is incorporated to increase its
capabilities. The new system will be based on an ML model that uses its history data from
the station [50]. The forecasting function gives a chance to view the estimated output and
device operation effectiveness and hence enable our production management [47,48,51].

Figure 13 shows various operational aspects of the proposed system. Figure 13a
presents the homepage, revealing the useful aspects of production in real-time. The visual
elements include the graphics representing the tonnage of the product and the phosphates
produced from each hopper of the screening station. Secondly, the pie chart section exhibits
the uptime hours and downtime hours as a dedicated segment, presenting a comprehensive
categorization of the anomalies (mechanical issues, electrical issues). This figure allows
one to have a complete illustration of the screening station’s performance level. As seen
in Figure 13b, the milestone in our prototype PMS comes with a forecasting function that
offers us a real-time monitoring capability. This is a function that reconciles the values in
production. This is achieved by comparing the estimated and realized values. In essence,
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it enables the supervision of operators in the decision-making process by means of a gap
and difference measurement. The integrity of this function is vital for the performance
of operators to monitor and react accordingly to the various production scenarios, thus
allowing for more informed and strategic solutions.

ity
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Figure 13. Production management system application digital dashboard: (a) graphical user
interface—dashboard homepage; (b) graphical user interface—production forecasting page.
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6. Conclusions and Outlook

DT technology is emerging as an invaluable tool used for gaining a comprehensive
understanding of and proactively anticipating potential scenarios that physical assets may
encounter. Despite numerous platforms outlined in the literature for DT development, the
emphasis has primarily been on specific vertical contexts, such as multi-layered structures
and architectures [52,53]. A significant evolution is imperative to achieve efficient and
compositional DTs. Addressing the current needs in this domain, there is a demand for
preferably open scalable platforms for the development and composition of DTs. This
paper contributes to the existing literature by introducing a compositional DT framework
designed to replicate the actual tonnage produced by the phosphate screening station.
This framework enhances real-time monitoring capabilities through a systematic PMS,
facilitating the forecasting of production. The proposed system provides some valuable
information and suggestions for the operators; thus, the operators can operate the system
smoothly and manage the production at screening stations well. The DT provides a digital
dashboard designed to enable operators to have a complete status of machines, production
time, Overall Equipment Effectiveness (OEE), and order scheduling. We propose an
integrable framework for composing DT suits for different situations. DT is self-contained
and works with Al-based models, particularly through ARIMA in ML. Streamlit makes
this possible for DT through analytics and trends tracking. It is interactive and visualizes
the IoTs monitoring data in a real-time manner, which are simple and complex. Besides
this, the forecasting tool offers information that supports decision-making and helps in the
process of reconciling actual and forecasted values of the stations.

To show the platform’s usefulness, we designed a case for the production line pro-
cess in the mining industry. This stage is aimed at screening phosphate and monitor-
ing/predicting its tonnage at the station’s output. DT shows the status of the station to the
end user in a direct way by using the SCADA composite in the framework. Further, they
are offered manufacturing KPIs which are easy to view on the related digital dashboard
interface of our DT.

In our future growth plans for our proposed composition framework, we aim to
expand its scope to include the entire mine value chain, including destoning and train
loading stations, within the production management system (PMS). This expansion will
enable a comprehensive approach to mine operations” management. We are also com-
mitted to enhancing the capabilities of the ML-based framework by increasing the role
of ML algorithms in the integration processes. This evolution will go beyond predictive
maintenance and shift scheduling optimization, enriching the functionality of the system.
Our overall goal is to establish a robust and fully functional PMS that comprehensively
addresses all essential parameters related to production efficiency. By achieving this goal,
we aim to create a robust structure that optimizes operations throughout the mine value
chain. To ensure a clear and comprehensive understanding of our objectives, strategies, and
expected benefits, we recognize the need to improve the description of the content. We are
committed to refining our documentation to provide stakeholders with a more transparent
insight into the intended outcomes and benefits of implementing these new capabilities.
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Abstract: Throughout much of the 20th century, Sn—Pb solder dominated electronics. However,
environmental and health concerns have driven the adoption of lead-free alternatives. Since 2006,
legislation such as the European Union’s RoHS Directive has mandated lead-free solder in most
electronic devices, prompting extensive research into high-performance substitutes. Lead-free solders
offer advantages such as reduced environmental impact and improved reliability but replacing
Sn-Pb presents challenges in areas like melting point and wetting ability. This transition is pri-
marily motivated by a focus on protecting environmental and human health, while ensuring equal
or even improved reliability. Research has explored lead-free solder’s mechanical properties, mi-
crostructure, wettability, and reliability. However, there is a notable lack of studies on its long-term
performance and lifetime influence. To address this gap, mathematical models are used to predict
intermetallic bond evolution from process conditions, validated with experimental tests. This study
contributes by extending these models to predict bond evolution under typical operating conditions
of devices and comparing the predictions with actual intermetallic thickness values found through
metallographic sections.

Keywords: electronic board; load-free solder; estimated lifetime; experimental study

1. Introduction

For much of the 20th century, Sn—Pb solder was the industry standard for electron-
ics. However, growing concerns about lead’s toxicity has led to a major swift towards
lead-free alternatives in recent decades [1-3]. Since 2006, European legislation like the
Restriction of Hazardous Substances Directive (RoHS) has banned lead in most electrical
and electronic devices. This shift away from traditional Sn—Pb solder reflects a critical
prioritization of public health and environmental protection. While Sn—Pb offered some
performance benefits, its drawbacks ultimately made its continued use unacceptable. Lead
exposure poses serious health risks, including neurological damage and reproductive
problems [4]. Additionally, lead pollution harms ecosystems through air and water contam-
ination. Concerns about lead’s health and environmental impacts led to legislation like the
European Union’s Restriction of Hazardous Substances Directive (RoHS). Since 2006, this
law has effectively banned lead-based solder (Sn—Pb) in most electronics. When Directive
2011/65/EU (RoHS 2) replaced Directive 2002/95/EC (RoHS 1), existing exemptions were
transferred to Annex III of RoHS 2. The maximum validity for exemptions increased from
four to five years for most categories of electrical and electronic equipment (EEE), except
for categories 8 and 9, which have a seven-year validity. According to Article 5(2), exemp-
tions listed in Annex III as of 21 July 2011 follow this maximum validity unless specified
otherwise. Consequently, over 30 exemptions would have expired on 21 July 2016 if they
were not extended by the industry. The European Commission contracted the Oeko-Institut
and Fraunhofer IZM to review these exemption applications from June 2015 to July 2016 [5].
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This triggered a surge in the research and development of high-performance, lead-free
alternatives. Ideally, these new solders would be just as good or even better than Sn—Pb,
but without the toxic risks. Lead-free solders offer some advantages. They allow for the use
of less harmful “no-clean” or water-soluble fluxes, reducing heat stress during soldering.
Additionally, they can be more resistant to electrical wear, oxidation, and corrosion, improv-
ing the overall reliability of the solder joint. However, replacing a well-understood material
like Sn—Pb solder comes with challenges. Researchers are constantly working to improve
the performance and reliability of lead-free solders, addressing issues like higher melting
points, weaker wetting ability, and long-term stability. Overall, the shift to lead-free solders
in the electronics industry reflects a critical focus on protecting human health and the envi-
ronment. While challenges remain, ongoing research is making lead-free alternatives ever
more effective, paving the way for a more sustainable future in electronics manufacturing.
Several previous studies have explored different aspects of lead-free solder [6], including
its mechanical properties [7], microstructure and intermetallic layers [8], wettability [9], and
overall reliability [10]. While these studies provide valuable insights, none have specifically
investigated the impact of lead-free solder on the lifespan of solder joints. This paper
uses mathematical models to predict how intermetallic bonds change over time based
on soldering conditions. These models are validated by testing boards made by Hitachi
in collaboration with independent labs. Previously, researchers have proposed various
formulas to estimate intermetallic thickness growth. These formulas, based on experiments
and data from the literature, can provide somewhat accurate predictions. Our models focus
on lead-free alloys, especially SAC (tin-silver—copper). However, they can be adapted
to work with outdated lead-based alloys as well. These models predict both the initial
intermetallic thickness after soldering and its growth during stress tests. These tests include
high-temperature exposure, thermal shocks, and thermal cycles simulating real-world
conditions (—40 °C to 125 °C). Our original contribution is extending these models to pre-
dict how bonds change under normal operating conditions. These predictions, conducted
only for boards with SAC solder, were then compared to the actual intermetallic thickness
measured in metallographic sections. The rest of this manuscript is organized as follows:
Section 2 provides a literature review on lead-free solders. Section 3 describes the proposed
model, while Section 4 presents the test trials and numerical results. Section 5 discusses the
metallographic sections in comparison to the model estimations. Finally, conclusions and
future developments are presented in Section 6.

2. Literature Review

Lead-free solders are becoming increasingly important in the electronics industry due to
the environmental and health concerns associated with lead-based solders. Cheng et al. [6]
reviewed the recent research on lead-free solders, focusing on their properties and per-
formance. Lead-free solders have been shown to be reliable in a variety of applications.
However, there are some challenges that need to be addressed, such as higher melting
temperatures and reduced ductility.

Jung and Jung [9] focused on the importance of solder wettability for reliable micro-
electronic packaging and explored how the wetting balance test is used to assess it. They
highlighted the wetting balance test (also known as Meniscograph) as the most common
method for quantitatively measuring the wettability between molten solder and a substrate.

Fan et al. [11] investigated how the surface finish of electronic component pads (where
the solder connects) affects the microstructure and intermetallic compound (IMC) growth
in tin-bismuth (Sn-Bi) and tin—bismuth-silver (Sn-Bi—Ag) solders. They highlighted the
importance of pad surface finish in influencing IMC growth in Sn—Bi and Sn-Bi—-Ag solders.
Their work suggests that Cu—OSP, or the addition of silver to the solder, is a possible strategy
to mitigate excessive IMC growth and potentially improve the reliability of solder joints.

Dale et al. [12] studied the fatigue life (durability under repeated stress) of a specific
lead-free solder alloy (Sn3.0Ag0.5Cu) under combined loading conditions. They underlined
the importance of considering combined loading conditions when evaluating the reliability
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of solder joints in electronic devices. Their study suggests that solder joints may be
more susceptible to fatigue failure in applications where they experience both shear and
tensile stress.

Wang et al. [13] proposed a new analytical model to predict the growth of intermetallic
compounds (IMCs) in Cu-Sn—Cu sandwich structures. This model offers a simpler yet
effective tool for researchers and engineers to design reliable Cu-Sn—Cu structures for
electronic applications.

Peng et al. [14] explored Cu—Sn intermetallic compounds (IMCs) growth kinetics for
high-temperature resistant packaging in semiconductor power devices. They established a
3D kinetics model and equations for CugSns and CusSn growth. Experimental validation
shows temperature and Cu particle size affect growth kinetics, while Sn content impacts
solidification time.

Ramli et al. [15] presented a review that summarizes factors impacting intermetallic
compounds (IMCs) formation and growth, which are crucial for joint structure. Their
key findings were: (1) Minor alloying elements significantly affect primary and interfacial
IMCs, altering microstructure and IMC growth rates; (2) Surface finishes material heavily
influences IMC layer thickness and composition via dissolution during soldering; (3)
Higher aging temperatures and longer times increase IMC thickness; (4) Smaller solder
volumes lead to thicker IMC layers due to faster copper concentration growth in smaller
solder balls.

Ismail et al. [16] conducted a comprehensive review of 171 research articles and papers
from Scopus, Google Scholar, and Dimensions databases to examine the impact of surface
roughness on wettability and intermetallic compound (IMC) layer formation in lead-free
solder joints. Their analysis revealed a predominant focus on soldering processes and
materials, with limited attention to surface roughness effects. Future research could explore
post-treatment methods, such as additives or reinforcement, to improve lead-free solder
material properties. Understanding the correlation between soldering processes and surface
roughness in lead-free solder materials is crucial for advancing knowledge in this field and
optimizing solder joint performance.

The focus of the models is on lead-free alloys, particularly SAC (tin-silver-copper), but
they can be adapted to leaded alloys, which are now obsolete. The predictions address both
the intermetallic thickness achievable after the soldering process and its growth following
testing through accelerated exposure to heat, thermal shocks, and thermal cycles simulating
operating conditions from —40 °C to 125 °C. The original contribution of this work was
to extend the use of these mathematical relationships to predict bond evolution under
normal device operating conditions. These predictions, made exclusively for boards with
SAC alloy soldering, were then compared with the intermetallic thickness values observed
through metallographic sections.

3. Proposed Model

Solder joints in electronic components typically undergo two types of fatigue failure:
ductile rupture, often due to creep, which involves localized fracture at the interface
between the intermetallic layer and the solder, or brittle rupture with localized fracture
within the intermetallic layer or along the surface finish. Ductile rupture for these solders
is due to thermomechanical fatigue, as the operating temperatures of electronic assemblies
range from a minimum of —40 °C to a maximum of 125 °C; ductile rupture is the result
of progressive damage due to thermomechanical cycles that cause the formation of a
crack. Tin-based solders such as SAC operate at relatively high temperatures compared to
the melting temperature of the alloy, which means that yielding occurs at relatively low
applied stress values, while creep and diffusion processes are quite rapid. The solder itself
can exhibit strain rate-independent as well as plastic and strain rate-dependent behavior;
therefore, the solder layer can be simplified as a combination of a spring and a viscous
damper, while the intermetallic layer exhibits elastic behavior and is modeled as a spring.
Brittle rupture also depends on the thickness of the intermetallic layer; in fact, it seems

152



Designs 2024, 8, 74

that the strain rate value at which the transition from ductile rupture to brittle rupture
occurs becomes lower and lower as the intermetallic layer grows, until only brittle ruptures
are observed as the life of the board increases. The intermetallic layer grows over time,
especially with exposure to heat during the board’s working cycles.

At this point, it is clear that the thickness of the intermetallic layer is important for
the reliability of the soldered joint: if it is an intrinsic quality of a solder joint made on
electronic boards, and its presence in an adequate quantity denotes good quality of the
solder joint under consideration, it is also important that there are no excessive thicknesses
downstream of the soldering process, nor that their growth is excessive during operation,
in order to avoid premature and sudden failures. It should be remembered that not only
the thickness of the intermetallic layer affects the reliability of the soldered joint, but also
its morphology; the microstructure of a soldered joint changes over time, with the grains
of the solder growing larger and coarser. Furthermore, if the intermetallic layer becomes
thicker, the intermetallic compound grains dispersed in the solder also become larger, thus
losing the strengthening effect mentioned above.

It should be clarified that the initial intermetallic thickness after the soldering process
is an unknown parameter; it has not been experimentally measured because metallographic
sections were performed on tested electronic boards (which have already undergone accel-
erated aging cycles). However, as mentioned earlier, considering the soldering parameters,
an initial intermetallic thickness X (after the process) has been calculated, to which the
thickness variation AX predicted through the test parameters will be added. The sum
obtained will give the total predicted intermetallic thickness Xio after the test, which
will then be compared with the intermetallic thickness observed through metallographic
sections of the tested boards. It should be noted that, since the intermetallic thickness of
the secondary CuzSn compound is not clearly visible in the metallographic sections and
is negligible in size, it can be assumed that the calculated total intermetallic thickness is
that of the primary CugSns compound. In summary, once the process parameters, such
as temperature and time, are defined, and once the modes, times, and temperatures of
the accelerated tests are determined, all the necessary elements are available to use the
formulas.

Regarding lead-free alloys used to solder component terminals to the copper base (or
pad) with possible nickel surface finish, the following Formula (1) is used to calculate the
intermetallic thickness in a generic manner [17].

X(t, T) = kt" @D

This formula is expressed as a function of time and temperature and is a power law
where the intermetallic thickness depends on the growth rate parameter k (which varies
with temperature and is measured in um/s) and the dimensionless growth exponent n.
These two parameters vary based on temperature and the type of surface finish used (nickel
or copper). Generally, the value of n is approximately 1/3 if the diffusion of the reactive
species forming the intermetallic compounds is limited to grain boundaries, whereas the
value of n is approximately 1/2 if the diffusion of the metallic species is volumetric, in
which case the intermetallic thickness growth is faster [18]. In turn, k can be expanded as a
further expression, which is referred to as Formula (2).

k= koe ®F )

In this expression, ko represents the unit growth constant, Q is the apparent activation
energy, R is the Boltzmann constant, and T is the absolute temperature. The value of k
expressed in this extended form will be subsequently used in the intermetallic thickness pre-
diction formula during testing. By combining Formulas (1) and (2), an extended expression
for calculating the intermetallic thickness is obtained, as shown below in Formula (3).

X(t,T) = (koe*%) 1 3)
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In the case of the initial thickness calculation, the literature provides values of k and #,
eliminating the need for using the extended formula for k. Tables 1 and 2 below show the
literature values of k and n for SAC alloys at various temperatures and surface finishes.

Table 1. Values of k and n for Sn—-Ag-Cu alloy on copper surface finish [19].

Temperature (°C) k (um/sn) n
225 0.37 0.20
235 0.31 0.27
245 0.46 0.27
260 0.65 0.29
280 0.66 0.28

Table 2. Values of k and n for Sn—Ag-Cu alloy on copper coated with nickel [19].

Temperature (°C) k (um/sn) n
225 0.09 0.40
235 0.15 0.51
245 0.21 0.50
260 0.37 0.50

The process parameters are then defined for Surface Mount Devices (SMD) and
Through-Hole Technology (THT) components (see Figure 1), with the former soldered
in the oven using reflow soldering and the latter using wave soldering. Regarding the
soldering of the analyzed components, an SMD component has copper terminals, with
the base (or pad) it is soldered on being copper but presenting a nickel surface finish. The
reflow soldering process occurs with a dwell time above the liquidus temperature around
65-70 s, while the peak temperature above the liquidus is approximately 235-245 °C. For
Through-Hole Technology (THT) components, the terminal is again made of copper, while
the through-hole is copper and is also coated with a nickel finish. The peak temperature
reached by the hole in contact for 4-5 s with the molten alloy wave is approximately 250 °C.

Through Hole Component

End Cap End Cap Lead Lead

¢ %I“'J Solder Through Hole
:pp:r \ / Copper

Rek\ Y SwoComporent /' /T I T
T .- T L) Nouraa” [

SMD Component Mounting T Eominneniianiiog

Figure 1. Surface Mount Devices and Through-Hole Technology components.

With these parameters defined, a prediction of the intermetallic thickness Xy down-
stream of the soldering process can be outlined. By then replacing the tabulated values of k
and n with the process temperatures and substituting the time variable in Formula (1) with
the available data, values of thickness X in um are obtained, as shown in Tables 3 and 4,
from which the larger one will be taken to evaluate the worst-case scenario.
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Table 3. Prediction of intermetallic layer thickness X for SMD components after the soldering process.

