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Abstract

Facility Layout Planning is one of the most important tasks in industries that should
rely on high productivity and resources utilization. Recently, novel approaches
brought by simulation and digital technologies have shown significant benefits to
improve performance of production systems by optimizing the layout configuration
from the outset. However, these latter may bring about challenges related to barriers
to competences and know-how. Right approaches will let companies embrace benefits
of digital tools-like faster, more precise decision-making and improved production
processes-without undermining stability and structure offered by traditional systems.
The emphasis is thereby placed on how to achieve a more effective integration of the
digital and traditional in FLP strategies to improve production, without disruption to
continued operations.

This work firstly aims at investigating the most used techniques and methods for
tackling the Facility Layout Planning problem by means of a literature review. This is
fundamental to get familiar with the most adopted techniques, indicators targeted for
any optimization of the layout, and the evolution throughout years of methods applied
to layout planning of production systems. Secondly, it presents a simulation-based
approach for optimizing such problem within the Industry 4.0 Laboratory at
Politecnico di Milano. The motivation of this work is therefore to demonstrate the
applicability of recent advanced approaches for optimizing plant layouts. The
optimization is based on the identification of the most convenient capacity of two
buffers with the aim of maximizing the throughput of the line. This has been
reasonable since buffer capacity control represents one of the most crucial phases in
Facility Layout Planning processes. The results of the optimization through the
simulation of the digital model in Siemens Plant Simulation showed an increasing in
the daily throughput of the line of around 22%. The improvement in percentage is
computed as an average of the 20 experiments conducted.

As aresult, this work demonstrated the power that simulation and digital technologies
can offer to Facility Layout Planning problems. The optimized model achieved a
higher throughput which can lead to improvements in the overall performance of the
production system. Nonetheless, this work suffers from some limitations that can be
explored in future works. Future research could investigate the integration of
emerging technologies such as Virtual Reality, Augmented Reality, or Artificial
Intelligence to further advance Facility Layout Planning solutions.

Key-words: Facility Layout Planning, Industry 4.0, Digital Twin, Simulation-Based
approach, Buffer Management, Siemens Plant Simulation
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Abstract in italiano

La Pianificazione della Disposizione degli Impianti € una delle attivita pit importanti
nelle industrie che devono basarsi su un’elevata produttivita e un utilizzo efficiente
delle risorse. Recentemente, nuovi approcci introdotti da tecnologie digitali e di
simulazione hanno mostrato benefici significativi nel migliorare le prestazioni dei
sistemi produttivi, ottimizzando la configurazione della disposizione sin dall'inizio del
ciclo di vita. Tuttavia, questi ultimi possono comportare sfide legate a barriere di
competenze. Approcci corretti consentiranno alle aziende di abbracciare i benefici
degli strumenti digitali, come decisioni piu rapide e precise e processi produttivi
migliorati, senza compromettere la stabilita e la struttura offerte dai sistemi
tradizionali. L'accento viene quindi posto su come raggiungere una piu efficace
integrazione tra il digitale e il tradizionale nelle strategie di Pianificazione della
Disposizione degli Impianti per migliorare la produzione, senza interrompere le
operazioni continue.

Questo lavoro mira innanzitutto a indagare le tecniche e i metodi piu utilizzati per
affrontare il problema della Pianificazione della Disposizione degli Impianti mediante
una revisione della letteratura. Questo e fondamentale per familiarizzare con le
tecniche piu adottate, gli indicatori mirati per qualsiasi ottimizzazione della
disposizione e I'evoluzione nel corso degli anni dei metodi applicati alla pianificazione
della disposizione dei sistemi produttivi. In secondo luogo, presenta un approccio
basato sulla simulazione per ottimizzare tale problema all'interno del Laboratorio
Industry 4.0 del Politecnico di Milano. La motivazione di questo lavoro e quindi
dimostrare l'applicabilita dei recenti approcci avanzati per ottimizzare le disposizioni
degli impianti. L'ottimizzazione si basa sull'identificazione della capacita piu
conveniente di due buffer con l'obiettivo di massimizzare la produttivita della linea.
Cio e stato ragionevole poiché il controllo della capacita del buffer rappresenta una
delle fasi piu cruciali nei processi di Pianificazione della Disposizione degli Impianti.
I risultati dell'ottimizzazione attraverso la simulazione del modello digitale in Siemens
Plant Simulation hanno mostrato un aumento della produttivita giornaliera della linea
di circa il 22%. L'incremento in percentuale & calcolato come una media dei 20
esperimenti condotti.

Di conseguenza, questo lavoro ha dimostrato il potere che le tecnologie digitali e di
simulazione possono offrire ai problemi di Pianificazione della Disposizione degli
Impianti. Il modello ottimizzato ha raggiunto una maggiore produttivita che puo
portare a miglioramenti complessivi delle prestazioni del sistema produttivo.
Tuttavia, questo lavoro presenta alcune limitazioni che possono essere esplorate in
lavori futuri. La ricerca futura potrebbe indagare l'integrazione di tecnologie
emergenti come la Realta Virtuale, la Realta Aumentata o 1'Intelligenza Artificiale per
avanzare ulteriormente le soluzioni di Pianificazione della Disposizione degli
Impianti.
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Parole chiave: Pianificazione della Disposizione degli Impianti, Industria 4.0, Digital
Twin, Approccio Basato sulla Simulazione, Gestione dei Buffer, Siemens Plant
Simulation
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1 Introduction

In recent years, the manufacturing industry has undergone a significant
transformation, driven by advancements in Industry 4.0 and the rise of simulation and
Digital Twin (DT) technologies. Facility Layout Planning (FLP), a core component in
manufacturing and production systems, involves designing the spatial arrangement
of various facilities, machines, and workstations to optimize production efficiency.
With the adoption of Industry 4.0 technologies, traditional FLP can now integrate real-
time data and simulations-based techniques with the aim of creating dynamic and
optimized layouts that efficiently adapt to production demands. This thesis firstly
explores the current advanced techniques used in FLP in the scientific literature.
Secondly, it aims to apply simulations and digital tools through a digital model built
in Siemens Plant Simulation to enhance FLP in the Industry 4.0 Laboratory at
Politecnico di Milano.