Surface Mount Device (SMD)

Terminal in Cu Pad in Cu/Ni
Temperature (°C) 235 245 235 245
Time (s) 65 70 65 70 65 70 65 70
Xo (nm) 0.96 0.98 1.42 1.45 1.26 1.31 1.69 1.76

- Xp maximum of 1.45 um for the copper terminal.
- Xo maximum of 1.76 um for copper pads with a nickel finish.

Table 4. Prediction of intermetallic layer thickness X for THT components after the soldering process.

THT (Through-Hole Component)

Terminal (Cu) Hole (Cu/Ni)

Xo 465 Xo 465
245 °C 0.69 um 245°C 0.45 pum
260 °C 1.00 pm 260 °C 0.80 pm

e  Xp maximum of 1.45 um for the copper terminal.
e X maximum of 0.80 um for the copper hole with a nickel finish.

4. Estimation of the Growth Delta of the Intermetallic Thickness Following the
Test Trials

Once the thickness Xy downstream of the process is estimated, the growth AX of
the intermetallic thickness can be evaluated using Formula (3). When using Formula (3)
for AX, some considerations must be made regarding the constants used, which pertain
to SAC-type alloys. The analyzed solder joints are composed of these alloys. For SAC
alloys, values found in the literature will be used for n and kq [18], specifically, n = 0.52 and
ko = 0.0178 m/s%52 (value to be converted to pm/s%%2).

The other constants include the Boltzmann constant R (equal to 8.314 ] /K mol) and the
apparent activation energy Q. The apparent activation energy for diffusion and intermetallic
thickness growth phenomena is not uniquely determined and depends on many factors,
even at small scales. It is experimentally obtained by researchers in reverse, starting
from the observed intermetallic thickness value, through graphs that plot In(k) against
1/T [18]. It is also reported in the literature that the apparent activation energy can be
calculated very approximately by multiplying the absolute melting temperature value
of the intermetallic compound by 85. For example, considering the primary compound
that melts at 415 °C, it results in a value of 58.5 k] /mol [19]; another value reported in
the literature is 57.7 k] /mol [18]. However, since obtaining a precise value for each case
is impossible, based on the many values found in the literature, the apparent activation
energy generally ranges around 50-60 kJ/mol for the primary intermetallic compound
CugSns and more generally for the total intermetallic thickness, with extreme values that
can exceed 80 kJ /mol [20] predictions. Given the exponential nature of Formula (3), the
maximum AX that can be calculated is the one resulting from the minimum observed
activation energy, which will therefore be set at 50 k] /mol to assess the worst-case scenario.
Regarding the test phases, after the soldering process, the boards undergo three stages of
exposure to high and low temperatures:

(1) The first phase involves constant temperature exposure in an oven at 125 °C for 12 h.

(2) The second phase consists of thermal shock for 50 cycles, with rapid transitions from
—40 °C to 85 °C at a heating/cooling rate of 41.66 °C/min (the transition between
temperatures occurs in less than 3 min), with a constant stay of 15 min at each of the
two temperatures, totaling 36 min per cycle.
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(3) The third phase spans 55 h in total, repeating a thermal cycle with a constant stay at
—40 °C and 85 °C for 20 min at each of the two temperatures, with transitions between
temperatures at a rate of 5 °C/min, which is gentler than that of the thermal shocks.
A complete cycle lasts 90 min, so the total number of cycles in 55 h will be 36.666.

By calculating the total exposure times to the respective temperatures for each phase
of the cycle, neglecting the transition phases between temperatures, we obtain:

Total stay at 125 °C for 12 h (43,200 s).

Thermal shock with a total stay of 12 h and 30 min (45,000 s) for each of the two tem-

peratures (—40 °C and 85 °C).

e  Thermal cycle with a total stay of 12 h, 13 min, and 20 s (44,000 s in total) for each of

the two temperatures (—40 °C and 85 °C).

For completeness, the graphs related to thermal shocks and thermal cycles are pro-
vided in Figure 2.

Thermal shock Thermal cycle (90 min)
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Figure 2. Thermal profile for each cycle (phase 2 on the left, phase 3 on the right).

Thermal cycling parameters are detailed in terms of duration and temperatures
in Table 5.

Table 5. Total exposure time (in seconds) and temperature for each test phase.

Steps C}(I::ll)es 1;?3)13 Minut:zlsn ﬂf)r Cycle Seconds( Ser Cycle Total Time (s)
Phase 1 (Const Temp) 1 125 720 43,200 43,200
Phase 2 (Low Temp) 50 —40 15 900 45,000
Phase 2 (High Temp) 50 +85 15 900 45,000
Phase 3 (Low Temp) 36.66 —40 20 1200 44,000
Phase 3 (High Temp) 36.66 +85 20 1200 44,000

Referring back to Formula (3), the time parameters (in seconds) and absolute tempera-
ture are substituted into the equation to predict the maximum achievable AX, with Q set
to 50 kJ/mol (this value will be converted to J/mol in the formula). It is reiterated that
this apparent activation energy value determines the maximum observable delta; thus, we
consider the worst-case scenario, which predicts the maximum growth of the intermetallic
thickness. The predicted maximum thickness deltas are summarized in Table 6, detailing
the individual thickness variations calculated for each test phase and temperature, then
summed in the final row.
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Table 6. Intermetallic layer increase (prediction) for each acceptance test phase.

Temperature (K) Time (s) AX Max (um)

Industrial oven 398 43,200 1.254566946

Thermal shock 358 45,000 0.236857009
233 45,000 0.0000288759

Thermal cycle 358 44,000 0.234105235
233 44,000 0.0000285404

1.725586605

1.73

In this last table, it is worth noting that exposure to —40 °C does not generate signifi-
cant variations in the intermetallic thickness, while exposure to the high temperatures of
125 °C and 85 °C largely influences it. Therefore, the expected maximum AX is the sum:
1.73 pm.

5. Comparison of the Estimates with the Values of Intermetallic Thickness Observed
through Metallographic Sections

At this point, the maximum AX just obtained is added to the maximum initial thick-
nesses X downstream of the previously calculated process (it is recalled that Xtot = X + AX).
This estimates an upper limit of prediction for the total thickness downstream of the ac-
celerated test to which the board is subjected, to be compared with the thickness data
found in the metallographic sections. Table 7 shows the comparison between the estimates
and findings.

Table 7. Post-inspection intermetallic layer thickness values, estimates, and real results obtained from
metallographic sections.

Estimate Value Response Value
Xtot (Maximum Value) Xitot (Maximum Value)
Terminal SMD 3.2 um 2.5 um
Pad SMD 3.5 um 2 um
Terminal THT 2.7 um 1.2 um
Hole THT 2.5 um 1 pm

It can be observed that the maximum thickness values found in the metallographic
sections fall below the upper limits estimated by the mathematical models. It is also
interesting to note that the thickness values of intermetallic layers observed for THT
components are lower than those observed for SMD components, which is consistent
with the estimation. The upper limits observed in the tests are approximately 1 um lower
than those estimated, which is a positive result. However, the literature suggests that an
intermetallic thickness of up to 4 um is still acceptable. In the case at hand, even after the
accelerated test conducted following the soldering process, the thickness remains below this
4 um threshold. To provide an overview, some images of the metallographic sections are
reported in Figures 3 and 4, which contain the measurement of the intermetallic thickness
downstream of the tests.

The above figure shows in detail the point measurement of the intermetallic thickness.
The comb-like structure of the intermetallic layer is clearly evident, as well as how the solder
matrix presents additives and dispersed intermetallic phases of AgzSn (more elongated
grains) and CugSns.
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Figure 3. Metallographic section of a THT component terminal in contact with the solder joint.

Figure 4. Metallographic section of an SMD component with a J-shaped terminal soldered to a
PCB pad.

The above image shows both the pad/solder interface and the terminal/solder inter-
face, detailing the point measurements of the intermetallic thickness.

An additional estimation of the intermetallic thickness delta during operation was
made, involving the use of Formula (3) with years and ambient temperature as parameters,
adapting the numerical model used to design aging test cycles. The results in the worst-case
scenario, where the apparent activation energy Q is assumed to be 50 kJ/mol, are shown in
Table 8. This table presents the maximum delta obtainable (expressed in pm) once again.

This growth delta during operation, solely due to ambient temperature, needs to
be added to the initial intermetallic thickness downstream of the soldering process. It is
worth noting that the boards in use have not undergone any testing following the soldering
processes, unlike the samples analyzed earlier. Growth deltas, stemming from operation or
ambient temperature alone, are acceptable if the soldering process is of high quality and
leaves an initial intermetallic thickness of a few micrometers. Conversely, if the process is
not controlled, the growth delta could significantly affect joint integrity. From the results
in Table 8, it is anticipated that a board operating at ambient temperatures of 20-30 °C
will not experience excessive intermetallic thickness variation, with significant changes
becoming apparent after 30 years. However, in the extreme range of 40-60 °C found in
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desert environments with intense sun exposure, noticeable variation is observed after just
one year of operation, while excessively significant changes should arise after ten years or
more. These effects theoretically compound with thermal effects related to current passages,
although they consist of short, non-continuous electrical pulses that should not significantly
alter the joint’s lifespan. Further investigation into this aspect could be worthwhile.

Table 8. Prediction of the intermetallic layer thickness growth delta (values expressed in um) with
exposure to various ambient temperatures.

T (O 1 Year 5 Years 10 Years 20 Years 30 Years
20 0.17 0.39 0.57 0.81 1.00
30 0.34 0.78 1.11 1.60 1.97
40 0.63 1.46 2.10 3.01 3.72
50 1.15 2.65 3.81 5.46 6.74
60 2.01 4.64 6.66 9.55 11.79
70 3.40 7.86 11.27 16.16 19.96
80 5.59 12.92 18.52 26.56 32.80
90 8.94 20.66 29.62 42.47 52.44
100 13.95 32.21 46.18 66.22 81.77
110 21.25 49.06 70.35 100.89 124.57
120 31.68 73.16 104.91 150.44 185.75
130 46.32 106.95 153.36 219.92 271.54
140 66.47 153.50 220.12 315.64 389.72
150 93.79 216.58 310.57 445.34 549.87
200 294.0 604.5 973.5 1243.0 1395.9

Finally, it is necessary to make a qualitative comparison between the data obtained
from lead-free alloys and those obtainable through the use of a generic SnPb alloy, albeit
obsolete for current environmental requirements. It is well known that in terms of perfor-
mance, alloys that involve the use of lead have less pronounced intermetallic thicknesses
downstream of the process and during operation compared to those found for lead-free
alloys. However, the differences in thickness are minimal, and lead-free alloys have a
greater tendency to form intermetallic compounds. This is partly because a SAC-type alloy
has a tin (Sn) percentage of approximately 95%, and copper (Cu) is also present in the
alloy, in addition to that of the base metal of the pad or hole. Both are the main reactants
that will form CugSns and CusSn. In contrast, a SnPb alloy has a tin content of 63% and
reacts only with copper (Cu) from the base metal. Therefore, it is intuitive to conclude
that, quantitatively, the formation of compounds and intermetallic thicknesses will be
more pronounced for lead-free alloys, presenting ingredients in greater measure. However,
from what we have observed, the differences still appear negligible [18]. Nevertheless,
production processes, in accordance with the RoHS directive, have shifted towards the
use of lead-free alloys for soldering, and it is appropriate to focus on these, as performed
in the present work. Conducting a microscopic analysis on alloys that use lead is useful
to predict the behavior of devices already installed or still on the market. In this regard,
Hitachi provided us with some metallographic sections of SnPb solder joints present on
electronic boards still in use. Three electronic boards were analyzed: a new board, a board
that was used in an Italian environment (standard environment), and finally a board that
was used in a different climate environment and in the presence of various corrosive agents
(hostile environment). For each board, three solder joints of SMD components mounted in
different areas were analyzed and, in this case, the copper pads have a nickel surface finish.
The average intermetallic thickness values found are reported in Table 9 and Figures 5-7.
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Table 9. Average intermetallic layer thicknesses in um observed for SnPb alloy solders on various
components and analyzed boards.

Component 1 2 3
New electronic board 1.04 um 0.92 um 0.74 pm
Electronic board in standard environment 1.18 um 1.43 um 2.33 um
Electronic board in hostile environment 1.48 pm 1.32 um 1.50 um

Figure 5. Intermetallic thicknesses found for SnPb alloy soldering on component 1 (new board).

Figure 6. Intermetallic thicknesses found for SnPb alloy soldering on component 1 (standard environ-
ment).

It can be observed that, concerning the new board, the intermetallic thickness values
found downstream of the soldering process are consistent with those predicted by the
estimates previously performed for a lead-free, SAC-type solder alloy. As expected for a
SnPb-type alloy, used in this case, the intermetallic thickness is slightly lower compared to
what is expected for the lead-free SAC alloy. Regarding the two boards used in standard
and hostile environments, assuming an initial intermetallic thickness downstream of the
soldering process equal to that found in the new board, a contained thickness variation
during operation is evident, in line with what is also expected for a SAC alloy. However,
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applying the constants of SAC alloys to SnPb alloy solder joints for the prediction model of
AX (Formula (3)) would lead to an overestimation of the thickness variation compared to
the new board.

Figure 7. Intermetallic thicknesses found for SnPb alloy soldering on component 1 (hostile environ-

ment).

Similarly, the total intermetallic thickness observed in the exercised boards is contained
and aligns with expectations, with no significant differences from the experimentally
observed intermetallic thickness. It should be noted that although one of the two boards
operated in a hostile environment and was exposed to a higher degree to chemical agents
such as sulfur, it likely benefited from exposure to lower temperatures (Northern European
railway route). Finally, the morphology of the intermetallic compound grains observed
for SnPb alloy solder joints consistently appears comb-like, but the intermetallic thickness,
particularly on the new board, exhibits more jagged edges and less smooth contours than
those observed in the analysis conducted for SAC alloy solder joints.

To complete the discussion on predicting the thickness of the intermetallic layer,
one can make a reverse reasoning, setting a limit value for AX beyond which the total
intermetallic thickness becomes excessive and compromises the mechanical strength and
reliability of the solder joint permanently. If, as previous stated, an intermetallic layer
thickness of 4 um is deemed acceptable, assuming an initial thickness X, downstream
of the soldering process of 1 um, a limit value of AX of 3 um can be defined. Assuming
again the same constants seen for the analysis of SAC alloy solder joints and fixing AX,
the exposure and operational times at various temperatures that would lead to a 3 pm
variation can be calculated from Formula (3), thus defining a useful life of the solder joint
and therefore of the board. Estimates of useful life are reported in Table 10.

As the reader can notice, exposure to room temperature ensures an “infinite life”. It is
instead the temperatures reached by the soldering during operation that, if kept constant,
lead to a rapid drift in the growth of the intermetallic thickness. Generally, temperatures up
to 40 °C are not concerning. However, even though current flow and board usage may bring
soldering temperatures up to 85 °C for very short periods, it must still be considered that at
high temperatures the growth of intermetallic thickness is greatly facilitated. Consequently,
the solder joints of an electronic board, if subjected to an excessive, repeated, and continuous
number of work cycles, in terms of mechanical strength and reliability, could last less than
desired and expected.
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Table 10. Expected lifetime of electronic boards under constant temperature exposure/use, based on
intermetallic layer thickness (AX limit of 3 pum).

Temperature (°C) Expected Lifetime in Years (AX = 3 um)
10 984.1
20 244.0
30 66.3
40 19.6
50 6.2
60 2.1
70 0.8
80 0.3
90 0.1

6. Conclusions

This research begins with a comprehensive overview of the intermetallic compounds
present in the soft soldering processes of joints used in the assembly of electronic boards.
The models proposed in the literature are used to estimate the intermetallic thickness.

The values obtained from the theoretical models are compared to experimental results
of a new electronic board with an SbPb alloy solder and a SAC (lead-free) alloy solder joint
on a board subjected to accelerated aging cycles.

Experimental results have shown intermetallic compound (IMC) values always below
3 um, with a variation from a minimum value of 0.7 um for a SnPb alloy solder joint
on a new board to a maximum value of 2.7 um observed on a SAC (lead-free) alloy
solder joint on a board subjected to accelerated aging cycles. In both types of soldering
processes, whether reflow soldering or wave soldering, no criticalities have emerged that
lead to uncontrolled growth of IMCs. These phenomena could only materialize in an
advanced stage of operation, where the electronic board approaches its end of life or
in situations where the board is subjected to particular environmental stresses, without
appropriate protection.

The original contribution of this work is the use of mathematical models, employing
an inverse approach compared to what is described in the scientific literature.

The mathematical relationships referred to are those typically used to design aging
tests for electronic boards. In this work, these relationships have been readapted to assess
reliability during the operating period, up to the end of life; for this purpose, the test
thermal parameters have been replaced by those imposed by the different installation
environments. The use of mathematical models has allowed us to obtain a reliable estimate
of the intermetallic layer thicknesses, both with reference to the initial ones, just after the
process, and their evolution over time.

Utilizing the models, it has also been found that the intermetallic layer is sensitive to
high temperatures, with thickness values that can grow exponentially (in relatively short
times compared to a typical lifespan of 10-20 years) if the soldered joints are subjected
frequently or constantly to operating temperatures well above 40 °C, with increasingly
drastic thickness variations from 50 °C onwards.

From an industrial perspective, studies like this allow for the prediction of the reliabil-
ity of printed circuit boards already at the design stage, minimizing the need for destructive
(and/or aging) tests required to monitor the quality of processes/products and maintain
greater control over a phenomenon as microscopic as it is relevant to that of intermetallic
compounds. Moreover, the reduction of thermal aging tests and related destructive tests
means a reduction in energy consumption and a lower environmental impact, in a context
where manufacturing companies are devoting increasing attention with regard to life cycle
assessment (LCA) of products and processes.
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Future developments of this work will involve the use of models to explore the evo-
lution of the intermetallic layer with a higher level of detail, by densifying the temporal
observation points with varying temperatures, or even by artificially increasing the operat-
ing temperatures of the boards and their joints during testing through current passages.
We aim to expand our study to include a broader range of lead-free solder alloys and
conduct a more detailed analysis of discrepancies in subsequent projects. This will allow
us to provide a more comprehensive understanding of the model’s predictive capabilities
across different materials and conditions. A greater amount of data would, for example,
enable interpolating the values of k and n at each temperature to predict the growth of
the intermetallic layer by simulating the conditions and operating temperatures of the
solder joints.
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Abstract: The exploitation of immersive simulation platforms to improve traditional train-
ing techniques in the agricultural industry sector would enable year-round accessibility,
flexibility, safety, and consistent high-quality training for agricultural operators. An in-
novative workflow in virtual simulations for training and educational purposes includes
an immersive environment in which the operator can interact with plants through haptic
interfaces, following instructions imparted by a non-playing character (NPC) instructor.
This study allows simulating the pruning of a complex case study, a hazelnut tree, repro-
duced in very high detail to offer agricultural operators a more realistic and immersive
training environment than those currently existing. The process of creating a multisensorial
environment starts with the integrated survey of the plant with a laser scanner and pho-
togrammetry and then generates a controllable parametric model from roots to leaves with
the exact positioning of the original branches. The model is finally inserted into a simula-
tion, where haptic gloves with tactile resistance responsive to model collisions are tested.
The results of the experimentation demonstrate the correct execution of this innovative
design simulation, in which branches and leaves can be cut using a shear, with immediate
sensory feedback. The project therefore aims to finalize this product as a realistic training
platform for pruning, but not limited to it, paving the way for high-fidelity simulation for
many other types of operations and specializations.

Keywords: virtual training; immersive scenarios; virtual reality; vegetation modeling;
photogrammetry; haptics; human-machine interface; 3D vision-based human pose
estimation

1. Introduction

For years now, the primary sector has been enjoying the ever-increasing development of
technology: robotics [1,2], Internet of Things (IoT) [3,4], and remote sensing [5] are established
technologies in the world of agriculture, which is increasingly taking on the meaning of Smart
Agriculture. However, the agriculture industry sector is suffering in many countries due to
the lack of labor force, due to the aging of the population, the rural-urban migration, and the
lack of interest among younger generations about agricultural careers.

The high cost of training skilled operators, the low flexibility of the conditions nec-
essary for training, like the strong dependence on seasonality, the need to train culturally
multi-faceted personnel among non-homogeneous operators, and the delayed feedback on
results are the reasons why the development of new solutions for training operators in the
agricultural industry sector is required. These new solutions can address these issues by
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incorporating cutting-edge technologies, such as virtual reality (VR) and haptics, into the
primary sector, developing a training platform available throughout the year with high
flexibility and no safety issues.

This work takes place in the context of the POC NODES “DEMETRA” multidisci-
plinary research project for technological innovation in the agro-industry sector. It is aimed
at evaluating the reliability of reality-based productions and offers optimal digital tools
for training agricultural operators. DEMETRA aims to develop a platform for training
agricultural operators in a virtual environment, leveraging human-in-the-loop techniques
and offering innovative levels of immersiveness. As proof-of-concepts (PoCs) of the related
technologies, the work deals with the design of an environment for virtual training, dedi-
cated to pruning activities. Compared to existing simulators in the agriculture industry,
DEMETRA’s platform features highly detailed and realistic 3D reconstructions of trees,
enhancing the immersiveness of the training simulator and enabling operators to engage in
complex agricultural scenarios with true-to-life interactions, significantly improving the
verisimilitude of the training experience.

This paper develops from the complex task of creating parametric digital twins of real
trees and on the advanced techniques used for the accurate simulation of the agricultural
environment for operator training. Additionally, it describes various methods employed to
simulate interactions with the trees, as well as the VR and haptic techniques used to enhance
immersive experience. Finally, an assessment on the sense of presence (SoP) perceived
by the user is presented; the interaction between human and virtual environments plays a
pivotal role in enhancing perceived immersion, the learning effect, and the realism during
the training activity [6], so a SoP assessment is crucial when developing interactive systems,
such as VR-based training platforms. In this study, the level of presence felt within the virtual
environment has been measured through the Igroup Presence Questionnaire (IPQ) [7].

The current state of research in the panorama of the digital reconstruction of greenery
presents wide margins for investigation and in-depth analysis due to the organic and
complex nature of the arboreal elements. The objective of the experiments is to validate the
creation of a dynamic VR scenario with the highest possible level of truthfulness to real
vegetation, which will then be exploited through multisensory tools (such as haptic gloves
and vocal instructions) to allow maximum immersion with minimum response times.

The simulation takes place by cutting the model of a grafted hazelnut tree, recon-
structed through an integrated survey between laser scanner and photogrammetry, fol-
lowed by the parameterization of the individual branches and the insertion of the model
into a suitable virtual environment. This project stands out because, unlike the most com-
mon laser scanner acquisitions of immobile objects, it addresses the age-old and difficult
challenge of surveying during micro-movements caused by air displacement. The high
precision of laser tools, integrated with the reconstruction functions of software such as
SpeedTree [8], has recently allowed an alternative workflow to convert imperfect pho-
togrammetric models into realistic reconstructions down to the details, whose impact
in virtual training can improve understanding of techniques, immersion, involvement,
training accuracy, and various other qualities.

This study is therefore a first step in continuous experimentation to test high-fidelity
simulations and optimize virtual training processes. This activity therefore presents an
interdisciplinary character between graphic topology and simulation operations, exploiting
the collaboration between researchers and agronomists in the innovation of specialist work.

2. State of the Art

Radhakrishnan analyzed 78 different studies in the field of industrial training to assess
the effectiveness of immersive virtual reality (IVR) training solutions [9-11]. The study
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shows how most of the IVR training solutions are implemented in the manufacturing
and healthcare fields, with almost half of the solutions providing procedural skills to the
operators rather than perceptual-motor or decision-making skills. It is noteworthy to
underline that none of the analyzed studies were developed in industry, thus highlighting
the need to incorporate these technologies into the primary industrial sector. However,
the agro-industry is not entirely new to VR applications, and early developments, such
as FARMTASIA [12] and AgriVillage [13], have already helped introduce virtual training
programs aimed at agricultural operators. Most of the solutions presented in the literature
suffer from low realism and immersivity offered using screens and manual controllers
instead of head-mounted displays (HMDs) and haptic interfaces. In fact, the use of these
technologies could enhance the user experience and the transfer of real-life skills. But-
tussi compared learner performance in a task under three conditions: high-fidelity IVR,
medium-fidelity IVR, and desktop VR. Higher fidelity was shown to significantly enhance
learner engagement and sense of presence compared to medium-fidelity IVR and desktop
VR, proving their superior effectiveness for training purposes [14]. This highlights the
importance of high-fidelity reconstruction of environments through advanced 3D modeling
techniques to maximize the benefits of IVR in training scenarios.

To date, high-quality instrumental digital reconstruction procedures are mainly prac-
ticed in professional or R&lI sectors, often for large works such as engineering, architec-
ture [15] or archaeology [16]. Attempts to detect the natural landscape [17,18] using laser
scanners or ground cameras have always left unsolved problems of detailed vegetation
reconstruction [19]. In fact, current scanning tools do not allow acquiring stable data on
organic elements subject to wind movement, making this task one of the most sought-after
objectives of current research in the field of green representation.

A promising alternative to manual modeling, which would be excessively demanding
and imprecise in the segmentation of complex databases, is the segmentation of shapes
using Al [20]. In recent years, this methodology has been developed and implemented
to support various professions [21], including vegetation [22,23], but to date it is not
sufficiently complete or transferable to industrial application.

For these reasons, the most valid alternative for immersive simulation purposes seems
to be a multidisciplinary approach that passes through scanning, semi-automatic post-
production, and model parameterization [24]. This procedure has already been tested in
other areas of botany [25] but apparently never for the purpose of creating virtual training
or applications more associated with industry.

After creating a faithful simulation environment, it is necessary to develop an in-
strument to direct the operator who is using the simulator for training. For this pur-
pose, marker-based motion capture systems are today among the most structured and
widespread techniques for reproducing human movement, both in the professional field
and in the entertainment industry [26]. In many studies, motion capture technologies have
been used to improve social presence and communication effectiveness [27], providing
many insights for designing more natural VR interactions [28]. It has been assessed how
the absence of avatars reduces engagement and degrades communication quality [29]. For
these reasons, the development of a virtual instructor is considered a suitable option also
in a simulator for agriculture. The creation of a virtual instructor (i.e., NPC) requires the
recording of the spatial movements of an expert botanist and has been achieved using
optoelectronic technology. To complement this system, haptic gloves have been shown in
the literature to be the most suitable control/navigation system to reproduce such manual
tasks based on hand sensoriality [30].
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3. Materials and Methods

The use of advanced digital technologies, such as scanning and photogrammetry,
can generate vast amounts of three-dimensional data, making it difficult to extract an
archetypal representation of vegetation. Transforming the point cloud into simplified
geometric models requires advanced knowledge in agronomy and botany fields, as well as
targeted methodologies for efficient and meaningful digitization procedures.

In this sense, the use of parametric processes for the predictive development of tree
branching enables highly realistic and efficient simulations, offering a significant advantage
in green space representation for planning and management. This approach combines
integrated surveys, such as photogrammetry and ultra-high-resolution laser scanning, with
reality-based parametric remodeling. For the study of the hazelnut tree considered in this
work, the workflow was structured to ensure maximum fidelity to reality, allowing for an
accurate analysis and verisimilitude to allow botanical operators maximum immersion
during cutting training. After preliminary field tests, the survey was conducted in the most
suitable season to capture the detailed evolution of the canopy and branches. The first
phases were immediate tests and checks in the field to obtain cognitive outputs, on which
to structure the actual survey in the right season with respect to the evolution of the tree.

The aim, following the digital reconstruction of an identical hazelnut, is to insert
it into a multisensory simulation for training botanical operators in the pruning and
cutting phase of the branches. This action, to be taught with care and awareness in the
simulation, has been agreed upon and supervised by experts in general arboriculture
and tree cultivation: a virtual trainer shows the technique to the user, who must repeat
it. During the demonstration, the trainer explains the functioning of the servo-controlled
shear and shows how to approach the plant with caution, the shape of the branches to be
selected (i.e., the thinner ones that develop with a twisted direction towards the inside and
which would hinder the correct expansion of the plant), how to bend down, extend the
arm to reach the distant branches, at what height to make the cut (i.e., at the last internodes
highlighted by blooms and changes in thickness), how to stand up, and finally how to put
the tools back. All these actions, with simulated training in a safe environment, allow the
user to make multiple attempts without harming himself or the plants, providing clear
benefits for the introductory phases of this type of work.

The complete workflow up to the simulation, schematized in Figure 1, therefore, has a
varied interdisciplinary nature:

e Data acquisition campaign with integrated data acquisition survey;

e  Scan to model to full texturing process—parameterization of the model with comple-
tion of the missing parts;

e Insertion of the parametric model into the graphics engine that will simulate
the collisions;

e  Spherical panorama shooting for HDRI (high dynamic range image) and environmen-
tal composition;

e  Creation of the suit and motion capture session;

e NPC modeling and animation;

e Integration of haptic gloves into the virtual environment and development of the
related logics;

e  Visual Programming Language (VPL) programming of branch cutting interactions;

e VPL programming of synchronization between instruments (i.e., virtual shear and
haptic gloves);

e  Tests and validation.
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Figure 1. Research diagram of the workflow stages.

The structured method of study thus investigates the potential of scan-to-BIM proce-
dures for the development of informative digital twins describing plants. Specifically, for
this purpose, the research explores innovative methodological protocols, designed as PoC
that can be replicated in other contexts, aiming at an effective representation of greenery
through parameterized prototypes. The study then explores the interaction between 3D
models, photogrammetric meshes, and point clouds within game engine platforms, aiming
to create a single BIM-based (building information modeling) virtual scenario composed of
highly efficient assets in terms of metric accuracy, visualization, and information. To further
enhance this immersive experience, the research also presents a VR experiment based on
Visual Scripting programming, designed to develop virtual tools for real-time querying of
information associated with parametric models. The investigations and experimental ap-
plications within this work aim to demonstrate the potential impact of a multidisciplinary
workflow designed for the large-scale use of informed and testable models.

4. Development
4.1. Survey Campaigns Experiments

The hazelnut detected is part of a culture of various specimens on the campus of the
Universita Cattolica del Sacro Cuore of Piacenza, and two acquisition sessions were carried
out at different moments of its growth, at the beginning of October and at the end of January.
The latter provided the cleanest data thanks to winter fading, and it is the most important part
of the project, since pruning operations are carried out in wintertime (i.e., January, February).

The irregular shape of the arboreal architecture, the ascending branching, and the
presence of a low and dense canopy led to the early exclusion of a single-sensor acquisition
method, favoring a multi-resolution documentation approach suitable for describing the
heterogeneous morphology of the vegetation [31]. In particular, the survey was conducted
by immediately identifying various environmental risk factors, which were addressed through
diversified methodologies and by integrating range-based and image-based acquisitions.

To ensure maximum data integration during post-processing, control points were
placed around the survey area on both vertical and horizontal planes. The initial processing
results provided a representative database of the vegetation system, characterized by high
metric accuracy but also an approximated digital morphological representation. The cause
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of this outcome lies, on one hand, in an excess of acquired digital data, which generated
excessive noise around the canopy, and, on the other hand, in a general discontinuity of the
point cloud due to shadowed areas created by the foliage.

Additionally, some issues related to canopy reproduction were identified, caused by
the micro-movement of smaller shoots and the geometry of the leaves themselves, which
are too thin and therefore complex to document.

With the aim of minimizing errors in the digital duplicate and addressing the identified
challenges, an additional acquisition campaign was conducted on completely leafless trees.
The second survey was carried out by applying new control points directly on the trees,
thus optimizing the processing of photogrammetric datasets and laser scans.

The acquisition from the lidar laser scanner was taken using an RTC 360 model
(Figure 2), while a Nikon D 5600 was used for the photographic sets. Branches most sub-
jected to wind, as expected, were not acquired correctly, but are subsequently hypothesized
in post-production by the SpeedTree software. In total, six photographic sets of 300 photos
each and seven lidar laser stations were carried out in the final survey campaign.

Figure 2. Use of the laser scanner and photographic campaign.

The acquired data, both range-based and image-based, were treated, respectively,
with post-production software: Leica Cyclone for laser scanner data (Figure 3) and Agisoft
Metashape for 3D photogrammetry (Figure 4). The various laser positions were aligned
with manual verification of the homologous points [32]. Their accuracy was ascertained
with Cloud Compare software (the alignment error was less than 3 mm for most of the
branches (Figure 5), and finally they were used as a basis for the georeferencing of the
photogrammetric model. The latter saw the alignment of 200,000 points for each set, and the
final dense cloud counted around 30 million for a 5 million polygon mesh model. The dense
cloud was first automatically cleaned with a color filter to erase movement noise, after
which the imperfections were manually cleaned, and two versions were extracted from the
most accurate model among those of the various sets: a complete digital twin (to be used
later as a reference) and a clean model of trunks only (for subsequent parameterization).

Figure 3. Laser scanner data cleaning process. The tops of the branches, colored white, are subject to
too much noise and therefore appear to be unreliable data.
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Figure 4. Evolution of photogrammetric data. Sparse point cloud, dense cloud, textured 3D model,
clean and trimmed 3D model for import into SpeedTree.

Figure 5. Comparison of the point cloud from the laser scanner with that from photogrammetry,
using the Cloud Compare software. As for the deviation, the graph highlights a gap constantly lower
than 3 mm on the whole surface, therefore a highly reliable data in terms of geometric precision.

After obtaining the most optimal static model, its transformation into a parametric
model (i.e., a model that can be controlled in its various characteristics, such as length
of the branches, radius, number of branches, leaves, and many others) is then necessary
to allow live branch cutting and interactions based on real physics, but also to solve the
problem of the impossibility of scanning the smallest branches, which would therefore
leave gaps if the survey model were used.

The parameterization of a discrete model can take place in various ways. In particular,
the construction phase of the three-dimensional model required a series of experiments to
determine which of the processing options found in the literature [23,33] best suited the
case study, allowing for the creation of a model with precise geometric and dimensional
characteristics. In particular, different modeling approaches were evaluated and compared,
including semi-automatic geometric modeling (reverse modeling and mesh from 3D scan-
ning), manual modeling (low-poly mesh based on point cloud), and generative modeling
(semi-automatic, Al, deep learning), in a process that goes from the most automatic (such
as retopology or Al shape detection) to more manual ones. In this case study, the latter was
preferred to maintain a level of detail and verisimilitude not achievable otherwise. The
SpeedTree software boasts a series of functions that can be used to read the shape and color
of the bases of the shoots to develop their continuations and optionally indicate the exact
position/direction of the individual branches to generate a totally controllable digital twin.

This phase (Figure 6) was therefore divided into assisted reading of the cylindrical
sections of each branch, extraction of the textures from the cylindrical mapping and trans-
formation to seamless, clearance (cleaning of the edges of the mesh), extension of the
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branches, shaping (torsion and orientation of the branches), manual tracing of the positions

of the original branches, and placement of the leaves.

Figure 6. Generation process on SpeedTree. Starting from the photogrammetric data, the trunks
are further cut to be replaced with parametrized branches, initially straight, to which the texture
extracted from the first model is then applied, and the direction of the real branches is given (taken
from the most complete cloud of the laser scanner) until the exact original conformation is obtained.
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The process took approximately 20 min per branch up to medium-sized ones, followed
by multi-step branching of the main segments with appropriate parameters of twisting,
internode, welding angle, and forces experienced (such as gravity and wind). The leaves
and inflorescences were reproduced with a short photogrammetric campaign on real leaves
in a closed environment on approximately 10 varieties to make the foliage heterogeneous
(Figure 7). The final model (Figure 8) has approximately 500,000 polygons, of which
approximately 200,000 are leaves, and the textures were arranged in a 2048 x 2048-pixel
format for each branch, i.e., a format light enough not to burden the subsequent simulation.

le 11

Handiing | Default

Variations Name

A Other
Amount

Figure 7. Assignment of low-res mesh to the leaves of a hazel tree atlas. Placing the leaves and
activating collisions on the final model.

Figure 8. Final version of the two trees detected and reproduced in the parametric software: grafted
(on the right) and non-grafted (on the left).
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The virtual environment designed for the user to practice gives professional and
convincing context to the training while maintaining lightweight computing performance
(Figure 9). A spherical panorama of the green environment in the urban area of Pavia was
then acquired with an Insta 360, automatically processed, and extracted in HDR, which

allowed the simulated space in Unreal Engine to be wrapped with an HDRI theme.

Figure 9. View of the virtual environment in Unreal Engine.

Finally, sounds and furnishings were specifically inserted in line with the natural
context of the setting to recreate the illusion of an agricultural operation, and performance
improvements such as post-process volumes and super resolution temporal anti-aliasing
were applied.

4.2. Haptic Interactions Within the Virtual Environment

The user starts the simulation in the middle of the virtual environment with the
possibility of exploring it using the teleport function or by walking inside an empty room,
using the built-in tracking of the headset. Once the user reaches the virtual instructor, the
teaching demonstration starts, enabling the user to grab the pruning tool once finished. At
this point the user can start to cut the branches of the chosen tree by following the suggestion
previously given by the instructor. The haptic interface used for the development of the
application is the haptic glove “Nova 2’ by SenseGlove. This device allows the reproduction
of the movements of the operator’s fingers within the virtual environment, to actuate virtual
pruning shears, and to provide force feedback and/or vibrotactile feedback to the user. The
device works via wireless connection (Bluetooth), and its programming is implemented
within Unreal Engine 5.1, using the plugin made available by the manufacturer.

To reproduce the movements of the user’s fingers within the virtual environment, it is
necessary to extract the flexion data for each finger. The Nova 2 haptic glove is equipped
with a system of three cables for each finger wrapped around pulleys inside the device’s
case. Consequently, the extension of the cables is relative to the flexion of the fingers, which
is indicated by a 'normalized flexion’ value ranging between 0 and 1.