1.1. Overview of Facility Layout Planning

FLP is one of the most important activities in the discipline of industrial engineering
that addresses the optimum allocation of physical spaces within a facility to achieve
higher operational efficiency and lower costs [1]. With the emergence of more
complicated processes and fiercer global competitiveness, the modern concept of FLP
has emphasized the need for streamlined layouts that minimize material handling,
reduce lead times, and maximize space utilization [2]. The effective design of facility
layout directly influences key performance indicators such as productivity,
throughput, waste reduction, and other critical ones that enable industries to be
competitive in fast-moving markets [3].

Figure 1 Example of FLP. [114]
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Basically, FLP aims at achieving more efficient flows of material, information
exchange, and workers” ergonomics within a facility [4] . This will be determined by
properly considering different factors, such as workflow design, space constraints, and
placing equipment, each corresponding to certain production goals. FLP ensures that
equipment and resources are systematically placed to avoid bottlenecks and other
inefficiencies in production processes, thereby reducing time and costs in movement
around the facility. This in turn means lower operating costs and higher productivity
[5]. Besides, modern FLP features include ergonomic considerations for better safety
in shop floors and productivity of laborers, indicating that facility layout is not only
an engineering field but also a critical contributor to the development of sustainable
and human-oriented production environments following the latest trends
characterizing the industrial context [6].

On the one hand, FLP has traditionally been influenced by the main progressions of
production and manufacturing methods. The early 20th century saw the introduction
of minds like Frederick Taylor and Henry Ford who initiated the process, the center
of which was an effective workplace layout to avoid waste and increase productivity
[7]. These initial advances established modern methods of facility layout that include
lean principles, automatic optimization algorithms, and digital simulation tools [8].
In the framework of large-scale manufacturing, the FLP technologies have been built
systematically, transferring from the flexibility of the decision-making process to the
more formulated approaches supported by scientific and quantitative methods.
However, FLP has changed over the years in response to changes in technology and
product supply issues. The post-war industrial blast, for example, was the era when
new methods like linear programming and queuing theory were first integrated into
layout design [9]. The arrival of the late 20th century was in favor of more
intellectually trained layout planning tools, like, for example, the support of flexible
manufacturing systems (FMS) that were capable of quick product changes and
market demand [10]. This change revealed a new way of manufacturing as facilities
could now be so versatile that they would innovate swiftly to adapt to the changing
market conditions.

In the last few years, Industry 4.0 technologies have further developed FLP through
the introduction of new opportunities including real-time data analysis, machine
learning, and simulations [11]. These tools enable companies to analyze, simulate, and
improve the production system layout before real implementation, thus lowering the
risks and costs related to restructuring activities [12]. Today, FLP is not only an
operational task, but it is a valuable strategic asset that even allows companies to
match the layout decisions with bigger business goals such as environmental
sustainability and workforce ergonomics [13]. This process represents the FLP as the
main element of modern manufacturing, where efficient, flexible, and data-driven
layouts are the basic components that provide superior competition in the technology-
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driven market. Therefore, as shown in this can be envisioned as the evolution of FLP
through technological milestones-from unique applications in the 1960s to
standardized tools in the 1980s, multilevel systems around the year 2000, and DT
integrations into the SDLC framework in the Industry 4.0 era after 2015-all point
toward more connected data-driven ways [14].

7
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Figure 2 Timeline of FLP advancements, from early unique applications to Industry 4.0 and digital
twin integration. [113]

An efficient facility configuration can imply a considerable improvement in industrial
efficiency in applied contexts. The goal of layout optimization in manufacturing
contexts is generally a reduction in the cost of transportation and material handling,
estimated at as much as 50% of a corporation's total operational cost for industries [15].
In yet another application, strategic facility layout has also been able to enhance
productivity by improving workflow and bottlenecks. It is also estimated that an
optimized layout will reduce the processing time for a manufacturing facility by
almost 20% [16].

1.2. Comparative Analysis of Traditional vs. Digital FLP
Approaches

While manufacturing systems are rapidly evolving, this trend from traditional FLP
approaches to digital and data-driven methodologies underlines progress and
challenges regarding layout optimization. Traditional FLP has long played a key role
in most industries worldwide, with a basic interest in static layouts and mostly based
on hand calculations and heuristic methods. But these methods can barely address
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today's needs for flexibility, much less the most unpredictable changes in today's
markets. Modern studies indicate that static configurations can lead to inefficiency.
Some reports supposedly support material handling cost increases as great as 30% and
overall productivity losses as high as 15% in manufacturing settings classified as "high-
mix low volume" situations [17].

On the other hand, digital FLP methods use such technologies as a DT, simulation, and
real-time data analytics-allowing continuous layout optimization and flexibility in
response to demand variability. For example, within industries such as automotive
manufacturing, the companies that implemented DT models attained a reduction in
layout reconfiguration times by 20%, thus permitting a better flow and responsiveness
to changes in the supply chain conditions [18] . Moreover, the integration of machine
learning algorithms in digital FLP approaches enables it to predict and adjust for
bottlenecks further, thereby allowing material handling and lead times as much as 25%
in certain cases [19].

Despite these advantages, many challenges persist. Digital FLP involves huge
expenses both in terms of technology and skillful people, and the costs associated with
getting up and running can be beyond the reach of small-scale manufacturers. In a
recent survey of mid-sized European manufacturing firms, although 78% indicated an
interest in using digital FLP tools, only 34% had done so, and very often reported cost
and training as two major hurdles [20]. Furthermore, any integration of digital FLP
tools into existing systems introduces interoperability; more than 40% of companies
have complications in aligning real-time digital and physical assets [21].

A short summary, digitalization in FLP promises flexibility, efficiency, and more cost
economies, but equally demands strategy in planning and investment in technology
to execute its full potential. Manufacturing is on in this context, so perhaps a mix of
the traditional and digital approaches may offer a balanced route forward and allow
companies to capture stability and innovation.

1.3. Digital Twin and Industry 4.0

Industry 4.0 is the coined name referring to the Fourth Industrial Revolution [22],
which means a complete change in manufacturing and industrial processes through
digital technologies integration. It is characterized by the use of cyber-physical
systems, the Internet of Things (IoT), and cloud computing in realizing smart factories
that will be more productive, flexible, and make decisions in real time [23]. Industry
4.0 integrates key features such as interconnectivity through IoT, enabling seamless
communication between devices and systems; automation, driven by advanced
robotics to minimize human intervention; data analytics, enhancing forecasting and
resource management; and smart manufacturing, allowing real-time adaptation to
changing demand through data-driven insights [24].
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In this revolution, DT is defined as a virtual representation of a physical object or
system which simulates, predicts and analyses performance in real-time [25]. It means
DTs are dynamic models fed by real-time data captured by sensors implanted in its
physical system [26]. DTs can, therefore, serve to enhance FLP through the real-time
simulation of different configurations of the facility layout to find inefficiencies and
enhance overall operational flow, leading to better collaboration among teams [27].
The interaction of DTs with Industry 4.0 is huge because the virtual models provide
important insight that becomes necessary to improve decision-making and optimize
operations in smart factories. A simplified representation of aspects related to a digital
factory is shown in Figure 3. The structure imposes necessary requirements like
flexibility, agility, and real-time capability on the digital factory to support production
processes efficiently, effectively, and informatively in terms of time and cost.