To reproduce the movement of the fingers, the normalized flexion value was used
to compute the rotation value of each finger’s joints. As each finger has three joints (two
in the case of the thumb), the normalized flexion value alone is not sufficient to define
their rotation values, but considering the natural closing gesture of the hand, certain
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relationships between the joints and the normalized flexion can be imposed, thus defining
an unambiguous correspondence.

As previously introduced, the thumb has two joints: the meta-carpophalangeal (MCP)
joint and the inter-phalangeal (IP) joint, while the other four fingers have three joints: the
meta-carpophalangeal (MCP), the proximal inter-phalangeal (PIP), and the distal inter-
phalangeal (DIP); see Figure 10.

Figure 10. On the left: SenseGlove Nova 2 used in the simulation. On the right: hand joint model
used for finger movement reconstruction, where f is the normalized flexion provided by the haptic
gloves, and it depends on the finger flexion. The proposed model computes the finger’s joint angles
starting from the f value.

Given that each joint has a range of motion, it was decided to link normalized flexion
(between 0 and 1) to the angle of rotation of the MCP joint of each finger, which typically
has a range of motion between 0 and 90°. The following equations from the literature [34]
were used to calculate the rotation values of the finger joints to be applied to the avatar’s
hand in the virtual environment:

MCP = f -90
PIP =6 - 107%- MCP* — 0.0015 - MCP3? +0.11 - MCP? — 0.96 - MCP + 5.6

DIP = 0.006 - PIP? + 0.674 - PIP +0.104

The value indicated with f represents the normalized flexion of each finger, while
three values—MCP, PIP, and DIP—describe the rotation angles of the respective joints.

Therefore, the user can interact with the virtual environment using Meta Quest 3
headset controllers and SenseGlove Nova 2 haptic gloves. Hand movement within the
virtual environment is enabled by the headset’s controllers, while finger movement is
managed through the haptic gloves, as previously explained.

The logic managing the interaction between the user’s hand and the virtual shear is
based on the use of two Boolean variables: isGrabbing and isOverlapped. The variable
isOverlapped describes the relative position between the hand and the shear, and it is true
if the avatar’s hand is inside a collision box built around the shear, false otherwise. The
variable isGrabbing describes the state of the fingers of the hand responsible for grabbing
the shear. The value of the variable depends on the mean normalized flexion of the three
fingers responsible for grabbing (thumb, middle finger, ring finger), so the variable is true
if the mean value exceeds a certain threshold, false otherwise.

The shear is initially placed on the avatar’s right hip. A third variable, isEquipped, is
necessary to describe the shear’s equipment status. The variable isEquipped becomes true
as soon as the variable isGrabbed switches from false to true, while isOverlapped is true.
When the variable isEquipped becomes true, the shear is attached to the avatar’s hand. If
the user releases the grip, the variable isGrabbed becomes false again as the variable is
Equipped and the shear returns to its initial location.
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This grabbing logic is accompanied by vibration and force feedback to make the
experience more realistic and immersive. Specifically, force feedback on the three fingers
responsible for grasping is used to simulate the stiffness of the tool, blocking their move-
ment, while vibrotactile feedback on the fingertips and palm is provided to the user to
reproduce the sensation of contact at the beginning of the grasping. The actuation of
the shear is regulated by the index finger, which is not subjected to force feedback. The
normalized bending value of the index finger is used to control the actuation of the shear
trigger once a limit value has been exceeded. Once the trigger is actuated, the shear blade
closes, with an imposed law of motion, and, if the action corresponds to the cutting of a
branch, vibro-tactile feedback is delivered to the user’s palm to reproduce the vibration of
the tool caused by the cut.

4.3. Cutting Tree Branches Logic

The virtual model of the leafless tree, once uploaded into Unreal Engine 5.1, was further
processed to allow the interaction between the user and the branches and to develop the
methodology necessary to enable the cutting of branches using virtual pruning shears.

The virtual tree, selected among the various developed models, was divided into
several meshes, one for each branch. Different procedural meshes were generated, equal in
number to the branches obtained from the previous subdivision of the model.

A procedural mesh is a three-dimensional data structure representing the shape of an
object, with the characteristics of being generated, when necessary, through an algorithm,
rather than being manually created and stored on a static file. This type of mesh is particu-
larly useful in the reproduction of objects that need to be created dynamically and modified
during a simulation. Using the ‘Copy static mesh to procedural’ command, the same
mesh corresponding to the branches of the tree is associated with each procedural mesh.
Subsequently, dependencies between the various branches were set up using parent/child
relationships; thus, each branch is defined as a child of the branch to which it is attached.
These dependencies are useful during the development of the cutting methodology, as
they allow all branches belonging to the cut branch to be instantly identified, enabling the

subsequent simulation of the physics and their simultaneous fall to the ground (Figure 11).

Figure 11. Simulation of branch cutting within VR.

Once the cutting command is executed through the haptic gloves, the shortest distance
between each branch and a specific point between the scissor blades, defined as ‘Cutting-
Point’, is computed. The branch corresponding to the shortest distance is designated as
‘BranchToCut’. An additional check is carried out to ensure that the distance is below a
certain threshold to prevent accidental cutting of branches if the scissors are operated away
from the tree.

Once the branch to be cut is identified, the Blueprint function ‘Slice Procedural Mesh’ is
used to make the cut. This function requires inputting the point in space to which the cut is to
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be applied and the plane secant to the mesh that will generate the cut. The CuttingPoint of
the scissors is used as input, while the cutting plane is identified by its normal, corresponding
to the vector starting from the CuttingPoint and orthogonal to the blades. The normal of the
cutting plane is identified in such a way that the new procedural mesh created by the function
corresponds to the cut part of the branch, which must then fall.

To allow the cut part of the branch and all branches attached to it to fall to the ground, all
branches defined as children of the BranchToCut and above the cutting plane are attached to
the new mesh generated by the cut by means of a physical constraint, with which all degrees
of freedom are blocked. The physical simulation of the cut branch and all branches attached
to it will allow the entire block to fall to the ground, with high levels of realism.

This methodology makes it possible to perform the cut on any branch of the tree, whether
it is a single branch or a branch with several children, with realistic feedback related to the
generation of the cut surface and the consequent fall of the cut part of the branch. Furthermore,
this cutting logic allows branches already subjected to the operation to be cut an infinite
number of times, thus placing no limits on any refinements and operations.

4.4. User Avatar and Virtual Instructor

The simulated environment was completed by inserting the user’s avatar and a charac-
ter instructor of pruning techniques (i.e., NPC), together with background and explanation
audio assets. To enhance the immersiveness and the sense of presence perceived by the user,
it has been decided to represent the whole upper body of the avatar. Since only position
data from HMD and controllers were available, the Unreal Engine plugin Mimic Pro [35]
has been used to simulate the movement of the upper body. The Mimic Pro plugin uses a
control rig to provide stable, realistic full-body estimation that does not impede the player’s
movement and has minimal impact on performance. The Inverse Kinematic (IK) solver
uses the position of the hands, extracted from the HMD’s controllers, and the position of
the head, extracted from the HMD sensors, to reconstruct the upper body movement in a
realistic way. Full-body IK has been applied to a very realistic human body skeletal mesh
created through the MetaHuman plugin [36], which allows creating, animating, and using
highly realistic digital human characters.

The NPC, on the other hand, required a pre-recorded animation and voice that are
activated when the user who is learning the pruning activity approaches. To achieve
maximum coherence, expert project partners from the Universita Cattolica del Sacro Cuore
of Piacenza were recorded and consulted. The recording of the movements to be taught
was taken with a motion capture system based on 6 OptiTrack Prime 13 W [37] high-speed
cameras (Figure 12) with an infrared detection system, tracking 25 reflective markers on
the upper body and 17 on the legs, to calculate the 3D position of the body in real-time.

Figure 12. First tests on instrument calibration, and virtual instructor animation registration.
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The motion capture recording allowed for precise documentation of the movements
necessary for pruning instruction. These movements, synchronized with an audio recording
of guidance and instructions, were performed in a controlled environment without direct
reference to a tree, instead mimicking the gestures required for pruning.

The recorded data was saved in Motive software and streamed in real-time to a
skeletal mesh within Unreal Engine via the OptiTrack Live-Link plugin. This plugin not
only enabled live streaming of the animation but also facilitated the application of the
necessary rigging to align the recorded movement data with the corresponding bones in
the virtual character’s skeleton.

Specifically, the rigging process ensured that the skeletal mesh in Unreal properly
interpreted the motion capture data, maintaining realistic joint movement and anatomical
fidelity. Once the animation was successfully transferred to Unreal Engine, it was recorded
as an fbx animation file. This file was then processed to refine the animation by correcting
potential issues, such as unwanted vibrations or unnatural movements, that may have
occurred during the motion capture session. After cleaning up the animation, it was
reimported into Unreal Engine, where additional modifications were made to align it with
one of the hazelnut trees present in the virtual scene. This adjustment ensured that the
instructional sequence took place in direct proximity to the tree, enhancing the realism and
effectiveness of the training session.

Figure 13 shows a comparison between the pose of the virtual instructor within the
virtual environment and the raw skeletons acquired with the OptiTrack motion capture

system.

Figure 13. Comparison between the poses of the virtual instructor within the simulation, after the
post-processing of the motion capture animation, and the raw registrations of the skeleton within the
Motive Software before post-processing.

Furthermore, a pruning shear was added to the NPC’s hand, and functionality was
implemented to allow the shears to interact with the environment. Specifically, the plant
model’s behavior during the NPC tutorial is not directly integrated into the recorded
NPC animation but is controlled through special branches that have an additional feature
compared to the standard ones of the tree. These branches include a collision check that

178



Designs 2025, 9, 32

is triggered exclusively by the NPC’s shears. When a collision with the shears is detected
during the animation, the branches detach from the tree and fall to the ground, simulating
a natural cutting behavior.

4.5. User Presence Assessment

To measure the level of presence perceived by the user within the virtual environment,
during the simulation, the IPQ [7] was used. The questionnaire comprises 14 items with a
7-point Likert scale and it is divided into three subscales along with an additional general
item (G). The subscales address spatial presence (SP)—the sensation of being physically
present in the virtual environment; Realism (REAL)—the subjective experience of realism;
and Involvement (INV)—the degree of attention dedicated to the virtual environment. A
group of 30 volunteers (9 females and 21 males) aged between 22 and 44 years (M = 28.83,
SD = 5.00) was recruited within the university community using a convenience sampling
approach [38]. These participants, who had little or no prior experience with VR and
haptic technologies, were instructed to perform the virtual pruning training session. The
training comprised an initial instructional segment led by a virtual instructor, followed
by a hands-on phase where users were required to cut tree branches according to the
given instructions, using a haptic glove in conjunction with a VR headset and controllers.
Immediately after the training session, the participants were asked to complete the IPQ
questionnaire. Table 1 shows the questions of the IPQ with the items grouped by category.

Table 1. The IGroup Presence Questionnaire (IPQ).

Variable Item Question
G G In the computer generated world I had a sense of “being there”.
p SP1 Somehow I felt that the virtual world surrounded me.
Sp2 I felt like I was just perceiving pictures.
SP3 I did not feel present in the virtual space.

Sp4 I 'had a sense of acting in the virtual space, rather than operating
something from outside.

SP5 I felt present in the virtual space.

How aware were you of the real world surrounding while navigating in

INV INV1 the virtual world? (i.e., sounds, room temperature, other people, etc.)?
INV2 I was not aware of my real environment.
INV3 I still paid attention to the real environment.
INV4 I was completely captivated by the virtual world.
REAL REAL1L How much dld. your experience in the virtual environment seem
consistent with your real world experience?
How much did your experience in the virtual environment seem
REAL2 . . .
consistent with your real world experience ?
REAL3 How real did the virtual world seem to you?
REAL4 The virtual world seemed more realistic than the real world.

5. Results and Discussion

The first testing was carried out in a laboratory environment, with an environment
simulated via a 1.32 Gb executable file. The test was performed on a system running
Windows 11, equipped with an Intel Core i9-K processor and an NVIDIA RTX 4090 GPU,
and no glitches or slowdowns were found upon subjective analysis. The cutting operation
was successful according to the expected parameters; the frame rate was set at 90 fps, the
resolution (as per the headset settings) was 2064 x 2208, and no bug reports were found
from the engine. The simulation, therefore, fully reaches the relevant standards and allows
the training of agricultural operators in complete safety and with maximum immersion
while providing selected and always updatable theoretical knowledge.
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The immersive simulator environment was then proposed to early adopters and at
a trade fair for the agro-industry (EIMA 2024), with good user response regarding the
immersiveness of the pruning action.

The construction of a three-dimensional model, especially in the context of simulating
vegetation, requires careful consideration of the processing methods that will best meet
the specific needs of the case study. A series of experiments were conducted to evaluate
and compare different modeling approaches. These included semi-automatic geometric
modeling (such as reverse modeling and mesh generation from 3D scanning), manual
modeling (low-poly mesh based on point clouds), and generative modeling (using Al and
deep learning techniques). Among these, manual modeling was preferred in this case
study to ensure a high level of detail and realism, which would be difficult to achieve with
automated approaches. The selected software (SpeedTree 9.5.2) was used to develop fully
controllable digital duplicates of the hazelnut tree. However, it is important to emphasize
that the methods used, while ensuring a high level of detail and realism, are rather costly
in terms of time, required expertise, or replicability on other plant specimens.

Manual modeling, for example, requires significant effort and technical knowledge,
not only for the creation of the three-dimensional model but also for the optimization of
textures and geometries.

The accurate reproduction of finger movements and the manipulation of virtual
pruning shears via force feedback were achieved by translating finger flexion data into
joint rotations within the virtual environment. Overall, this approach demonstrates the
importance of blending various modeling and interactive technologies to create immersive,
detailed simulations that can be used for practical applications, such as virtual training or
environmental simulations. The combination of manual modeling, generative techniques,
and haptic feedback creates a highly controllable, engaging experience that stands out for
its realism and attention to detail.

5.1. User Virtual Environment Interaction

To transfer real-life skills through VR-based training, it is fundamental to ensure high
levels of embodiment and presence to the user, enhancing his experience. To this end,
every aspect of this study has been meticulously designed to maximize immersion and
realism, ensuring a more effective and impactful training experience using cutting-edge
technologies, such as haptic interfaces. One of the key components of this system is the
step-by-step virtual instructor, which is directly referenced to the tree, ensuring precise
guidance without time constraints, language barriers, or variability in teaching approaches.
The integration of haptic gloves further enhances realism by providing a tactile experience
that closely mimics real-world pruning interactions, significantly reducing the gap between
virtual training and real-life fieldwork, ensuring that the skills acquired in the simulation
remain applicable and effective in real-world scenarios.

Additionally, the realistic simulation of branch-cutting mechanics, including the dy-
namic behavior of falling branches, contributes to an improved sense of immersion, along
with the photorealistic representation of branches and their interaction with the envi-
ronment, and reinforces the efficacy of the experience, further strengthening the user’s
engagement and learning retention. Preliminary evaluations indicate that this technology
has significant potential to improve skill acquisition and training efficiency in agriculture by
offering a scalable, highly immersive solution and representing a valuable tool for operator
education. Future developments may include the usage of the motion capture system
to analyze the operator’s movements during training, enabling real-time corrections of
improper techniques and postures. Moreover, the wealth of data collected from various
sensors could facilitate in-depth ergonomic studies, made possible by markerless, Al-based,
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human pose tracking systems [39], thus optimizing training strategies to enhance both
efficiency and user comfort.

5.2. Sense of Presence Assessment Results

The collected data have been manipulated; specifically, the responses have been
converted into the scale 0-6, and reversed items (REAL1, SP2, and INV3) have been
appropriately modified to match the other items.

A first simple analysis was conducted on the collected data using descriptive methods
and computing the mean, standard deviation, median, and range for each item across all
30 participants. Table 2 shows the results obtained in this analysis.

Table 2. Mean, standard deviation, median, and range of each item across the whole sample.

Variable Item Mean Standard Deviation = Median Range
G G 4.73 0.83 5.00 3-6
SP SP1 4.67 0.88 5.00 3-6

SP2 4.40 1.57 5.00 0-6

SP3 4.50 1.48 5.00 1-6

SP4 4.10 1.45 4.50 1-6

SP5 457 1.17 5.00 1-6

INV INV1 3.77 141 4.00 1-6
INV2 3.70 1.47 4.00 0-6

INV3 3.53 1.57 3.50 0-6

INV4 4.67 0.88 5.00 2-6

REAL REALL1 3.53 141 4.00 0-6
REAL2 4.03 1.33 4.00 1-6

REAL3 2.40 1.48 2.00 0-5

REAL4 1.37 1.22 1.00 04

By looking at the table, it is evident that the general item G, measuring the “sense of
being there”, has a relatively high mean (4.73) and median (5.00), indicating general positive
responses, while the range (3-6) indicates how the responses are concentrated in the upper
half of the scale. All the items of the SP category have high mean scores (4.10 to 4.67), showing
a general positive spatial presence perceived by the user, with a relatively good consistency
in the responses (standard deviation between 0.88 and 1.57). The category INV, related to
involvement, shows moderate means, with the item INV3, which has the lowest mean (3.53)
and the greatest variability in the responses, with a standard deviation equal to 1.57. By
looking at the ranges obtained for the different items, it is evident how the respondents had
a wider spread of opinions. The Realism category shows the lowest mean, particularly for
the item REAL4 (1.37). The low medians (1.00 and 2.00 for REAL3 and REAL4) suggest that
many participants provided very low ratings, indicating that this aspect may be perceived
less favorably.

Interestingly, the items with the highest variability (INV3 and SP2) correspond to two
of the three reversed items in the questionnaire. This could suggest that the reversal process
may have contributed to the increased variability in responses. Participants might have
found these items more challenging to interpret, leading to a wider distribution of scores.

To have a deeper understanding of participants’ experience, the average scores for
each category (G, INV, SP, and REAL) per participant have been computed, obtaining four
aggregated scores for participants. Figure 14 shows a boxplot visualization of these data to
compare central tendency, variability, and potential outliers across the four categories.
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Figure 14. Boxplots for the four categories (G, INV, SP, and REAL), providing an overview of how
participants responded to each dimension.

7

The items related to spatial presence (SP = 4.44) and the sense of “being there’
(G = 4.73) showed the highest and most consistent scores, suggesting a clear and con-
vincing perception of the surrounding environment. The perceived involvement was
relatively high (INV = 3.92), but it showed a slightly lower median with greater variability,
indicating differences in the degree of immersion among participants. Finally, realism re-
ceived the lowest scores (REAL = 2.83), indicating a weaker perception of realism compared
to the other dimensions.

Although effort was made to model the plant faithfully, as evidenced by the low
deviance values obtained when compared to real plants, the deliberate decision to intro-
duce purely virtual elements, such as the instructor, and some necessary components for
constructing the virtual environment, may have compromised the realism perceived by the
users. Nevertheless, the values of spatial presence are high, as are those of involvement,
emphasizing how immersive the virtual environment is. Overall, the experience helps the
user immerse themselves in the pruning activity, which is also thanks to the high fidelity of
the plant reconstruction and the perception of stimuli through the use of haptic interfaces.

5.3. Potential File Exchanges with Predictive Software

During the research, preliminary studies were also carried out on the interaction and
bidirectional data exchange methods between the virtual training scenario developed in
this work and a predictive model of tree growth, i.e., a digital version of the hazelnut used
in botany for the digital simulation of the state of the hazelnut over time [40,41].

However, nowadays, the quality of the two models is very different:

e Predictive growth models are based on a strong abstraction of the tree shapes and
summarize the key elements of the hazelnut in simple geometries: cylinders, spheres,
and surfaces.

e  On the other hand, the survey model is a reconstruction faithful to detail, with the aim
of providing maximum immersion to the agricultural operators who will use it.

Both formats can be in obj but have different polygon counting orders: from hundreds
for the first to hundreds of thousands for the second. A first exchange was therefore
attempted by sending the predictive model into the realistic simulation, then cutting it
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with haptic gloves and returning it to the growth simulation software. This exchange
direction was successful, while the opposite (i.e., sending the detailed model to the growth
simulation) was not feasible, since it was hindered by the reduced compatibility of the
graphics engines.

We then proceeded with an analysis of the possible resolution strategies, as in the
following: Starting from the high-resolution model of the core version, it is assumed that it
is possible to apply scripts aimed at reducing the complexity of the model while preserving
some of its properties. The process begins with separating all non-continuous geome-
tries, ensuring that distinct parts of the model are treated independently. Once divided,
the elements are categorized into three main groups—Ileaves, branches, and the main
trunk—since each requires a different approach to simplification. Naming conventions are
applied to help distinguish these components, with leaves, branches, and the trunk labeled
accordingly based on their vertex count. To manage the excessive number of leaves (yet
not present in the wintertime tree on which pruning is carried out), the script applies a
controlled reduction by selecting a specified percentage of leaf objects and eliminating them.
This process significantly decreases the number of leaves from approximately 20,000 to
around 200, making the model more lightweight and manageable. Similarly, the branches
undergo a restructuring process where their overall inclination is preserved, but unnec-
essary vertices are removed. By isolating the outermost edge loops and eliminating the
inner vertices, the branches are simplified into a more streamlined form. By implementing
these optimization steps, the script can drastically reduce the total polygon count to one
hundredth. This makes the model significantly more efficient for rendering, exporting, or
real-time applications while retaining its fundamental visual characteristics.

Although this meets the intended objectives, it remains to be resolved that most
growth simulation software treats the leaves as solid objects, which are therefore deleted
already at the first export in obj format to the cutting simulation. Furthermore, the main
stem, which is the part of the mesh with the highest density of vertices, has loops and
mesh directions that are different and irregular, as it is composed of multiple branches.
The scripts described cannot completely solve these problems, and it will be the subject of
subsequent research to find innovative solutions with the available technologies.

6. Conclusions

In conclusion, the development of a parametricly generated simulation has enabled
the creation of an innovative model for highly realistic virtual training in pruning. The
resulting model is dynamic and interactive, allowing real-time cuts and modifications
within the simulation. Parametric modeling adds significant value by enabling adaptive
design solutions. These models facilitate the analysis of tree development over time,
improving maintenance strategies, environmental impact assessments, and biodiversity
conservation. By integrating parametric tools, researchers and professionals can make data-
driven decisions, ensuring resilient and efficiently managed green spaces. This research
serves as a starting point for further exploration of topics and methodologies related to the
parametric modeling of surveyed data, interactive virtual access to informational metadata,
and model-user interoperability.

This model could make a significant contribution to the field of precision agriculture
and plant research, as it combines high-resolution data from multiple sources into a cohe-
sive and comprehensive representation. Such an integrated approach enables a variety of
applications ranging from agricultural optimization to environmental monitoring. Like-
wise, the model-based simulation has proven to be sufficiently functional and responsive
to successfully test a pruning training prototype with agricultural workers. The ability to
simulate pruning in a virtual environment provides a safe and cost-effective method to
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train individuals in the appropriate techniques without the risk of damaging real trees. This
is particularly important in educational and vocational training contexts, where the ability
to repeatedly practice and learn from mistakes without real-world consequences can signifi-
cantly improve learning outcomes. Furthermore, the possibility of using a training platform
structured in a virtual environment and therefore available throughout the calendar year
would separate the learning path of an agricultural activity from the seasonality connected
to it, with obvious benefits in terms of costs and speed of training operations for operators.
The workflow presented can be extended to other interdisciplinary research involving the
creation of digital twins for monitoring agricultural management and can be extended to
agricultural operations on different plant species or other difficult-to-reconstruct specimens
belonging to the third sector. Similarly, simulation with such rapid and complete sensory
feedback tools can offer potential support to any professional and/or industrial field not
yet facilitated by immersive realities.
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Abstract: This research represents a corresponding and developed specialized impact
factors reverse analysis method for software complexes’ support automation; it is intended
for the analysis of impact factors affecting the supported software’s (or processes of its
comprehensive support) subjective perception results, as one of the constituent tasks of the
more complex problem of software complexes’ support automation. The developed method
provides the possibility to restore certain boundaries of impact factors by classifying the
multilayer perceptron’s hidden layer neurons and calculating the probability coefficients of
the belonging of these neurons to the corresponding specific pre-determined impact factors.
The problem of determining the influence of impact factors on the subjective perception
of the object of support (the supported software or the processes of its comprehensive
support) by the relevant subjects (interacting with this object, providing and implementing
its support) was resolved through the approach developed and proposed by the authors in
the scope of this research. A key feature of the proposed approach is to assign the neurons of
the hidden layers (of the multilayer perceptron type of artificial neural networks) functional-
semantic meaning(s), which they have been deprived of a priori, performing (before this)
by default an exclusively operational (calculation) function mainly for the correctness of the
training and functioning of the multilayer perceptron itself. The potential of the developed
method allows us to apply it for solving a huge number of applied practical tasks, such as
the one provided in the scope of this research, which is as follows: a practical task of the
support team members’ portrait determination, followed by a further search (detection) of
the interchangeable members of this support team to ensure the possibility of quick transfer
of the stack of tickets (which are in the middle of the active resolution process) between
these members.

Keywords: automation; intellectualization; support; software complex; customer support;
subjective perception; impact factors coefficients; artificial intelligence; artificial neural
network; multilayer perceptron

1. Introduction

Nowadays, the problem of software complexes’ support automation remains one of
the urgent scientific and applied problems. One of the main difficulties in solving this
problem of software complexes’ support automation is the difference in the resulting vision
of the supported object (or process) by the various subjects interacting with it, which,
directly or indirectly, participate in the processes of operation and the lifecycle of the
supported software complex and influence its comprehensive support accordingly. All
these differences in the resulting vision of the supported object (or process) are caused
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by the presence of various subjective impact factors exerting their influence on both the
vision of the software’s support processes and procedures and the vision of the supported
software complex itself. Therefore, analysis of these impact factors (with the possibility
of their further representation in any form acceptable for automation) is an extremely
important and necessary task in solving the more global problem of software complexes’
support automation.

Nowadays, the main (basic or key) directions of automation in the context of a com-
prehensive support for software complexes (not only a “classic” customer support, but a

comprehensive support) are the following:

Software testing automation;

Automation of call centers;

Chatbot automation;

Automation of service desk requests (both from customers and internally);
DevOps automation;

Decision-making automation.

Each of these directions partially (in its own responsibility area) resolves relevant as-
pects of automation for software complexes” support. The main task of software testing [1]
automation is the replacing of routine, often repeated, clearly structured, and algorith-
mized activities of people (employees of software testing teams and departments) with
appropriate means and automation tools in the form of various scripts, drivers, plugins,
modules, and other relevant approaches of software testing automation. The main pur-
pose of call center [2] automation is the opportunity to improve and facilitate the work of
people—call center operators—as well as to introduce robotic and /or virtual call center
operators that are able to process calls from customers and users fully or partially. The main
feature of chatbot [3,4] automation is the possibility of the implementation of the primary
communication (with clients and users) function using, for example, natural language
processing (NLP) [5] or generative pre-trained transformer (GPT) [6] approaches. The
main functions of service desk requests’ automation are, for example, the registration and
processing of external requests (tickets) from customer users of client companies [7,8] and
various internal requests (tickets) from users within the development companies [9,10],
as well as more complex functionality systems—Ilike the one described in [11], which can
automatically process crash GitHub logs, analyze them, and register relevant reports—and
other similar complex systems. The main task of DevOps [12-14] automation is the most
effective combination of the software complex’s development stages and is related to this
software complex’s stages of IT operations, and the whole of this approach should be mani-
fested in the provision of continuous integration and continuous development (CI/CD)
processes [15,16]. The main function of decision-making automation [17-19] is providing
an auxiliary function for the staff (from regular employee up to middle and higher levels of
management personnel) regarding selection and making certain decisions, depending on
the input and output parameters, as well as the relevant criteria.

The developed method fills the gap, consisting in the lack of consideration of the
subjective perception of the support object (software product) in the context of the repre-
sented existing mechanisms of its comprehensive support automation, thereby ensuring
additional intellectualization of this automation.

The rest of this paper is structured as follows:

e A literature review is in Section 2;

A method development, including its three main components, namely a primary

generalized model, an algorithm stage, and an appropriate mathematical model, is

given in Section 3;
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e  The main results, obtained as a result of modeling the developed method on a particu-
lar example case, resolved from the very beginning to the very end, with a detailed in-
dication of the intermediate results after each separate step of the developed method’s
algorithm, including all necessary information about the used means and tools needed
for method modeling and approbation, as well as a comparison with the outcomes of
the existing similar approaches, are presented and discussed in Section 4;

e  The conclusions are in Section 5.

2. Literature Review

The research dynamics of each direction of software complexes” comprehensive sup-
port automation is considered in the current chapter of this paper. For example, nowadays
software testing automation is considered to be an absolute norm, mainstream, and even
a mandatory common trend. However, not so long ago, according to the data presented
in [20], only 26% of all test-cases inside the projects among studied companies were covered
with the usage of software testing automation approaches. However, only 10 years later, for
example, according to the information presented in [21], there is already software testing
automation which is based on the technologies and approaches of artificial intelligence [22],
which, in fact, is a transition from the stage of automated software testing to the next
phase: fully automatic testing. Unfortunately, in the context of software testing automation,
the dominant attention is paid primarily to the automation of technical and technological
processes (generalizing and depersonalizing them), which only to a certain extent covers
some part of the activities of software testing specialists (or so-called “software testers”),
while a significant part of the non-technological aspects of software testing (including
impact factors that form a “picture” of the personalized perception of the tested software
by each of these specialists, identifying, in such a way, the individuality of this specialist)
remains out of consideration and/or is not taken into account.

At the same time, automation is also observed in the first line of software complexes’
customer support represented by call centers, starting from the call routing automation
presented in [23] and continuing with the significant achievements in the field of automatic
speech recognition presented in [24] and various speech recognition training techniques
like the one presented, for example, in [25], as well as various automated assistants similar
to the one presented in [26] or automated translators based on the example given in [27].
The main feature of call centers is the communication factor, which plays a dominant role
in the context of intersubjective interaction between the support subjects of any researched
software complex. At the same time, the represented research (in the context of call center
automation) does not pay attention to the impact factors which lead to the subjective
perception of the object of communication interaction (which is, in this case, the supported
software complex or the processes related to its support) by these subject communicators.

In addition, remarkable results have also been achieved in the field of chatbot automa-
tion, starting from agents with modular architecture, as presented in [28], and continuing
with systems for constructing the sentential forms similar to the one presented in [29] and
the automated voice control systems similar to the one presented in [30]. The research
in [31] lists some of the most popular chatbot platforms, such as Siri, Watson, Google Now,
and Cortana, which actually have set the mass market mainstream trend for such types
of virtual assistants and chatbots with built-in artificial intelligence technologies inside.
The research in [32] lists the main methods of chatbot learning, such as DNN, CNN, RNN,
LSTM, decision tree, random forest, SVM, and BiLSTM. At the same time, in practice, a
lot of users still experience considerable discomfort when interacting with chatbots and
continue to prefer “live” communication (in any of its verbal forms) with relevant customer
support specialists (which are living people). One of the reasons for such discomfort is,
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among other things, the lack of analysis of human factors affecting the interaction between
subjects—living people—as well as a lack of consideration of the subjective perception of
the support object (the supported software complex or the processes related to its support)
by each specific individual user while contacting the support service.

Another area of automation during the development and operations of software
complexes is automation in the scope of the registration and initial processing of service
desk requests, both “external” (driven from outside by the customers) and “internal”
(initiated inside the development company). For example, the research in [33] considers
the approach of automated sorting and the assignment of requests related to system
defects. In the research in [34], the incident categorization automation process is considered,
while in the research in [35,36], system defect categorization automation approaches are
presented, which use latent Dirichlet allocation and fuzzy logic, accordingly. The automated
assignment of electronic e-mail requests (tickets) sent by customer users and addressed
to the appropriate service support team of the developed software complex, using a set
of machine learning methods, is considered in the research in [37]. At the same time, as
in previously considered cases of software complexes’ support automation, within the
scope of the represented research on the automation of registration and initial processing
of service desk requests, there is no relevant analysis of the factor(s) of the subjective
perception (by each of these customers’ users) of the object of support, which, in turn, leads
to the lack of appropriate corrections necessary to ensure the reliability of information
received from these end users.

DevOps automation direction (of comprehensive software support) is also actively
developing. One of the most basic and fundamental works in this direction is the research
in [38]. A holistic DevOps knowledge management methodology is presented in [39].
According to results presented in the research in [40], 80% of software practitioners (who
participated in this research) reported that software building is actually the easiest part
of the automation, followed by software packaging and deployment (51.2% and 43.9%,
accordingly). The research in [41] additionally emphasizes the importance of DevOps
implementation into the development life cycle of each software complex, as well as the
fact that DevOps involves not only changes in processes, but also significant changes in the
software complexes” development method(s). CI/CD automation (the combined practice
of continuous integration and continuous delivery) is presented in [42] as one of the most
essential components of the present DevOps methodology. At the same time, in the scope
of the above studies in the context of DevOps automation, there is also no analysis of the
factors influencing the subjective perception of the object of automation (the supported
software product, as well as the relevant processes for its comprehensive support and
related operational processes), which (factors), nevertheless, form both the strategic and
tactical vision of these operational processes by each of the subjects, which directly support,
provide, perform, and implement these processes.

Simultaneously with all the above-mentioned areas of automation, the direction of
decision-making automation is actively developing as well. In particular, the research
in [43] presents a proactive support decision-making framework called RADAR, which is
based on both research fields of automated planning and artificial intelligence. RADAR
helps the decision-making person to achieve his/her goals by providing warnings and
suggestions about possible plan flaws and resource constraints. This was achieved by gen-
erating and analyzing the benchmarks that any successful plan must meet before achieving
the goals. Also, the approach proposed in the RADAR framework is fully consistent with
the concept of naturalistic decision making. Another example, which is also probably one of
the most popular kinds of automated decision-making usage, is the various smart-systems,
such as “smart home”, which is presented in [44]. However, this direction is also actively
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developing in the field of software development itself and is considered, for example in
the research [45], where the approach of real user feedback-based automatic classifica-
tion of software products” non-functional requirements is presented, and [46], where the
automatic classification of functional and non-functional requirements with the usage of
supervised machine learning is presented. The research in [47] represents a comparison of
data-driven decision making (DDDM) with automated data-driven model-based decision
making (MBDM). In fact, nowadays automated decision-making systems have long left
the boundaries of both smart systems and software development and confidently entered
the mass market in its various forms. According to the results presented in the research
in [48], the European Consumer Organization clearly analyzes the increase in automated
decision making, which is based on appropriate algorithms for commercial transactions,
and its impact on the functionality of consumer markets and societies. At the same time,
the research in [49,50] raises issues caused by the rapidly growing influence of automated
decision-making systems and the appropriate challenges and risks caused by these systems.
But even despite these risks, interest in these systems continues to grow further; so, they
continue to develop and evolve accordingly. In general, decision making is a highly subjec-
tivized process, as each subject (on which the adoption of the relevant decision depends)
justifies it in its own personalized way, relying, first of all, on one’s subjective vision and
perception of the object of support (the supported software complex or the processes related
to its support), which (this subjective vision) is shaped by relevant impact factors that,
unfortunately, are also not taken into account in the context of the represented studies
and research carried out in this direction of decision-making automation in the context of
software complexes’ support automation.

So, as we can see from the conducted review and analysis, automation has already
deeply penetrated inside all key stages of the software complexes” development and
operation—starting with their testing and ending with automatic analysis of real feedback
left by users (living people) of these software complexes.

Unfortunately, lack of attention to the subjectivization of the support object’s (sup-
ported software products or processes related to their comprehensive support) perception
is a common problem (gap) in all the reviewed and presented research given above, which
is aimed at automation of the component processes of the software products’ life cycle. In
turn, this leads to a depreciation of the impact of the subjectivization of the comprehensive
support objects” perception by those subjects (e.g., personnel) who directly implement and
provide such comprehensive support fully or particularly.

That is why, within the scope of the current research, a more global approach for
the study of software complexes” comprehensive support automation is proposed by the
authors: in this research we actually raise up to the next (higher) level, which connects all the
described manifestations of automation—from testing to decision making. And at this next
higher level, we are mainly interested in the problem of various impact factors having an
influence on the representation results of the supported software complexes (or processes)
by all the appropriate participants (subjects of interaction) of this support—starting from the
testers, continuing with the customer (and/or product) support specialists, and ending with
real users at the customer(s) side. Undoubtedly, each of these subjects, directly or indirectly
interacting with the supported software complexes, consciously or subconsciously comes
across a set of both universal and individual impact factors, which, one way or another,
at different degrees of influence, definitely affects their subjective resulting perception of
this supported software complex or its support processes. That is why (in context of this
research) we are so interested in these impact factors and the possibility of their further
research, analysis, differentiation, calculation, and quantitative assessment, as well as the
determination of the degrees, levels, and limits of their influence, etc.
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Therefore, the main goal of this research is to develop an impact factors reverse
analysis method for software complexes’ support automation; it is based on a specially
developed algorithm, as well as the appropriate mathematics, software, and additional
required models and components presented in this research.

3. Method Development
The developed method consists of three main components, namely:

e  Primary generalized model;
e  Algorithm stages;
e  Mathematical model.

The main purpose of the developed and proposed primary generalized model is to
provide a simple, understandable, and at the same time universal way of formalizing the
representation of the support objects’ perception subjectivization.

The main purpose of the developed and proposed algorithm stages is to provide a
clear algorithm to enable further automation and software implementation (coding), as
well as computer modeling of the developed method.