Requirements
Flexble
,/.’
/
/ .\.
> ! X Goals
/ —_— \
/ 1 ) \
/ \ + Time and Cost Effective
L Agle \[ "\ | + Streamine Production
Knowledge-based »| Digital Factory |+ / |+ Design, Evaluation & Management Improvement

1/ |+ Simuate & Predict Complex and Dynamic Trends

v\

N\ Moddar Scalable /‘/

Real-Time

Figure 3 Characteristics and Goals of a Digital Factory in Facility Layout Planning [28]

1.4. Optimization of FLP

In fact, FLP optimization is one of the critical success factors for improving efficiency
and cost-effectiveness in industrial operations, particularly for manufacturing and
production contexts [20]. Indeed, an effective FLP should automatically translate to
improvements along a number of key performance indicators that involve material
handling costs, processing times, and equipment utilization rates. Research has shown
that facility layout decisions can affect as much as 30% of the operational expenses in
manufacturing systems, hence making such a configuration economically relevant [1].
The well-designed facility layout may result in substantial benefits. According to some
research findings, productivity has exceeded 20%, while energy consumption
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decreases up to 15% hence reducing time inefficiencies, material waste and overall
operational intricacy and labour requirements [2].

The ways to optimize facility layout problem that are known as methodologies
generally based on some computational algorithms to examine a number of
arrangements for selecting the best-structured one. In this respect, some commonly
used algorithms or more generally Metaheuristic algorithms like Genetic Algorithms
(GA), Simulated Annealing (SA) and Tabu Search (TS), have been increasingly
attractive as a lot of research has been conducted in complex layouts [29]. In other
words, combination of metaheuristic simulation and metaheuristic machine learning
models contribute to the efficiency of solution of the FLP which in turn can be used in
the framework of multi-objective or dynamic optimization. Hybridization enjoys the
‘best of the both’ features of solution/evaluation supremacy and rapidity, therefore
feasibly with real-world implications, within industries witnessing varying levels of
the demand [30].

Recent advances in simulation software, such as Siemens Plant Simulation, Simul8,
Arena, FlexSim, and AnyLogic, allow manufacturing firms to trial different design
variations of a facility within a virtual environment. The rationale behind is that this
will enable one to experiment and test the changes virtually without actually
performing them physically with risks and thus avoid costly errors to attain increased
accuracy [31]. Furthermore, operators increasingly use technology such as Virtual
Reality (VR) and Augmented Reality (AR). Training, maintenance, and some other
tasks in the design phase are performed using the virtual environment equipped with
VR and AR systems [32]. This helps the user to be able to see and manipulate the
virtual model of the system (i.e., the DT). When the skills development requirements
are high, VR plays a significant role of offering a total immersion whereas, in the case
of AR, workers can interact with the real world and continue working [33]. VR is used
for creating a simulated virtual world to facilitate product development, whereas AR
is used to overlay additional information over the physical environment to aid in the
execution of tasks such as maintenance and repair. When applied to Industry 4.0,
decision, operational and environmental, aspects are positively influenced using the
two technologies defined as, VR and AR [32]. This approach of simulation-based
optimization encourages data-driven decision-making and aligns with the spirit of
Industry 4.0, which emphasizes DTs to improve manufacturing [34].
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Figure 4 Simulation in Improvement and Design [35]

Figure 4 illustrates how Simulation enhances FLP for Continuous Improvement,
Problem Solving, and System Design. The continuous improvement process is focused
on introducing changes to an operation or facility. These changes could be in the form
of processes or concepts which would help in improving performance. The major
objective of those changes, however, should be improved performance attainment via
evolving means. Accordingly, problem solving includes such steps as internal and
external identification of opportunities for improvement in relation to deficiencies
analysis, measurement of existing performance whether Specific Performance
Indicators (SPI) is taken or not and improving of operations by using appropriate
strategies. This approach is specifically designed to eliminate such problems in
achieving objectives, such as underachievement of one's potential or slowing down of
the pace at which a task is accomplished, and to prevent such problems in the future
by instilling performance enhancement measures and objectives. As a rule, the added
value is very high in simulation tools and Industry 4.0 concepts of digitalization, but
simultaneously pretty risky, especially when these technologies have to be integrated
into traditional manufacturing systems. In this case, the balance provided by the
traditional approaches can be disrupted, the innovation-operational stability balance.

This is the challenge: knowing how to adopt such advanced technologies, such as DTs
and simulation-based optimization, without giving up anything in terms of stability
and reliability of manufacturing systems. The right approach will let companies
embrace benefits of digital tools-like faster, more precise decision-making and
improved production processes-without undermining stability and structure offered
by traditional systems. The emphasis is thereby placed on how to achieve a more
effective integration of the digital and traditional in FLP strategies to improve
production, without disruption to continued operations.
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1.5. Objective and Scope of this work

Given the bounds of traditional FLP techniques and the rise in demand for more
informed, data-driven decisions in modern production systems, this thesis addresses
the vital adoption of digital FLP strategies. To set the basis for this, the first objective
of the present research is to identify those techniques and methodologies most relevant
currently being used in FLP and assess them; these will be discussed in detail in the
forthcoming literature review. Understanding these methods provides insight into
how digital tools can change the process of layout planning. In particular, this thesis
work first aims to seek for the most relevant techniques used for FLP in literature. The
present work proposes the optimization of buffer capacity for the purpose of
maximizing throughput and system efficiency in an assembly line located at the
Industry 4.0 Laboratory of Politecnico di Milano using simulation. Buffer capacity is
one of the major keys that can enhance overall system performance, especially in
throughput and efficiency, developed in several works by researchers [36]. Proper
buffer management could smoothen production flow, reduce congestion, and absorb
variability, which enhances the facility effectiveness.
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2 Methodology

This chapter describes the specific methodologies that were used in this thesis. This
chapter explains the contribution of this study in two parts: methodology review
entailing the synthesis of key themes and developments pertaining to the context of
FLP. The second part describes the approach used in simulation and experimentation:
a digital model of the laboratory is created in Siemens Plant Simulation; this is
followed by buffer capacity optimization for improved throughput.