The main purpose of the developed and proposed mathematical model is to ensure a
fundamental mathematical basis for the developed method, which will provide additional
opportunities both for mathematical modeling (as an integral part of computer modeling
and programming) and for the further use of all existing mathematical tools in order to
obtain any proposed, necessary, possible improvements and/or modifications.

Let us start from the consideration that any supported software complex has a number
of input characteristics I1. . .In, as well as a number of output characteristics (as a result of
its subjective representation) O1...0m (where “m” does not necessarily have to be equal to
“n”). Input characteristics are the characteristics which are close (as much as possible) to the
objective (real or true) ones, while the output characteristics are the results of the subjective
perception of the supported software complex (or its support processes) by appropriate
subject(s) directly or indirectly interacting with this supported software complex.

In ideal (“vacuum”) conditions, those output characteristics are considered as the
results of some previously determined and known referential functional dependence from
the input characteristics, without any distortions.

However, in real conditions, each input characteristic undergoes certain distortions
and “deformations”, and, as a result, all of them are transformed into the corresponding
resulting (subjective) output characteristics, which form the final perceptional subjective
resulting interpretation of the supported software complex (or processes of its support) by
the appropriate subject(s) interacting with it. That is why, finally, each subject of interaction
with the supported software complex perceives it in its own individualistic (personalized)
way/manner.

The main levers of influence (or tools of deformation) in this process of transformation
of the input characteristics into output results are the impact factors. There could be
any number (and variety) of them, and each of these impact factors affects each input
characteristic of the supported software complex (or the processes of its comprehensive
support) in its own way.

3.1. Primary Generalized Model

The above-described process can be simply interpreted by the developed and proposed
(in the scope of this research) primary generalized model of the supported object’s subjective
perception, a visualized example of which is provided below in Figure 1.
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Figure 1. Example of built primary generalized model of the supported object’s subjective perception.

Depending on the set goals and objectives, the “supported object” could be rep-
resented by the supported software complex itself, as well as the processes of its
comprehensive support.

According to the developed and proposed generalized model (of the supported object’s
subjective perception) each researched supported object should have the following:

e A set of input characteristics;

e A set of sequential impact factors, each of which can influence each of the input char-
acteristics (many-to-many relationship) correspondingly in its own way, gradually (or
cascadingly) transforming them into a relevant set of resulting output characteristics;

e A set of resulting output characteristics.

As can be seen in the given graphic representation provided below in Figure 1, the pro-
posed primary generalized model visually reminds the well-known multilayer perceptron
(MP), where

e A set of input characteristics is the MP input layer’s neurons;

e A set of impact factors is the MP hidden layers’ neurons;

e A set of resulting output characteristics is the MP output layer’s neurons (with the
results of the MP’s operation).

However, the multilayer perceptron in its primary basic concept does not assume the
presence of any meaningful or cognitive values for hidden layers” neurons. According to
the well-known classical concept of a multilayer perceptron, all the hidden layers” neurons
(inside any multilayer perceptron) are needed only for purely mathematical calculations and
the corresponding training function of the MP. Therefore, it cannot just be assumed that each
hidden layer of neurons (in the corresponding constructed multilayer perceptron model)
is a separate impact factor, because the structure of a multilayer perceptron itself does
not meet such comprehension. Thus, each time when appropriate multilayer perceptron
models are implemented for proposed primary generalized models (of the supported
object’s subjective perception), the boundaries of the impact factors (presented in these
primary models) are actually lost (or blurred) in the appropriate MP models.

So, this is actually the problem which should be resolved, and that is actually why we
are so interested in the possibility of identifying (or restoring) these certain lost boundaries
of the impact factors influencing the supported object(s) while implementing and using the
corresponding constructed multilayer perceptron models for them.
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Thus, the main goal of this research is the investigation of the possibility of introducing
additional meaningful (or cognitive) values (labels) for the neurons of the hidden layers
of the corresponding constructed multilayer perceptron models, in accordance with the
determined impact factors of the researched supported object(s).

Figure 2 below describes an example of an appropriate multilayer perceptron model
corresponding to the primary generalized model of the supported object’s subjective
perception (which was already provided in Figure 1 above).

9€926 €€

Figure 2. Example of a multilayer perceptron model corresponding to the primary generalized model
of the supported object’s subjective perception.

As presented in Figure 2, the corresponding multilayer perceptron model is an example
of a real model, one of those which have been used for modeling while working on the
issue(s) investigated by authors in the scope of this research. Thus, for better clarity and
understanding, all further scientific and practical materials, as well as the investigation
results, presented in this research are linked to this particular specific research example (in
order to ensure the possibility of tracking the entire research chain, from its very beginning
to its complete end).

Therefore, the corresponding developed model of the multilayer perceptron, as de-
scribed in Figure 2, consists of the following:

e Input layer neurons 10-13;
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e  Four hidden layers of neurons (five neurons on each hidden layer, + an additional one
bias neuron on each hidden layer);
e  Output layer neurons O0-0O3.

3.2. Algorithm Stages

Let us move on to a consideration of the corresponding developed algorithm (and its
stages) of the impact factors reverse analysis method for the software complexes” compre-
hensive support automation.

The very initial stages of the developed impact factors reverse analysis method are
as follows:

Stage 1. Development of a primary generalized model of the supported object’s
subjective perception (in an arbitrary form but necessarily including strict indication(s) for
all input characteristics and output resulting characteristics, as well as all impact factors).

Stage 2. Development of an appropriate multilayer perceptron model fully corre-
sponding to the previously developed primary generalized model of the supported object’s
subjective perception. At this stage, an extremely important and mandatory requirement is
ensuring a unique relationship between each impact factor and the corresponding hidden
layer(s) of the multilayer perceptron (in the case that their relationship type is different, it
is just “one-to-one”).

Stage 3. Training of the developed multilayer perceptron model, performed on a
relevant, appropriately prepared, training dataset(s).

For better understanding, Figure 3 below additionally provides appropriate graph-
ical representation of the full process described in all the provided stages of the
developed algorithm.

The next stages are the main stages for the analysis of all the defined impact factors
present in supported object’s subjective perception model, namely:

Stage 4. Preparation or extraction of data for each individual isolated impact factor.

The ideal conditions for this stage (4) are the following;:

e  The absolute impact of only one (currently considered /investigated) impact factor;

e  The zero-level impact of the rest of the impact factors (except the one currently consid-
ered/investigated);

e An absolutely clear understanding of how each individual impact factor affects the
model in isolation (without the influence of the rest of the impact factors);

e Insight into what will be the input and output data of the model under the isolated
influence of only one individual (currently considered/investigated) impact factor.

* Stage 5 (which is an optional stage). Consideration of the need for further additional
training (or complete re-training) of separate MP model(s) for individual isolated impact
factors. However, this stage (5) is extremely time-consuming, complex, and resource-
consuming, and requires a separate consideration (perhaps in separate dedicated research).
Therefore, in this research, we use a slightly different approach, which involves using the
multilayer perceptron model, already previously obtained in stage 3.

Stage 6. Testing of the trained MP model on each of the datasets obtained in the
previous stage (4) for each separate impact factor(s).

Stage 7. Cleaning obtained testing results—as we are only interested in the correct
results, while incorrect ones should just be discarded.

Stage 8. In this stage, the corresponding maximal weight reverse chains are built based
on each testing result from the previous stage. Each reverse chain is built starting from
the correct active MP output layer’s neuron, back through all the MP’s hidden layers, and
finalizing at the corresponding MP input layer’s neuron).
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Figure 3. Stages of the algorithm for impact factors reverse analysis method (where *5 is an
optional stage).

Stage 9. Labeling of each of the neurons for each of the reverse chains (obtained in
previous stage) in accordance with their belonging to the currently considered /investigated
specific impact factor.

Stage 10. Calculation of the probabilities for all neurons (obtained in the previous stage)
regarding their belonging to those impact factors to which they have been appropriately
labeled in the previous stage. * Here, in this stage, it is also important to understand one
important thing—the same neuron can simultaneously belong to the reverse chains of
several different impact factors (and such a situation is quite normal). Therefore, the main
task of this stage is to calculate the probabilities by which each such specific neuron belongs
to each of its impact factors. For such neurons, a separate term is proposed and introduced
for the developed method in the scope of this research: “disputed neurons”. And for such
impact factors that include disputed neurons, the developed method also proposes and
introduces a corresponding separate term: “competing impact factors”.

This stage actually finalizes the description of the developed algorithm.

3.3. Mathematical Model

So, let us move on to the detailed consideration of the developed mathematical
component (model) of the impact factors reverse analysis method, according to which
the calculation of probabilities (of neurons belonging to the relevant impact factors) is
performed in several steps, as provided below. In the first step, the percentage ratio
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is calculated for the frequency of occurrence of each unique reverse chain (within their
impact factors) relative to the total number of all cases (within their impact factors). The
appropriate calculations for this first step are performed using the expression given below:

count(URC[j] € F[i])
count(URC[all] € F[i])’

FoAjoca [i][j] = (1)
where FoA_local[i][j]l—frequency of appearance of the [j]-th unique reverse chain within
[]]-th impact factor; count(URC[j]€F[i])—the number of appearances of the [j]-th unique
reverse chain (URC) within the [i]-th impact factor; count(URC[all]€F[i])—the total number
of appearances of all unique reverse chains existing within the [/]-th impact factor.

In the second step, the percentage ratio is calculated for the frequency of occurrence of
each unique reverse chain (beyond its impact factors or, in other words, in the general set
of cases, a “global dataset”) relative to the total number of all cases (within this general set
of cases or the same “global dataset”). Appropriate calculations for this second step are
performed using the expression given below:

FOAglobal M []] = FOAIocal[i] []] ’ FI[i]’ 2

where FoA_global[i][j]—the frequency of appearance of the [j]-th unique reverse chain of
the [i]-th impact factor within the global dataset; FI[i[—index of the [i]-th impact factor
(factor index—FI).

In turn, the impact factor index is calculated using the following expression provided

below: {(Flil € G )
. count(F[i] € [Genera
FIli] = count(F[all] € [General])’ ®)

where count(F[i]€[General])—the number of appearances of the [i]-th impact factor within
the global dataset; count(F[all]€[General])—the total amount of all cases (for all impact
factors) of the same global dataset.

In the third step, the values of the probabilities that the disputed neurons belong to
the appropriate competing impact factors are calculated by the following expression:

_ LFoAgioballi][f] (Neuron[k] € URC/])
Y-_FoAgopal[i][j](Neuron[k] € URCJall])’

PoDNDbtCIF[i] [k] 4)
where PoDNbtCIF[i][k]—probability that the disputed neuron [k] belongs to the compet-
ing impact factor [i]; FoA_global[i][j1(Neuron[k]€ URC[j])—the frequency of appearance
of the [j]-th unique reverse chain of the [i]-th impact factor within the global dataset
(for those unique URC]j] reverse chains which include the disputed neuron Neuron[k]);
FoA_globalli][j](Neuron[k]e URC[all])—the frequency of appearance of the [j]-th unique
reverse chain of the [i]-th impact factor within the global dataset (for all unique reverse
chains of all impact factors, e.g., URC[all], which includes the disputed neuron Neuron[k]).

Therefore, in a global sense, the essence of the concept of the developed (provided
above) expressions, representing the appropriate mathematical component/model of the
impact factors reverse analysis method, is the following:

e  First—the probability of the appearance of each unique reverse chain (with its bind-
ing to each of the relevant impact factors, of course) in the global dataset should
be estimated,;

e  then—the probability of the appearance of each disputed neuron (in the scope of each
unique reverse chain, to which this neuron belongs, and with the binding of each of
these chains to the related impact factor) is estimated, and this provides a specific link
between this particular disputed neuron and that particular competing impact factor.
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Or, in other words (for some additional, or maybe better, understanding), we have a
list of neurons (all of them, including disputed ones) and a list of unique reverse chains
(which include these disputed neurons), and these unique reverse chains, in turn, are also
part of the impact factors (all of them, including competing ones).

So, we could

e  Simply count the number of unique reverse chains (which include some currently
investigated disputed neurons) of one single specific impact factor (to which these
unique reverse chains belong);

e  Then divide this number by the total number of all unique reverse chains (which
includes this currently investigated disputed neuron), regardless of the binding of
these unique reverse chains to a specific impact factor, but instead just considering ab-
solutely all unique reverse chains (which include this currently investigated disputed
neuron) for all impact factors.

However, such an approach will be correct only if

e  The probability of the appearance of each impact factor in the global dataset is equal
for all impact factors;

e  The probability of the appearance of each unique reverse chain in the global dataset is
equal for all unique reverse chains.

But the real situation in practice is completely different, and there are specific numeri-
cal values of both the probabilities of the appearance of each impact factor in the global
dataset and the probabilities of the appearance of each unique reverse chain in the same
global dataset.

That is why when calculating the ratio

e of the number of unique reverse chains (which include the currently investigated
neuron) of one single specific impact factor (to which these unique reverse chains
belong)

e to the total number of all unique reverse chains (which include this currently investi-
gated neuron) for all impact factors

we already take into account such pre-calculated numerical values as

e the probability of the appearance of each impact factor in the global dataset,
e as well as the probabilities of the appearance of each unique reverse chain in the same
global dataset.

That is actually what all these developed and provided expressions, representing
the appropriate mathematical component/model of the developed impact factors reverse
analysis method, really mean.

4. Results and Discussion

This section of the paper intends to present the developed method in as much detail
as possible through its practical step-by-step use in a particular example study case.

In addition, for better understanding, this section is structured into subsections,
as follows:

e  Section 4.1. Working with the developed multilayer perceptron model;

e  Section 4.2. Formation of maximal weight reverse chains with the following labeling
of neurons by the relevant impact factor(s);

e  Section 4.3. Calculating the probabilities of the disputed neurons belonging to the
competing impact factors;

e  Section 4.4. Example of a practical task resolution by the developed method;
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e  Section 4.5. Comparison with outcomes of existing similar approaches.

Let us move forward with each of the subsections of the current section.

4.1. Working with the Developed Multilayer Perceptron Model

Thus, the appropriate multilayer perceptron model (for the researched experimental
model, presented in this research as an example case) was developed and trained in the R
3.6.3 environment using the “neuralnet” package and the LeakyReLu activation function.

The example code of the corresponding developed software (for this part of the
investigation) in the “R” programming language is given below in Table 1:

Table 1. The code of the corresponding developed software in the R programming language.

support <- read.csv(“:/dataset.csv”)
str(support)
support_train <- support[1:1000,]
support_test <- support[1001:1100,]
library(neuralnet)
leakyrelu <- function(x) {ifelse(x < 0, 0.01*x, x)}
support_model <- neuralnet(O1 + O2 + O3 + O4 ~ 11 + 12 + I3 + 14,
data = support_train,
hidden = ¢(5,5,5,5),
#using default algorithm “rprop+”
act.fct = leakyrelu,
linear.output = FALSE,
threshold = 1, stepmax = 1,000,000)
plot(support_model)
support_model$weights

As the input data for the training and testing of the developed multilayer perceptron
model, data from a CSV-file are used (just as an example presented in this paper, because the
developed method itself does not set any limitations regarding data representation formats).
Before that, all these data (present in this CSV-file) were obtained as a result of the execution
of additional software developed in the Python 3.12 programming language using the
Thonny 4.1.4 IDE, which was used as a data generation engine. At the same time, all these
data in the CSV-file were additionally depersonalized (in particular, they were deprived
of any personalization, sensitivity, or semantic load; instead, only “pure numbers” were
left) and normalized (input neuron values: [0.1-0.9]; output neuron values: 0 or 1, where
only one of four output neurons can be 1, while the rest must be 0). Depersonalization
and normalization of these data were also performed by additional software developed in
Python. An example of the data from a CSV-file is shown in Figure 4 below.

A[lB|[c|[p] E [F[G[H][I
11 12 13 14 Oideal O1 02 O3 04
2 |03 03 03 02 01 1 0 0 o
3 |04 09 04 06 05 0 0o 1 o0
4 |08 08 07 02 05 0 0o 1 o
5 |04 09 04 04 05 0 0 1 o0
6 | 08 03 03 04 03 0 1 0 o
7 | 06 06 05 08 05 0 0 1 o0
2 |05 06 05 03 03 0 1 0 o0
9 | 06 04 08 05 05 0 0 1 o0
10 | 08 08 04 03 05 0 0 1 o0
11 |04 05 09 04 05 0 0 1 o0
12 | 02 06 05 08 05 0 0 1 o0
13|/ 06 04 03 07 03 0 1 0 o0
14 1 09 01 07 02 03 0 1 0 o
15| 06 04 06 07 05 0 0 1 o0
16 | 07 06 04 03 03 0 1 0 o
17 | 06 09 09 038 07 0o 0o 0 1
12 | 02 01 01 03 01 1 0 0 o
19 | 02 04 04 09 03 0o 1 0 o

Figure 4. CSV-file data format, for training and testing of the developed multilayer perceptron.
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The accuracy of the developed MP model trained on the testing dataset was achieved
and reached up to 96.04%; it could even grow more, but it was specifically decided to
not train the model above this level, because for most real cases such accuracy is rarely
achieved. So, the main goal was just to make sure that the developed MP model was well
trained and could show acceptable, really good, and pretty accurate testing results.

Returning back to our example, in Figure 2 an appropriate trained multilayer percep-
tron model was obtained corresponding to the primary generalized model of the supported
object’s subjective perception. That is, in fact, completed in stage 3 of the developed
algorithm for the impact factors reverse analysis method.

So, the next stage (4) is actually a preparation (or extraction) of the data for each
individual isolated impact factor. In this stage, each of the impact factors is considered
in isolation; so, here we must clearly realize and understand what input and output data
of the model we will obtain when isolating the influence (performed on our supported
software complex or the processes of its support) of each individual impact factor taken
from the set of all available impact factors. At the same time, the influence of all remaining
impact factors (except the single currently investigated factor) must be reduced to zero (0).

For example, in our specific example case, presented in this research, an appropriate
strategy was chosen, according to which each separately taken impact factor (out of four
existing in our example model) is responsible for activation of only one specific resulting
output neuron (out of four existing in our MP model). (* But this is just an example; in
other cases, the strategies of the isolated influence of the impact factors could be completely
different; however, we consider such a specific example primarily for better simplicity,
clarity, and understanding of the whole of the material represented in this research as an
example).

By means of appropriate additional developed Python software, the corresponding
CSV-files were prepared with data for testing the isolated influence of each individual
impact factor of the developed and considered example model.

The next stage (6) is responsible for the testing of the trained MP model on each of
the datasets obtained in the previous stage (4) for each separate impact factor(s). In other
words, it means that we should use the datasets from each separate prepared CSV-file (for
each separate corresponding individual isolated impact factor) for testing the same trained
multilayer perceptron model obtained in stage (3).