2.1. Literature Review

The literature review conducted summarizes the current landscape of available
research on FLP, especially under the Industry 4.0 framework, and emphasizes
development in support of this study. Conventionally, FLP has been performed with
the aim of optimally setting up resources in production systems to minimize
bottlenecks and enhance workflow efficiency. Early methodologies developed for FLP
were mostly static in nature, based on either heuristic or mathematical models, but the
latest research concentrates on dynamic and simulation-based approaches that show
a great deal of flexibility toward the increasing complexity of manufacturing
environments.

The approach followed for the literature review was one that had to systematically
identify and analyze key research studies relevant to FLP in the Industry 4.0
framework. Reviewing started with an extended search in Scopus, one of the most
prestigious databases noted for its extensive coverage of peer-review research output.
Targeted keywords were used to find a wide and relevant selection of literature:
"Facility Layout Planning", "Industry 4.0", "Digital Model", "simulation-based
optimization", and "smart manufacturing systems".

This preliminary search was iteratively refined. Filters were applied to the search
results such that, first, the publications needed to be recent to reflect the latest
development and trends. Further limitation then uniquely focused those studies on
applications in production and manufacturing environments to ensure relevance and
timeliness, thus providing a clear view of the evolving FLP landscape in smart
factories. After the initial search was completed, a snowball approach was utilized to
expand the scope of the review. In other words, references were carefully reviewed
from the initially identified papers to identify other relevant research. Such an
approach proved very helpful in identifying seminal works and developing themes
since it allowed an in-depth exploration of influential studies that may not have
emerged through the keyword search alone.



20 2| Methodology

Each of these identified studies underwent a critical review for relevance to the stated
research objectives. The checklist of inclusion criteria included the methodology that
would be applied in the study, the application or approach proposed by employing
digital and simulation-based techniques, and the integration of real-time data to
extract optimization techniques. Therefore, this structured yet flexible review process
allowed for a robust framework to synthesize current knowledge and identify gaps in
the literature on how to optimize FLP by digital and data-driven methods.

2.2. Simulation and Experiment

Guided by the theoretical insights obtained from the literature review, the second step
involved the design of the digital model of Laboratory 4.0 in Siemens Plant Simulation
to perform experiments for buffer optimization. The Laboratory 4.0, presented at the
Politecnico di Milano and shown in, is made up of an Industry 4.0 testbed with state-
of-the-art manufacturing technologies. The lab environment here is reconstructed in
Siemens Plant Simulation with the idea of simulating an actual physical setup-key
operating processes that are required within the laboratory in a virtual environment.

The modelling and analysis in this work have been performed using Siemens Plant
Simulation, decided as the main tool, modelling, and analyzing the production system
of the Industry 4.0 laboratory at Politecnico di Milano. Siemens Plant Simulation is an
advanced and powerful software solution with which one can model, simulate, and
optimize complex manufacturing environments. It boasts a variety of advanced
features that enable detailed representations of production systems and the simulation
of material flow, machine utilization, and timings of processes. It provides a system's
dynamic modeling capability, which is at the core of testing various operational
scenarios and thereby showing how the system would behave under various
conditions.

The reason Siemens Plant Simulation was chosen is its proven capability in modelling
real-life production processes. In this case, key aspects of the Industry 4.0 lab, such as
station configurations, conveyor systems, and buffer capacities, were allowed to be
modelled. It gave a flexible platform to play around with parameters and settings that
allowed comprehensive analysis and optimization of the production system. It could
simulate the real production line accurately with Siemens Plant Simulation and thus
prove to be the best choice for this research.
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Figure 5 Functional Overview of Siemens Plant Simulation for Lab 4.0
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3 Literature Review

This chapter mainly presents a review of the literature pertaining to FLP and Industry
4.0 applied to this problem; several advanced techniques have been developed so far
to optimize facility layouts. The review of the extracted documents from the SCOPUS
database, as highlighted by the trend graph Figure 6, indicated that there has been a
big rise in research publications based on FLP during the last two decades, particularly
since 2000. This rise is attributed to the increase in complications within manufacturing
processes and the need for optimization through simulation, DTs, and advanced
algorithms. The peak in the year 2023 represents the growth in interest in these topics
during the last couple of years due to the inclusion of digital technologies and in
pursuit of efficiency in industrial processes.

The advanced search conducted through SCOPUS using the query ("Factory Layout
Planning" OR "Facility Layout Planning" OR "FLP") AND ("Reinforcement Learning"
OR "Optimization Algorithm" OR "Simulation") shows the broadening research
directed at combining traditional FLP approaches with modern, algorithmic
approaches. Integrating machine learning with simulation-based methods in FLP
signals the transition towards the systems that in real time will be more adaptive, more
intelligent in responses to manufacturing environment changes. This is particularly
cogent within the framework of Industry 4.0, where DTs and simulation models can
suggest new possibilities regarding layouts optimization and productivity
improvement.
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Figure 6 : Growth in publications on FLP incorporating simulation or RL from 1978 to 2024
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Moreover, the wide ranges of disciplines contributing to this area show that the area
is an interdisciplinary one; engineering contributes the largest with 24.5%, while
computer science follows with 17.9%, and mathematics with 8.5%, as evidenced by the
pie chart. This distribution is indicative of the fact that the complexity of the problem
of FLP optimization requires a fusion of engineering knowledge, computational
techniques, and mathematical models. Other areas of interest include materials
science, energy, and business management. This fact tends to indicate that the
optimization of FLP is indeed a multivariable problem since it accommodates
knowledge bases from various fields.
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Figure 7 Distribution of disciplines contributing to research on FLP optimization using
simulation and related techniques.

By the fact from the literature review, optimization in FLP is no longer confined to
static, once-and-for-all designs but has transformed into a dynamic and adaptive
process with the help of simulation, digital technologies, and interdisciplinary
approaches in view of answering modern manufacturing challenges. The review will
be a systematic background of ongoing applications under development,
methodologically, and provides a basis for how these methods have the capability to
continue improving operational efficiency and flexibility amidst rising industrial
environmental complexity.

3.1. Facility Layout Planning Approaches

FLP methods can be categorized into traditional and digital approaches.
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3.1.1. Traditional Approaches

The most applied planning approaches in the industry are traditional ones. They rely
on expert knowledge and creativity combined [37]. A considerable number of these
manual methods make use of a systematic procedure starting with the coarse
placement of functional units without regard for boundary conditions-such as
available area followed by a transfer to the real and detailed factory environment [38].
However, because manual planning is very time-consuming, only a small number of
layout variants can usually be generated in practice. Neither is the optimal solution
always found [2]. While digitalization and automation greatly enriched FLP human
decisions are irreplaceable with respect to the evaluation and finalization of layout
designs, even in computer-aided approaches. Expert judgment cannot be fully
replaced but can be supported by advanced algorithms and data-driven methods.

3.1.1.1. Block Layout Planning

Block layout planning is a very simple system of zone layout classification involving
space division by way of "blocks" that represent the main departments or functions.
The initial step is the manipulation of some of the most basic elements, most of which
like paper, whiteboards, or modular blocks, to visualize and test various layouts at the
initial level without focusing on equipment or detailed workflows. The primary
concern of the planners is the placement of the facilities in such a way that the
functional needs of a solution are met, which may include a shorter travel distance or
even a better relationship with other departments. The first step is a basic arrangement
that is much more detailed and very helpful for projects that require complex
utilization of space or for factories dealing with various kinds of product mixes, which
must be altered frequently.
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Figure 8 Example of Block Layout Planning [111]
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3.1.1.2. Systematic Layout Planning

Systematic Layout Planning (SLP), which is a method introduced by Richard Muther
[4], is a structured, phased approach designed to guide planners through a series of
analytical and design steps to make an optimized layout. The SLP method generally is
comprised of 4 basic stages: analysis of workflow and space requirements,
identification of adjacency needs, the development of alternative layouts, and a
comparison of these alternatives according to the predetermined criteria.
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Figure 9 The Phases of Systematic Layout Planning [4]

3.1.2. Digital Approaches

Computer-aided design methods are used to support the factory layout planning
solution. Some tools can help in the layout and schematic design of the manufacturing
systems. The exact design procedures will only be undertaken as they require
the optimization process to be well defined (objectives, restrictions) and the building
of mathematical models (optimization, simulation). However, the computation time
rises exponentially if the size of the layout planning problem is increased [39]. In this
regard, exact methods become practical only for small-sized problems but not for
larger ones [40].

3.1.2.1. Meta-heuristics Approach

The most computationally inexpensive methods are approximation methods,
therefore, it yields close solutions to optimality which is the case with large scale
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problems. In comparison, while devising facility layout of structures, metaheuristic
techniques are broadly used [41] . The differences between these approaches stem from
the particular algorithms used and the quantitative constraints or target objectives
included [42] . In this regard, the most successful and commonly used metaheuristics
are those that use GA, SA, or both [43]. In this context, however, other interesting
approaches are represented by TS [44].
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Figure 10 Types of Metaheuristic Algorithms

A GA is a searching algorithm that is answered by the concept of evolution as it
produces newer and better solutions called generations with an evaluation called
fitness that has been realized with generations that have been evaluated earlier. After
that, several of the best solutions are combined using techniques like crossover or
mutation, and these techniques are referred to as the generation of solutions [45].
Similarly, SA adjusting settings based on temperature parameter functions to
determine the quality of a solution, which allows for other, lesser-quality solutions so
long as they are not too far removed. The purpose of this is to help SA jump out of
local optima [46]. TS also adopts neighborhood solutions to enhance the quality of the
layout. The use of the tabu list is one the basic elements of TS, it stops solutions that
have only recently been found from being used again for a certain specified time so as
to enhance the search for alternative solutions and avoid local optima [47].
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3.1.2.2. Simulation-based Approach

There are various simulation-based approaches described in the literature. Based on
sample studies, this section provides an overview of simulation-based approaches for
I4.0, focusing on the most prominent methods identified in the reviewed studies.

Digital Twin

Virtual Reality Simulation Augmented

Reality

Discrete Event

Simulation

Figure 11 Diagram of Simulation-based approaches

Discrete Event Simulation (DES) refers to a simulation in which the changes in state
variables occur at a set of discrete instances due to the occurrence of events. Events are
defined as "something that occurs at an instant in time," which might change the
system's state; and state variables are the "elements of the model for capturing all the
information needed concerning system behavior at a given instant" [48]. Suppose you
are operating a busy coffee bar. DES would be a virtual version of your shop, in which
changes can only occur when one of these specified events occurs. Your line at the
coffee shop will be considered the "system." The number of people waiting in line is a
"state variable". It gives you valuable information about your shop at an instant in
time. Now, "events" are things that change this number. Somebody coming into the
line involves an increase in the number of people. A person leaving and going to give
their order is a decrease. These happen simultaneously; in actuality, it would take a
few seconds to walk up to the counter, but for this model, nothing changes between
these events. The line stays exactly this long until a new arrival or the next service.
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The concept of DT has received considerable attention with respect to Industry 4.0 as
one of the key enablers for innovation, providing virtual surrogates of things and
processes that exist in the real world. Several authors [49] define the concept of DT as
a virtual, accurate digital version of a physical system that can be used to enable real-
time monitoring, simulation, and optimization. To clarify, these authors have pointed
out that DTs offer better decision-making due to the representation of real-life
operations and informed insight from advanced analytics and predictive models. In
FLP, DTs are found to increase the degree of accuracy in planning significantly due to
the planner's capability in simulating several scenarios and their outcomes without
interference with physical operation [50]. It is worth noting that several other studies
have hailed this technology as one that saves the need for actual physical trials and
hence assures better resource distribution along with system resilience, since a failure
could be predicted prior to its occurrence [51]. DT technology has thus proved very
handy in the process of trying to optimize all current operations, along with future
expansion of the manufacturing system [52].