In the next stage (7), the results (obtained in the previous stage of testing for each
individual isolated impact factor) should be cleared, leaving only the correct results; that
is, those where (at the output of our multilayer perceptron model) we obtained the actual
correct result which fully corresponded with the expected result present in the appropriate
CSV-file.

4.2. Formation of Maximal Weight Reverse Chains with Following Labeling of Neurons by the
Relevant Impact Factor(s)

Then, in the next stage (8), we can finally form the corresponding reverse chains of the
maximal weights, starting from the correct active output layer’s neuron, continuing back
through all the hidden layers, and finalizing by the corresponding input layer’s neuron. For
this purpose, in the scope of the current research, the corresponding additional dedicated
software was developed in Python as well. An output results example, obtained by this
developed Python software, is presented below in Figure 5.
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Shell
>> o)
s Input values Res Ideal Actual(0ll) OK? O[x]<-HLN[3] [x]<-HLN([2] [x]<-HLN[1] [x]<-HLN[0] [x]<-I[x]
1 0.2 0.5 0.3 0.7 0.3 0100 010 0 O[1]1<-HLN[3] [0]1<-HLN[2] [1]<-HLN[1] [1]<-HLN([0] [1]<-I[3]
2 0.4 0.1 0.5 0.8 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
3 0.8 0.2 0.4 0.5 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN([2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
4 0.4 0.1 0.8 0.2 0.3 0100 0 4 0 2 O[1]<-HLN[3] [1]1<-HLN[2] [4]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
s 0.1 0.1 0.5 0.5 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
€ 0.7 0.2 0.3 0.€ 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]1<-I[2]
7 0.5 0.6 0.1 0.3 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [3]<-I[1]
8 0.8 0.1 0.1 0.7 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[3]
s 0.2 0.1 0.1 0.8 0.3 0100 100 0 0[0]1<-HLN[3] [1]<-HLN[2] [0]<-HLN[1] [3]<-HLN[0] [2]<-I[3]
10 0.2 0.8 0.3 0.6 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]1<-I[2]
11 0.4 0.1 0.8 0.€ 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN([2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
12 0.6 0.1 0.2 0.7 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[3]
13 0.5 0.2 0.9 0.3 0.3 0100 0 2 0 1 O[1]1<-HLN[3] [1]<-HLN[2] [4]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
14 0.3 0.6 0.6 0.5 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
1s 0.4 0.2 0.5 0.3 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN([2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
1€ 0.1 0.3 0.5 0.8 0.3 0100 01 0 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<=HLN[0] [1]<-I[2]
17 0.6 0.2 0.1 0.€ 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [3]<-I[1]
18 0.2 0.1 0.1 0.9 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[3]
13 0.6 0.1 0.3 0.5 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]1<-HLN[0] [1]<-I[2]
20 0.7 0.4 0.2 0.7 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[3]
21 0.1 0.6 0.1 0.8 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [3]<-I[1]
22 0.6 0.4 0.1 0.7 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [3]1<-I[1]
23 0.2 0.8 0.1 0.5 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [3]1<-I[1]
24 0.2 0.7 0.5 0.4 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
25 0.2 0.1 0.€ 0.7 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
2€ 0.1 0.2 0.4 0.9 0.3 0100 01 0 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[3]
27 0.1 0.2 0.5 0.9 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
28 0.8 0.1 0.1 0.5 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN([2] [1]<-HLN[1] [1]<-HLN[0] [3]1<-I[0]
23 0.4 0.2 0.2 0.7 0.3 0100 010 0 O[1]<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[3]
30 0.6 0.2 0.7 0.3 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN[2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
31 0.1 0.4 0.5 0.9 0.3 0100 010 0 O[11<-HLN[3] [0]<-HLN[2] [11<-HLN[1] [1]<-HLN[0] [1]1<-I[2]
32 0.4 0.3 0.5 0.3 0.3 0100 010 0 O[1]1<-HLN[3] [0]<-HLN([2] [1]<-HLN[1] [1]<-HLN[0] [1]<-I[2]
33 0.5 0.7 0.4 0.4 0.3 0100 0 2 0 1 O[1]<-HLN[3] [1]1<-HLN[2] [4]<-HLN[1] [1]<-HLN[0] [1]<-I[2]

Figure 5. An output results example obtained by the developed software dedicated for implementa-
tion of stage 8 of the algorithm for impact factors reverse analysis method.

As the operation result of this dedicated developed Python software, the following
results were obtained, as presented in Table 2 below.

Table 2. Obtained reverse chains of neurons for related impact factor(s).

Obtained Reverse Chains of Neurons for Related Impact Factor Related Impact Factor
0[0] < -HLN[3][1] < -HLNJ[2][0] < -HLN[1][3] < -HLNJ[0][2] < -1[2]

OI[0] < -HLN[3][1] < -HLNJ2][0] < -HLN[1][3] < -HLN][0][2] < -I[3]

0[0] < -HLN[3][1] < -HLNJ[2][0] < -HLN[1][3] < -HLNJ[0][2] < -I[1]

0[0] < -HLN[3][1] < -HLN[2][0] < -HLN[1][3] < -HLNI[0][2] < -T[0] Impact factor 1
O[0] < -HLN[3][1] < -HLNJ2][1] < -HLN[1][1] < -HLN][0][3] < -I[1]

0[0] < -HLN[3][1] < -HLNJ2][4] < -HLN[1][1] < -HLN[O0][1] < -I[2]

O[1] < -HLN[3][0] < -HLNJ2][1] < -HLN[1][1] < -HLNJ[0][1] < -I[3]

O[1] < -HLN[3][1] < -HLNJ2][4] < -HLN[1][1] < -HLN][0][3] < -I[1]

O[1] < -HLN[3][0] < -HLNJ2][1] < -HLN[1][1] < -HLNI[0][1] < -I[2]

O[1] < -HLN[3][1] < -HLNJ[2][4] < -HLN[1][1] < -HLN[0][1] < -I[2] Impact factor 2
O[1] < -HLNIJ3][0] < -HLN[2][1] < -HLNJ[1][1] < -HLN[0][3] < -I[1]

O[1] < -HLN[3][0] < -HLNJ2][1] < -HLN[1][1] < -HLNJ[0][3] < -1[0]

O[1] < -HLN[3][1] < -HLNJ[2][4] < -HLN[1][1] < -HLNJ[0][3] < -1[0]

OI2] < -HLN[3][3] < -HLNJ2][0] < -HLN[1][0] < -HLN][0][3] < -I[1]

O[2] < -HLN[3][3] < -HLNJ[2][2] < -HLN[1][4] < -HLNJ[0][3] < -I[1]

OI2] < -HLN[3][2] < -HLNJ2][0] < -HLN[1][0] < -HLN][0][3] < -I[1]

O[2] < -HLN[3][3] < -HLNJ[2][2] < -HLN[1][4] < -HLNJ[0][1] < -1[2]

O[2] < -HLN[3][2] < -HLNJ[2][0] < -HLN[1][0] < -HLNJ[0][3] < -1[0] Impact factor 3
OI2] < -HLN[3][3] < -HLNJ2][0] < -HLN[1][0] < -HLN][0][3] < -I[0]

0[2] < -HLN[3][2] < -HLNJ[2][2] < -HLN[1][4] < -HLNI[0][1] < -1[2]

O[2] < -HLN[3][2] < -HLNJ[2][2] < -HLN[1][4] < -HLNJ[0][1] < -I[3]

OI2] < -HLN[3][2] < -HLNJ2][2] < -HLN[1][4] < -HLN][0][3] < -I[1]

O[3] < -HLN[3][3] < -HLNJ[2][2] < -HLN[1][4] < -HLNI[0][1] < -1[2]

O[3] < -HLN[3][3] < -HLN[2][2] < -HLN[1][4] < -HLNJ[0][3] < -I[1] Impact factor 4
O[3] < -HLNJ3][1] < -HLN[2][4] < -HLNJ[1][4] < -HLN[0][1] < -I[2]

For better clarity and understanding of the obtained resulting reverse chains, Figure 6
below shows graphic visualizations of a few of them as an example.
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Impact factor 2 (example) Impact factor 1 (example)
O[1]<-HLN[3][1]<-HLNJ[2][4]<-HLN[1][1]<-HLN[0][3]<-I[1] O[0]<-HLN[3][1]<-HLN[2][0]<-HLN[1][3]<-HLN{[0][2]<-I[0]
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Impact factor 4 (example) Impact factor 3 (example)
O[3]<-HLN[3][3]<-HLN[2][2]<-HLN[ 1][4]<-HLN[0][1]<-I[2] O[2]<-HLN[3][3]<-HLN[2][2]<-HLN[1][4]<-HLNJ[0][3]<-I[1]
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Figure 6. Graphic visualization of several examples of reverse chains obtained in stage 8 of the

developed impact factors reverse analysis method’s algorithm.

Since the input layer’s neurons 10-13, as well as the output layer’s neurons O0-O3,
are actually of no interest from the point of view of their belonging to the impact factors
(according to the strategy of developed method), only the belonging of the hidden layers’
neurons (to these impact factors) is of interest. Taking this into consideration, the following
unique reverse chains will be obtained (without input and output layers’ neurons):

e  Obtained reverse chains of neurons for impact factor 1:
HLNI3][1] < -HLNJ[2][0] < -HLN[1][3] < -HLN[O0][2]
HLNI3][1] < -HLNJ[2][1] < -HLN[1][1] < -HLN[O0][3]
HLNI3][1] < -HLNJ[2][4] < -HLN[1][1] < -HLN[O0][1]

e  Obtained reverse chains of neurons for impact factor 2:

HLN][3][0] < -HLN[2][1] < -HLN[1][1] < -HLN[O0][1]
HLN][3][1] < -HLN][2][4] < -HLN[1][1] < -HLN[0][3]
HLN][3][1] < -HLN][2][4] < -HLN[1][1] < -HLN[O0][1]
HLN][3][0] < -HLN[2][1] < -HLN[1][1] < -HLN[0][3]

e  Obtained reverse chains of neurons for impact factor 3:
HLNI3][3] < -HLNI2][0] < -HLN[1][0] < -HLN[0][3]
HLNI3][3] < -HLNI2][2] < -HLN[1][4] < -HLN[0][3]
HLNI3][2] < -HLNI2][0] < -HLN[1][0] < -HLN[0][3]
HLNI3][3] < -HLNI2][2] < -HLN[1][4] < -HLN[0][1]

—_— —_. —. —.
—_— e —
—_— —, —
—_ = =
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HLNI[3][2] < -HLNJ[2][2] < -HLN[1][4] < -HLN[0][1]
HLNI[3][2] < -HLNJ[2][2] < -HLN[1][4] < -HLN[0][3]

e  Obtained reverse chains of neurons for impact factor 4:

HLNI3][3] < -HLNI2][2] < -HLN[1][4] < -HLN[O0][1]

HLNI3][3] < -HLNI2][2] < -HLN[1][4] < -HLN[0][3]

HLNI3][1] < -HLNI2][4] < -HLN[1][4] < -HLN[O0][1]

Thus, as shown in Figure 6 above (with a graphical visualization of reverse chain exam-
ples), we can label the neurons included in these chains with markers of the corresponding
impact factors based on each of the obtained reverse chains. This actually completes stage
9 of the developed impact factor analysis method.

4.3. Calculating the Probabilities of the Disputed Neurons Belonging to the Competing
Impact Factors

So, at this moment, it only remains to perform the final stage 10 with the calculation
of the probabilities (for all neurons, obtained in previous stage) of their belonging to those
impact factors to which they were appropriately labeled in the previous stage.

As can be seen from the above-presented list of unique reverse chains, a significant
number of neurons were labeled with various multiple impact factors. For example:

Neuron HLN[3][1] simultaneously belongs to impact factors 1, 21 4;
Neuron HLNJ3][3
Neuron HLNJ2][0
Neuron HLN[2][1
Neuron HLN]J2][4
Neuron HLNJ2][2
Neuron HLN[1][1
[
[

simultaneously belongs to impact factors 3 i 4;
simultaneously belongs to impact factors 11 3;
simultaneously belongs to impact factors 11i 2;
simultaneously belongs to impact factors 1, 2 i 4;
simultaneously belongs to impact factors 3 i 4;
simultaneously belongs to impact factors 11i 2;
Neuron HLNJ1][4
Neuron HLNJ0][3
Neuron HLN[O0][1] simultaneously belongs to impact factors 1, 2, 31 4.

simultaneously belongs to impact factors 3 i 4;

—_— e e e e e

simultaneously belongs to impact factors 1, 2, 3 i 4;

This means that there is some number of disputed neurons, for which it is necessary
to calculate the probability of their belonging to each of the competitive impact factors.

The main recommendation for minimizing the number of disputed neurons and
competitive impact factors is to increase the dimensionality of the hidden layers’ neuron
matrix and the constant experimental research in this direction (in a similar way to that
conducted during the design of any multilayer perceptron models, where the number of
hidden layers, as well as the number of neurons on these hidden layers, is often chosen
mainly experimentally). However, in this research, we deliberately consider the case with a
significant number of disputed neurons (as in our presented experimental case: 50% of all
the hidden layer neurons of the MP model are actually disputed, and this is really quite
a high rate) in order to better illustrate the process of calculating the probabilities of the
belonging of these disputed neurons to appropriate competitive impact factors.

So, for our considered specific experimental case, we obtained the following values,
calculated according to the above-mentioned expressions: FI[1] = 0.06476, FI[2] = 0.471928,
FI[3] = 0.40652, and FI[4] = 0.056792; such exact values were obtained as an operation
result of the appropriate additional specially developed Python software for calculating the
influence indexes of each of the four impact factors of the developed model, as presented
in this research, obtained on a million-dataset (a dataset of 1 million records).

Table 3 below shows the results of the calculations executed for each reverse chain
of each of the impact factors of the presented developed example experimental model
considered in this research.
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Table 3. Results of calculations for obtained reverse chains of impact factors.

FoA_Global FI FoA_Local Impact Factor #
Impact factor 1
0.0607 0.06476 0.93737 HLN][3][1] < -HLN][2][0] < -HLN[1][3] < -HLNJ0][2]
0.0009464 0.06476 0.014614 HLN][3][1] < -HLN[2][1] < -HLN[1][1] < -HLNIJ0][3]
0.00310848 0.06476 0.048 HLNI3][1] < -HLN][2][4] < -HLN[1][1] < -HLNJO][1]
Impact factor 2
0.233935 0.471928 0.4957 HLNI3][0] < -HLN[2][1] < -HLN[1][1] < -HLNIO0][1]
0.0707892 0.471928 0.15 HLNI3][1] < -HLN[2][4] < -HLN[1][1] < -HLNIO][3]
0.10194 0.471928 0.216 HLN][3][1] < -HLN][2][4] < -HLN[1][1] < -HLNIJO0][1]
0.065126 0.471928 0.138 HLNI3][0] < -HLN[2][1] < -HLN[1][1] < -HLNIO0][3]
Impact factor 3
0.026 0.40652 0.064 HLN][3][3] < -HLN][2][0] < -HLN[1][0] < -HLNIJO0][3]
0.037277884 0.40652 0.0917 HLNI3][3] < -HLN][2][2] < -HLN[1][4] < -HLNIO0][3]
0.26505 0.40652 0.652 HLNI3][2] < -HLN[2][0] < -HLN[1][0] < -HLNIO0][3]
0.06864 0.40652 0.16885 HLN][3][3] < -HLN][2][2] < -HLN[1][4] < -HLNJO0][1]
0.00828488 0.40652 0.02038 HLNI3][2] < -HLN][2][2] < -HLN[1][4] < -HLNIO0][1]
0.0011789 0.40652 0.0029 HLN][3][2] < -HLN][2][2] < -HLN[1][4] < -HLNIJO0][3]
Impact factor 4
0.04997696 0.056792 0.88 HLNI3][3] < -HLN][2][2] < -HLNJ[1][4] < -HLNIO0][1]
0.00612445 0.056792 0.10784 HLN][3][3] < -HLN][2][2] < -HLN[1][4] < -HLNIJO0][3]
0.00069598596 0.056792 0.012255 HLNI3][1] < -HLN][2][4] < -HLN[1][4] < -HLNIO0][1]

Returning back to our example, the following specific numerical probability values of

the belonging of each of the disputed neurons to their respective competing impact factors

were obtained; they are given in Table 4 below.

Table 4. The probability result calculations of the belonging of the neurons to the impact factors.

Probability (min = 0; max = 1) of Belonging to the Impact Factor

4
0.0029221
0.3

0.0039425
0.327

0.33
0.013
0.1086
4

OO OO

3

0.7
0.8274

0.673
0.67

0.6974
0.165

OO = OO

2
0.7252

0.99685
0.978449

0.9915

0.28766
0.72
2

eNeNeNee

1 Disputed neuron
0.272 HLN[3][1]
- HLNTJ3][3]
0.1726 HLN[2][0]
0.003155 HLNI2][1]
0.0176 HLN[2][4]
- HLN[2][2]
0.00852 HLNI[1][1]
- HLN[1][4]
0.002 HLNTJO0][3]
0.0067 HLNIO][1]
1 Not-disputed neuron
0 HLNTJ3][0]
0 HLNI[3][2]
0 HLNTJ1][0]
1 HLNI[1][3]
1 HLNTJ0][2]

Figure 7 below provides a graphical representation of the obtained probability calcula-

tion results of the belonging of the hidden layer neurons to the relevant impact factors of

the developed model considered in this research as an example.

204



Designs 2025, 9, 58

Legend: M - factor 1; M - factor 2; [ - factor 3; M - factor 4
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Figure 7. Graphical representation of obtained probability calculation results of the belonging of the
hidden layer neurons to the relevant impact factors of the developed model.

Now, having the probabilities of the belonging of the corresponding MP model neu-
rons to the impact factors of the relevant supported object’s subjective perception model,
we can determine the impact level for each impact factor’s influence on the perception
results of the investigated support object (supported software complex or the processes of
its support) by the relevant subject(s) of interaction (with it), for each individual modeling
case. In Figure 8 below, there are also presented visualized examples of the calculated
impact factors’ fraction(s) as appropriate results of the researched object’s perception by
the corresponding subject of interaction with it.

Thus, in this way, by means of the developed impact factors reverse analysis method,
we managed to form (restore or recreate) certain boundaries of the influence of various
impact factors which affect the subjective perception results of the supported software
complex or the processes of its comprehensive support, caused by the distortion of its
input objective characteristics and their further transformation into the resulting output
subjective characteristics of its subjectivized representation.