VR is the virtual plunge into an artificially created digital environment whereby users
can have an experience and interact with a virtual world. It is a platform where users
can act out simulations of realistic scenarios. VR has significantly enhanced the process
of FLP by which planners can visualize various layout designs and test them in virtual
space [53]. Therefore, it allows one to easily find an optimum configuration and
thereby improve efficiency by reducing the creation of physical mock-ups or
adjustments in actual planning. Virtual Reality can be applied to immersive three-
dimensional visualizations for production layouts, product models, and process flows
[54]. Most of the time, these are visual environments that are created from 3D
simulation models. With the help of VR, the simulation will provide a more realistic
and in-depth view of the production sequence than the classic 2D simulations and
visual displays [55].
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Figure 12 Example of Virtual Reality in FLP. [115]
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AR is useful in FLP preparation in this form that physical spaces are smoothly
simulated into the virtual realm, allowing end users to inspect their factory layouts in
the natural settings. Designers using this opportunity can put proposed building
structures, changes and reroutes on the actual shop floor they are examining making
it easy to grasp the actual position and flow of components. Thanks to AR, everything
can be solved in advance and there will be no need for physical prototyping or
adjustments after installation. Utilization of AR supports decision making processes
as it offers effortless tools for engagement and sight view for efficient facility layout
performance. Most importantly, there is far more interaction, even as opposed to the

conventional alternative; AR allows for the design facility, and within the same
context, testing it almost immediately all in the reality. Figure 13 shows Volkswagen
employing augmented reality to build new production lines in Chattanooga, and they
acknowledged that this allows them to make faster decisions and identify potential
difficulties sooner [56].

Figure 13 Using AR in Volkswagen Chattanooga Factory [56]

3.1.3. Machine Learning Algorithm

Machine learning (ML) techniques can be understood as a more intelligent way of
finding patterns in data that is difficult for people to see. These algorithms are
generally divided into three main categories: Supervised, Unsupervised, and
Reinforcement Learning (RL) [57]. In contrast to Supervised and Unsupervised
Learning, which depend on pre-existing datasets, RL creates its own data during the
training process which is the major characteristic of them. It is not only about
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developing an optimal strategy through interacting with others but also how it learns
through conflicts and mistakes at the same time [58].

Conventional RL algorithms allow some form of interaction with the environment
through an agent. At each discrete instant, the agent perceives the environment, then
selects an action based on the policy related to the current environment state. The agent
then performs an action on the environment and some new state is produced. The
agent is also able to get a certain numeric reward, be it internal or based on the
environment reward’s function. By the time of termination of the training, the agent is
expected to have figured out a policy capable of achieving the highest average
discount return over time from any state.

Agent —

Reward State Action
Tt St ag

Environment |d—

Figure 14 Reinforcement Learning Structure [59]

3.2. Key Performance Indicators (KPIs) in FLP

FLP has a great effect on enhancing operational efficiency. The effectiveness of the
facility layout can be measurable with a number of key performance indicators. Such
metrics are important in determining how well the layout will support production
goals, optimization of resources, and the overall system performance. Several studies
identify some key performance indicators that are necessary in determining the
success of strategies of FLP, including production throughput, buffer capacity control,
space utilization, material handling efficiency, and lead time.
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3.2.1. Production throughput

Throughput is one of the most important KPIs in FLP. It indicates the capacity of any
system to produce a certain number of units within a given time. The throughput of a
facility's layout will directly affect its efficiency. This is because poor layouts create
bottlenecks which reduce the capacity for production. According to various authors
[60], the first objective of any FLP is to maximize throughput. This can be attained by
appropriate arrangement of workstations so as to minimize the transportation time
among them.

3.2.2. Butffer capacity control

Buffer capacity is one of those specific factors in FLP which directly influences
production flow and system efficiency. Optimum buffer sizes exist as an important
issue in a number of studies to prevent any kind of bottlenecks and make sure the
workflow is balanced. For example, in an article [61] it was maintained that inefficient
management of buffer capacity may lead to remarkable downtime or excess inventory
which reduces general throughput performance. Their findings show that buffer
capacity optimization may result in up to a 15% increase of throughput in serial lines
of unreliable machines.

About this, authors [62] discussed how buffer zones help in compensating for a
deviation in processing time variability between workstations. According to them,
insufficient capacity in a buffer will easily lead to congestion and delay if the speed of
processing becomes unstable. Furthermore, it has been found that over-accumulation
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of inventories in buffers results in increasing operational costs. According to article [5]
it was possible to save material handling time by up to 20% with proper buffer
management, which in turn increased production efficiency.

These references provide evidence that buffer capacity is not a peripheral factor of FLP
but an essential factor, and its optimization boosts throughput while reducing material
handling costs and generally improves the performance of the system.

3.2.3. Material handling efficiency

Another important KPI in facility layout optimization is efficient material handling.
The layout design should be able to reduce the distance the materials travel from
station to station, hence reducing the time used for handling and consequently the
labor costs. According to author [5], this could potentially reduce material handling
inefficiencies and consequently improve production time with significant cost
reductions. A poorly designed layout is usually followed by long transportation times,
superfluous movements of goods, and thereby unnecessary energy consumption-all
impeding operational efficiency.

3.2.4. Space utilization

The space utilization measures the effectiveness of utilizing the available space on the
factory floor. As indicated by author [2], the best layouts ensure that valuable
production space is utilized effectively with no overutilization or underutilization.
Poor space utilization results in congestion, and hence material flow may be adversely
impacted and reduce the productivity of workers. Therefore, proper allocation of
space about the functional needs of the facility is instrumental in realizing an effective
and efficient facility.

3.2.5. Lead time

The time that a product spends in the whole production process is critical as an
indicator of how effective a facility layout is. Optimized layouts can reduce the lead
times significantly by streamlining the workflow and reducing delays between
production stages. Authors [63] argued that a reduction in lead time increases
productivity and improves customer satisfaction through quicker responses to market
demand.

3.3. Facility Layout Evolution: Yesterday Towards
Tomorrow Visions

Looking at the development of scientific and managerial thought in the twenty-first
century, it is possible to emphasize that FLP concept has already found
implementation. The trends in FLP have been illustrated in historical perspective. The
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remarkable junctures in the story of the profession are also described through the
fundamental / landmark contributions from key figures.

3.3.1. Initial Developments

Pioneering works of the likes of Beckmann, Koopmans etc., permanently associated
with the history of FLP, Systematic Layout Planning (SLP) in the early days of the 21st
century, played a significant role in the creation of the accompanying FLP. In their
monographs, it was revealed that an “adequate spatial resolution of the facility” was
critically significant within the context of its functioning abilities and resulted to cost-
efficient operating systems [64]

3.3.2. Strategies and Techniques: Back to the Future

For the formulation and solution of FLP related issues, different approaches like the
use of different strategies and techniques, other methods including Electronic media
such as airline seat airline seat optimization in the 1980s and 1990s increased [65].
Models were prepared in order to enhance efficiency with a view to reducing time
consumption and costs associated with the movement of materials within the layout.

3.3.3. New Technologies

The transformation from Industry 3.0 to enterprise 4.0 which has been being actively
promoted starts changing the picture also in terms of FLP [65]. Modern methods of
activity of lean management, creation of the digital image of the factory and
subsequent thought-first ever tools, that is, the computer systems such as Siemens
Tecnomatix, Simul8, Arena, FlexSim, and AnyLogic, in which it is the state-of-the-art
FLP today. Such innovations offer facilities to operate in a virtual environment to a
great extent where layouts are constructed, adjusted, and their operational modes
improved in real-time, which would result in manufacturing systems assumptions
even more flexible and faster-changing for the better. [66] [42]

Four Phases of Industrialization

Industry 1.0 Industry 2.0 ndustry 3.0 ndustry 4.0
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Water & Steam Power Electrical Power Electronics & IT Cyber-Physical Systems

Figure 16 Evolution of Industrialization. [67]
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3.4. Evolution and Application of Simulation in
Production Systems design

3.4.1. Simulation in Intelligent Factory Optimization

Simulation modeling is a methodology in which the complex systems are
comprehended by developing sophisticated and flexible devices upon which new
concepts, systems, resource policies, and operations can be evaluated and refined in a
computer environment so that no interference with actual operations is allowed and
where information and knowledge are then gathered [68]. System modeling has been
instrumental in cost reduction and quality improvement of a product by detailing its
production strategies and timelines which are phased out over time [35]. Therefore,
simulating the whole plant environment and the production organization is crucial
because it makes it possible to find out how and why there are likely challenges at
different intervals of the manufacturing process that can possibly delay the production
of a good [35]. An Intelligent Factory does not only imply the digital evolution of the
factory processes but also concerns the rational use of energy, effective process
acceleration, and alteration of harmful effects on the environment. These aims can be
reached through the utilization of mathematical models. The application of
computerized technology is very efficient because it is a quick way of solving
problems. Manufacture is greatly affected by the efficient use of these programs which
enables the economic use of the machines. The planning of these processes facilitates
the management of jaundice by determining what can cause weakness in operations,
and jaundicing factors of production, without failure, hence assisting the economy of
plants [68] .

3.4.2. Evolutionary Milestones in Simulation Modeling

There is no doubt that the current understanding of simulation can be traced in the
historical uncertainty analysis of geometric probability. This approach was applied by
Comte de Buffon around the 18th century and consisted of a set of simulations with a
Monte Carlo flavor around an experiment that involved repeatedly throwing a needle
on a ruled sheet of paper, with a main aim of determining the conditional probabilities
achieved when the needle rests upon the ruled paper [69]. Hence, although the
methodology opened doors quite early in time (at the very beginning of the computer
era in 1947) of generating various stochastic samples, such sampling appeared to be in
use much earlier than 7th century AD. Somewhat more than a century after these
developments, in 1908, Gosset used a simulation of simulation, that is telescoping in
form while constructing an argument for a particular probability density function for
the Student’s t, was later admitted [69]. Another thirty years passed, and Link
designed the first ever basic training device, “the blue box,” for flying, converted it a
flying building in a couple of years, and military began its extensive use as a training
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facilitator, “the blue box” [70]. Moreover, in the middle of forties, a remarkable step
was made in the field of simulation, when the author reminds that Wick Die and Simon
Owen together with Tochter developed General Simulation Program in 1960, which
was the first general purpose simulator to simulate an industrial plant that is a network
of machines, each having busy, idle, unavailable and tailed states which are
individually processed [71].

In the early 1960s, Gordon developed the General Purpose Simulation System (GPSS)
[70]. Sensory arrays in the form of the ride Flicker, transport the user in a motorcycle
motion, Heilig presented the Sensorama ride: an approach remembered as the
precursor of VR [72] . Simulation Simula and Kiviat builds the intra-professional tool
called the General Activity Simulation Program (GASP). The first CODE is designed
to be easy. And that OPS-3 runs on the executive computer of MIT [72]. Sutherlend
displayed object manipulation by means of a cell while the pointer is dragged through
the content [73].

There was an increase in simulation, nevertheless, the construction of models and the
analysis of them are still posed as hurdles and expanded on by Conway et al. [70]
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Figure 17 Historical Evolution of Simulation [70]

3.4.3. Simulation and Evolving Production Systems

The capacity of innovations to enhance the competitiveness of industrial structures is
underscored by Rodi¢ [74]. Manufacturing systems employed a number of simulation
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techniques including simulation software [75]. Decomposition techniques were used
by Gingu et al. to simulate flow of materials in industrial systems [76]. They realized
that the method helps manufacturing companies to match their pace of production
with the requirements of the market. Companies should strive to be cost-effective
because the market is always in a state of flux. Within the framework of industrial
firms, simulation facilitates the flow of material saving time and money [77]. The
business needs to look for ways of producing more quickly so that they can survive in
the market. For any organization that needs to survive, they have to figure out how to
improve production time. For instance, instead of a traditional nozzle, Grguras and
Kramar have experienced the advantages of using features which speed the printing
process in fused deposition modeling by using a version with a bigger nozzle [78].
Kampa and her team were very practical in their intervention as they applied their
understanding to the production system in order to amend [79]. Here, it was found
that the production system had already benefited financially from the technique of
discrete event simulation. Moreover, in order to set the order and size of product batch
sizes genetic algorithm optimization support of discrete event simulation was
proposed too, which allowed to achieve the efficiency of indicators [80] .

3.5. Advanced Simulation Techniques in Facility Layout
Optimization

With ongoing facility layout optimization development, it is increasingly recognized
that advanced simulation techniques are in a position to manage such complex and
dynamic production systems. Such methods allow the derivation of deeper insight,
beyond DES, into how to improve facility performance.