Also, as was already mentioned earlier in this research, according to the developed
method we consider all the input data for modeling in depersonalized (without any
functional-semantic meanings) and normalized forms of representation, as, first of all, from
a scientific and research point of view, we are mainly interested in the very process of the
impact factor analysis itself, in its possibilities and potential. Accordingly, the purpose
of the data does not have such an important meaning for us in this case. Moreover, in
the absolute majority of cases in real conditions (in real companies and when solving
real practical applied problems) all the data usually come for processing in a maximally
depersonalized form, caused, first of all, by relevant primarily practical approach (as in
most cases, they can represent sensitive personal information or customers’ commercial
secrets). Of course, the original data for training and testing usually undergo some primary
processing, performed either on the client’s/customer’s side or on the developer’s side,
but this is conducted only by a limited circle/group of employees provided with special
contracted access (to these original data). Later, however, all these original data should
mandatorily undergo thorough and complete depersonalization, and only on this basis
should the appropriate model’s input data be formed. Regarding data normalization,
this stage can be carried out on either the client’s/customer’s side or on the developer’s
side without any permission restrictions as it is devoid of any sensitivity of incoming
information since at this moment it already comes in a depersonalized form.
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Legend: M- factor 1; Ml - factor 2; [ ] - factor 3; |l - factor 4

-~
(Ho4

Result: 0.00-factor 1; 0.18-factor 2; 0.55-factor 3; 0.27-factor 4

Result: 0.00-factor 1; 0.93-factor 2; 0.04-factor 3; 0.03-factor 4

Result: 0.08-factor 1; 0.75-factor 2; 0.17-factor 3; 0.00-factor 4 Result: 0.00-factor 1; 0.07-factor 2; 0.69-factor 3; 0.24-factor 4

Figure 8. Visualized examples of calculated impact factors’ fraction(s), as appropriate results of the
researched object’s perception by the corresponding subject of interaction with it.

In this way, the boundaries of the impact factors are restored for each individual
investigated subject of interaction with the supported software complex. As a result, at the
output of the developed method we receive specific numerical values for each investigated
subject (which interacts with the supported software complex), and these obtained values
actually provide us with a clear specific characteristic for each of these subjects. Later,
depending on the applied field(s) of the type of developed method usage, obtained numeric
values are used to solve a relevant specific practical applied problem. Examples of such
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applied areas of the developed method usage include (but are not limited to) such tasks as
the following:

e  Determination of parametric indicators of subjects interacting with the supported
software complex (a kind of specific individual “portrait” of each subject);

e  Development of virtual models of the subjects (interacting with the supported software
complex and providing its support) based on their parametric indicators;

o  Development of virtual assistant(s) with a set of given indicators (with which cooper-
ating with such an assistant would be as comfortable as possible for the subjects);

e  Determination of advantages and disadvantages (that is, weaknesses and strengths)
of each support team member (which is, at the same time, a subject of interaction with
the supported software complex) in order to identify areas, fields, and/or directions
of potential self-improvement(s) for considered support team members;

e  Simulation (and prediction) of potential conflict situations based on identified weak-
nesses of researched support team members;

e  Selection of the specific support team member(s) most suitable for a specific supported
software complex(es);

e  Selection of the specific support team member(s) most suitable for the specific
client(s)/customer(s) or specific task(s);

e  Support team members’ categorization according to their parametric indicators;

e  Formation of support team(s) based on their parametric indicators and/or parametric
indicators of their members;

e  Determination of complementary and interchangeable members of support team(s);

e  Determination of client(s)/customer(s) employees” (who are the end users of the
supported software complex) portraits;

e  Development the relevant model(s) of clients and/or clients” users that would allow
the provision of further possibilities for automated internal audit of provided support
quality for the supported software complex(s);

e And many others.

4.4. Example of a Practical Task Resolution by the Developed Method

In particular, in the scope of this research, as an example, the practical task of the
support team members’ portrait determination is solved, followed by a further search
(detection) of the interchangeable members of this team to ensure the possibility of a quick
transfer of a stack of tickets (which are in the middle of the active resolution process)
between these members. The main problem during this kind of ticket transferring consists
in a colossal loss of the processes’ efficiency coefficient, especially during such an unplanned
(forced) transfer of tickets between team members. This is mainly caused by the fact that
quite often each new recipient of the ticket(s) must actually start solving it from the very
beginning, e.g., from scratch (as it is extremely complicated to quickly and carefully figure
out and understand what has already been done by the previous “ticket-holder” employee,
and what his/her further plans were regarding this ticket). That is why it is so important
to choose a new receiver whose point of view on the issue of the considered ticket(s) (and,
ideally, view on the whole supported software complex as well) is close (as possible) to the
point of view of the previous “ticket-holder”.

So, in order to resolve the given practical task, the developed method was applied
for all the support team members in order to form their appropriate individual portraits
(based on the obtained parametric indicators), which (portraits) are actually the results
matrix (for each member) with the calculated probabilities of the hidden layer neurons
belonging to the declared impact factors of the developed model. These data are certainly
important for further in-depth analysis. However, in our case, they are only intermediate
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data for obtaining the final result: quantitative characteristics (in percentage) for each of
the impact factors. That is, in other words, the summation of the obtained probability
values of the belonging of each of the neurons to each of the impact factors is performed.
This process can be visualized using the example of Table 4 above, where the values in the
columns (representing each of the impact factors) should just be summed up. In this way,
the total probability values for the belonging of the neurons to each of the identified impact
factors (in our considered research case, the number of such factors = 4—see Table 4) will
be obtained. After that, all these total values are converted from absolute to relative in
order to provide the possibility of their further comparison with the same values for all
the other investigated subjects of interaction with the same supported software complex.
Figure 9 below shows an illustrative interpretation of the described process of calculating
the researched subject’s comparative portrait.

Factorl  Factor?2 Factor3  Factord

HLN[3][1] | 0.272 0.7252 = 0.002922
HLN[3][3] - - 0.7 0.3
HLN[2][0] | 0.1726 - 0.8274 -
HLN[2][1] |0.003155 || 0.99685 - -
HLN[2][4] | 0.0176 ||0.978449 = 0.003943
HLN[2][2] - - 0.673 0.327
HLN[1][1] | 0.00852 || 0.9915 = =
HLN[1][4] - - 0.67 0.33

HLN[0][3] | 0.002 0.28766 || 0.6974 0.013
HLN[0][1] | 0.0067 0.72 0.165 0.1086

HLN[3][0] 0 1 0 0
HLN[3][2] 0 0 0 1
HLN[1][0] 0 0 1 0
HLN[1][3] 1 0 0 0
HLN[0][2] 1 0 0 0

Y(FI-F4) >(FI) 2 (F2) 2(F3) > (F4)

controly, y(F1)/$(F1-F4) Y(F2)/ S(F1-F4) Y(F3)/ Y(F1-F4) Y.(F4) / Y.(F1-F4)

1 0.1655 0.38 0.3155 0.139

Figure 9. An illustrative interpretation of the described process of calculating the researched subject’s
comparative portrait.

Following the same scenario, the formation of the comparative portraits of all the
other investigated subjects (interacting with the researched supported software complex) is
performed as well. Table 5 below represents the data obtained from the calculations of the
comparative portraits for all investigated subjects.

Table 5. Obtained comparative portrait calculation data for all investigated subjects.

Factor 4 Factor 3 Factor 2 Factor 1
0.139 0.3155 0.38 0.1655 Subject 1
0.1062 0.562 0.2069 0.1249 Subject 2
0.1224 0.2277 0.4954 0.1545 Subject 3
0.1354 0.4261 0.1752 0.2633 Subject 4
0.1682 0.2976 0.1981 0.3361 Subject 5
0.2174 0.3256 0.2649 0.1921 Subject 6
0.2311 0.2972 0.2891 0.1826 Subject 7
0.2059 0.4188 0.2684 0.1069 Subject 8
0.2549 0.1672 0.3582 0.2197 Subject 9
0.2739 0.1978 0.403 0.1253 Subject 10
0.1964 0.1774 0.2095 0.4167 Subject 11
0.3529 0.1415 0.3718 0.1338 Subject 12
0.2294 0.3152 0.3641 0.0913 Subject 13
0.0912 0.367 0.4912 0.0506 Subject 14
0.2145 0.1892 0.2912 0.3051 Subject 15
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Also, in Figure 10 below, the obtained calculation data (for all investigated subjects) for
the comparative portraits are presented in the form of a corresponding general histogram
for better visual perception.

M Factor] M Factor2 ' Factor3 M Factor4

06

05 1~

04

03

02

01 -~

0

Subject2  Subject4d  Subject6  Subject8 Subjectl0 Subjectl2 Subjectl4
Subjectl Subject3  Subject5 Subject7?  Subject9  Subjectll Subjectl3 Subjectl5

Figure 10. General histogram, representing investigated subjects” comparative portraits.

Table 6 below also presents the final results of the obtained subjects’ comparative
portraits, as well as the found (detected) most optimal interchangeable subjects.

Table 6. Table of interchangeable subjects” definition.

S§15 S14 S13 S12  S11  S10 S9 S8 S7 S6 S5 S4 S3 S2 S1

043 0325 018 0428 0.617 0316 034 034 0218 023 04 0417 0231 0493 - S1
0.746 0569 0561 0841 0769 0728 0.79 032 053 0473 0.546 0.335 0.669 - 0493 S2
0.485 0279 0389 0461 0.672 0303 0.395 0549 0413 0461 0.595 0.64 - 0.669 0.23 S3
0474 0.632 0566 0.828 0497 0733 0.605 0.327 0419 0.343 0.26 - 0.64 0335 0417 5S4
0279 0725 049 0717 024 0621 0494 0458 0.308 0.288 - 0257 0595 0546 04 S5
0.279 0535 0.222 0485 0449 0.389 0317 0.193 0.08 - 0.288 0.343 0461 0473 0.23 S6
0.249 0544 0.186 0.409 0468 0313 0.26 0.243 - 0.08 0.308 0419 0413 053 0218 S7
0.459 0446 0238 0555 0.62 0442 0.503 - 0243 019 0458 0327 0549 0322 0.34 S8
0215 0.666 0.308 0223 0414 0.19 - 0503 026 0317 0494 0605 039 079 0.34 S9
036 0515 0235 0.18 0.583 - 0.189 0.442 0313 0389 0.621 0.733 0303 0.728 0.316 S10
0.22 0943 0.651 0.638 - 0.583 0.414 0.62 0468 0449 024 0497 0672 0769 0.617 Sl1
0.438 0.69 0.347 - 0.638 018 0223 0555 0409 0485 0.717 0.828 0461 0.841 0428 S12
0.428 0.358 - 0.347 0.651 0.235 0308 0238 0.186 0222 049 0566 0.389 0.561 0.18 SI13
0.756 - 0358 0.69 0943 0515 0.665 0.446 0544 0535 0.725 0.632 0.28 0569 0325 Sl4

- 0.756 0428 0438 0223 036 021 0459 0249 0279 0279 0474 0485 0746 043 S15
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According to the obtained calculation results, the most optimal interchangeable sub-
jects are as follows: for subject S1—subject S13; for subject S2—subject S8; for subject
S3—subiject S1; and so on, according to Table 6 above.

It should also be noted that solving the given task automatically solves a number of
other additional tasks, such as

e Finding the most optimal pair of team members whose portraits differ minimally
compared to others (in the considered case presented above, it is the pair of subjects
S7-56 with the minimum comparison value 0.08 in Table 6);

e Finding the least optimal pair of team members whose portraits have the maximum
difference compared to others (in the considered case presented above, it is the pair of
subjects 52-58 with the maximum comparison value 0.32 in Table 6);

e  Finding the most optimal candidate for replacement of a team member who is already
replacing another previous team member;

e Finding a team member with the minimum value of the total portraits’ comparison
difference with the rest of the team members (in the considered case presented above,
it is subject S7) as the most universal potential “acceptor” of the considered team’s
tasks’ stack;

e Finding a team member with the maximal value of the total portraits’ comparison
difference with the rest of the team members (in the considered case presented above,
it is subject S2) as the least universal potential “acceptor” of the considered team'’s
tasks’ stack;

e Providing possibilities for various division(s) of the researched team(s) into appropri-
ate groups and/or subgroups in accordance with obtained portraits of their members;

e Determination of a generalized comprehensive portrait of whole researched team
based on the individual portraits of its members, with the possibility of
further correction(s);

e  Determination of the deviation of team members’ portraits from the generalized
comprehensive portrait of this whole team (e.g., the whole team’s portrait);

e And many others.

Thus, the specific practical task of the determination of the most optimal support
team members’ replacements (to ensure the possibility of quick transfer of the stack of
tasks, which are in the middle of the active resolution phase, between the most inter-
changeable team members) is solved with the help (and by means) of the developed and
presented method.

So, as can be seen from the performed research, the potential of the developed impact
factors reverse analysis method (for software complexes” support automation and intel-
lectualization) is extremely significant both in solving the scientific and applied problem
of software complexes’ support automation and for solving a huge number of relevant
related applied practical tasks. Among such applied tasks, there is also the one solved
and provided in this research as a demonstrative example—a practical task of the support
team members’ portrait determination, followed by a further search (detection) of the
interchangeable members of this support team to ensure the possibility of quick transfer
of the stack of tickets (which are in the middle of the active resolution process) between
these members.

4.5. Comparison with Outcome of Existing Similar Approaches

Additionally, comparing the developed and proposed approach with an existing
one [51] (where the relevant approach was represented, dedicated for measuring per-
ceptions of various impact factors that affect software development team performance)
confirms a number of advantages, including the following:
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e  The presence of built-in artificial intelligence which is based on multilayer perceptron
neural networks;

e  The provision of hidden layer neurons (of encapsulated models of a multilayer per-
ceptron) with functional and semantic load/meaning in the context of researched
impact factors;

e The availability of research opportunities not only for studying subjective perception
of impact factors affecting a supported object (e.g., developed software), but also
for studying subjective perception (caused by these impact factors) of the supported
object itself.

In the future, additional studies and research will be conducted, related to the applica-
tion of the developed method for solving other scientific and applied practical problems
and tasks in the direction of software complexes” comprehensive support automation
and intellectualization.

In addition, one of the potential directions of further investigation is researching
potential ways of improvement(s) based on calculating the number of hidden layer neurons
(e.g., calculating some “optimal hidden layers’ configuration” of an encapsulated multilayer
perceptron model in the scope of the developed method) in order to improve the results
obtained by the developed method, because at this moment, in general, the quality of the
obtained results depends on the number/amount of “disputed neurons” and “competing
impact factors”. So, the “ideal conditions” for the method involve reducing the total
amount of such cases to zero (so that one separate hidden layer neuron would belong
to only one exact separate impact factor). But in situation(s) where there is a large (like,
for example, >10) number of “competing impact factors” for only one specific separate
“disputed neuron”, it might occur that some “belonging probability value(s)” would appear
so “small” (like, for example, <0.001) that they could be treated as a “classical statistical
error”, but later they could affect the quality of the results obtained by the method. So,
theoretically, when the number of neurons in hidden layers is greater, it could increase our
chances that less impact factors will “compete” for a single neuron. But the “tricky” thing
here is that we never know how many “disputed neurons” and “competing impact factors”
we will obtain before finalizing and processing the existing related datasets and analyzing
all the obtained reverse chains. So, the situation described here is similar to the “classic
dilemma” with a multilayer perceptron: the researcher (e.g., neural network designer) never
knows (in advance) exactly how many hidden layer neurons will be needed until a full cycle
of training and testing is finalized, and only after that (based on acquired practical heuristic
experience) can the researcher finally find the best configuration. That is why calculating
an optimal hidden layer configuration of an encapsulated multilayer perceptron model
in the scope of the developed method is one of an actual scientific direction for further
investigations in the scope of the declared researched area, as presented in this paper.

5. Conclusions

The developed impact factors reverse analysis method for software complexes’ sup-
port automation is presented in this research. It provides possibilities for analysis of the
influence performed on the supported software complexes (as well as on the processes of
their comprehensive support) by the relevant pre-determined impact factors. Also, the
developed method allows the restoration of the influence boundaries of the impact factors
in the corresponding models of software complexes’ support, which is developed and
presented in this research as well. In addition, the developed method is suitable for solving
a batch of applied practical problems (tasks) described in this research. An appropriate pri-
mary generalized model of the supported object’s subjective perception and the algorithm
for the impact factors reverse analysis method, as well as the mathematical component of
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the impact factors reverse analysis method, have been developed and presented in this
research as well. Each of the stages of the developed algorithm is considered in detail in
the scope of this research, as well as all the questions, specifics, and aspects related to the
format, structure, and processing of the data needed for the developed method’s correct
and effective functional operation.

According to the developed method, the analysis of impact factors is performed on
the basis of multilayer perceptron artificial neural network(s), as well as the constructed
reverse chains with maximal weights between

e  Output subjective characteristics of the perception’s results of the supported object or
process (represented by neurons of MP’s output layer);

e Allintermediate layers of input characteristics’ transformation into the relevant output
characteristics (but mandatory in reverse order: from the final such layer, back to the
initial one) represented by neurons of MP’s hidden layers;

e Corresponding input characteristics of the researched supported object or process
(e.g., software complex or processes of its comprehensive support) represented by the
neurons of MP’s input layer.

Subsequently, by means of the developed method, appropriate quantitative and
structural classification of the multilayer perceptron(s) hidden layer neurons was obtained
based on relation(s) with their belonging to the corresponding pre-determined impact
factors. In turn, this provides possibilities for carrying out an automated analysis and
quantitative assessment of the level of influence, performed by various impact factors,
on the results of the supported object’s (the supported software complex, as well as the
processes of its comprehensive support) perception by appropriate subjects, which directly
or indirectly interact with it.

Thus, the results obtained by resolving the task of impact factor analyses, presented
in the scope of this research, are extremely important for further research and solving a
much more complex and difficult scientific and applied problem of software complexes’
support automation. In addition, the practical task of the support team members’ portrait
determination, followed by a further search (detection) of the interchangeable members of
this support team to ensure the possibility of quick transfer of the stack of tickets (which
are in the middle of the active resolution process) between these members, was solved and
represented in this research as a practical application example of the developed method.

Therefore, the developed method also solves the problem of restoring the boundaries
of the impact factors inside the relevant models of software complexes’ support, after these
boundaries have been blurred or lost as a result of the introduction and the application of a
multilayer perceptron (for ensuring additional self-learning functionality for these models)
into these models. Among other things, this significantly contributes to the resolution of
the software complexes’ support automation problem.

Therefore, in the future, the authors plan to continue the studies and research in the
same direction of the software complexes’ support automation by further application and
improvements of the developed method. In addition, the developed method appeared
to be extraordinarily universal; so, it can be additionally used not only in the field(s) of
software products’ support (and information technologies in general), but also in quite
different fields, such as, in particular, psychology, sociology and others, as well as the
relevant related interdisciplinary areas like IT + psychology, IT + sociology, IT + human
resources, IT management, human-machine interface, human-centered design, human
factors evaluation, etc. This can be seen by the obtained method approbation’s results in
the scope of the resolved applied practical task considered and presented in the scope of
this research.
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One of potential common solutions for the problem of the aforementioned areas is the
adaptation of the developed method to each of these areas by researching, substantiating,
selecting, and declaring the appropriate sets of impact factors, since the developed method
is quite universal and flexible (which is its additional benefit/advantage); so, depending
on the selected set of impact factors, it provides possibilities for researching the influence
of these factors (on the researched object) without any strict limitations on the selected area
of the research itself.
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