3.5.1. Agent-Based Simulation (ABS)

As claimed in Abar [81] , Agent-Based Simulation (ABS) can depict a higher level of
granularity by approximating the behavior of every agent in the modeled
environment, for example, operators, tools, or parts, and having those agents work
according to certain rules. Such an approach is particularly beneficial when simulation
is conducted in the context of a complex system which is characterized by its changing
status, thus, it is difficult to predict its qualitative behavior using the elementary
models. ABS, as Schlechtendahl [82] opined, has more features that are useful for the
interaction of analog and digital worlds in the Industry 4.0 context since it involves
such things as: decentralized control and the fact that various devices work
autonomously. They also state in the same text that in the industry as such, for
example, according to Uriarte [83], the practice of ABS enables the provision of a
safeguard displaying how to examine parts of the system affected by disruptions or
changes so that such disturbances do not remain entirely negative.
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ABM is based on the concept of agents, which are
autonomous entities that can interact with each other
and their environment

The interactions between agents are an essential aspect
of ABM
ABM models are often stochastic, meaning that they
include an element of randomness in their behavior
ABM can help us understand complex systems that
exhibit emergent behavior
ABM can be used to test different scenarios and
hypotheses

Figure 18 Introduction to Agent-based Modeling [84]

3.5.2. Hybrid Simulation Models

In the course of their argument, Hall and Kelton [85] think that combination of the
Discrete Event Simulation with a system dynamics logic, termed as hybrid simulation
models, presents an improved program for the detailed as well as high level analysis.
This situation was also discussed by Borshchev and Filippov [86] who argue that,
aspects concerning time, SD is more convenient in most cases for larger social systems
especially during Large scale production systems. Such a powerful boendage assists
the managers in both improving the immediate footprints for Operations and
anticipating production efficiencies that can be attained over time. Harrison [87] very
much agreed with the continued use of hybrid models in operations systems until the
problem of prediction of future policies (demand variability), resources sufficiency
and ever-present problems of changing systems that is increasing grace internal
threats are solved through that “old” hybrid approach. In addition to the other, Tao [51]
made the case that hybrid models will be more useful in solving such operational
problems and strategic design of production facilities.

3.6. The Role of Simulation in Industry 4.0

In the realization and roll-out of Industry 4.0 ideas, simulation indeed performs a key
function. It permits the unification of different technologies while optimizing intricate
production systems including helping in timely and fact-based decision making. The
present section will consider the application of simulation in the frame of Cyber-
Physical Systems or brief CPS, smart factories, and autonomous systems.
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3.6.1. Cyber-Physical Systems and their Integration with Simulation

A recent study published by Darwish and Hassanien reviewed Cyber-Physical
Systems [88]. The authors also linked these systems with their underling simulation
processes. To start with, CPS is a new concept that refers to the combination of
computational processes and integrated control loops within a physical system.
Processes of physical control and regulate the operational environment in which both
computation and physical systems depend on each other dimensions through this
concept physically computing [88] [89] . The use of simulation in conjunction with CPS
is exceedingly salient in these cases where it is possible to study these networks along
with other confusions in a simulated environment while avoiding actual processes
[88]. This makes a great contribution to the ability to prevent failures and cope with
the reduction of such rates within the available space constraints [82]. Furthermore,
CPSEmbedded with simulation assists in the application of Lean manufacturing
principles through enabling the monitoring, collection, and analysis of data
continuously on the assembly line’s productivity and products. These are very
important requirements of Industry 4.0, where the issue is about the linkages,
instantaneous statistics and smart devices [89].

3.6.2. Simulation-Driven Decision Making in Smart Factories

Andronie [90] pointed out the growing importance of simulation-driven decision-
making in the era of smart factories, a core feature of the Fourth Industrial Revolution.
They argue that the convergence of Artificial Intelligence and the Internet of Things
and modeling of events by companies, shall result to a drastic improvement of
decision-making at companies [90]. This unified view allows smart factories to provide
very helpful AI models of decision making and IoT devices to collect the operational
system’s processes with embedded sensors able to give immediate feedback hence,
effective and fast industrial production [91]. In this setting, production systems could
be managed and supervised in a real-time mode, which is supposed to bring gains in
improvement of production effectiveness, minimization of down-time, and faster
response to changing market conditions [92]. Another layer of effectiveness is achieved
through the incorporation of simulation operational models, where various concepts
can be tested out before being implemented in the general production system. This
way challenges at a later stage of production are minimized as pickling is done in
stages [90].
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Figure 19 Key Benefits of Smart Manufacturing: Data, Efficiency, and Cost Management [93]

They also go on to present underlined case studies, where the associated use of
simulation models has proved beneficial in enhancing the different aspects in
production- a clear indication of its relevance in the modern context of manufacturing
industry [90]. This here indicates, simulation driven strategies, let loose in reality to
achieve better high productivity and operational efficiency.

3.6.3. Automation and Autonomous Systems Through Simulation

Authors discusses in their work the importance of simulation for the development and
implementation of automation systems and automata in Industry 4.0 [94]. Demanding
engineering and operational challenges to be met while driving to intelligent
manufacturing, the use of such robotic technology and operational strategies in
disparate industrial applications has been autonomous in nature [94]. Simulations also
help in the introduction of robotic systems for use, in research development as the
physical robot may be damaged during testing processes [95]. This means they must
be able to carry on entrust in rigid time frames and posts. A set structure of
organization allows for maximum efficiency of availability of resources. Polishing up
simulations, on the other hand, is much pricey due to the needed programming and
human resource efforts for its achievement [96].It is an alternative and excellent
resource for engineers to do simulations but not in the physical form of real-world
instead but in a computer. Multiple and very different cases are possible while using
automation, and most importantly, the use of this equipment does not necessarily
involve training the operators. As a result of this practice, accidents as well as
interruptions in operations are minimized [95] . Besides that, authors [94] also point
out the limitations of above-mentioned approaches. They consider sim-to-real transfer
challenges very important, where the models which have been proven in simulation
should equally cope in a real world. They make it clear, that this fashionable high-
fidelity simulation techniques ensuring that the cyber components and devices of
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computer systems performance reflect the physical world upon which they are based
is nothing but a mirage.
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Figure 20 Automation System for Simulation and Real world cases. [97]

Figure presents the core interaction image of a computer-aided simulation process
and an implementation system with vehicle and sensor components. The upper half
of the image exhibits the vehicle and sensors working in a computer generated
environment. Following that, the inputs are managed - these pass through a converts
the format while the information remains correct for use within an automation system.
Using such an approach, the system is able to function with the virtual environment
while still being able to react to the real environment factors without affecting the real
equipment or any other asset. However, the lower part reveals that sensors and
vehicles are working in an external environment and data related to the factors is
acquired. This data flows through the same format converter and enters the system as
output. The System must use operational information in the conduct and management
of actual events.

3.7. Case Studies in Successtul Facility Layout
Implementation

Facility layout optimization plays a very significant role in enhancing working
effectiveness in many sectors. This part contains results from analyses that include the
works of people who have implemented layout optimizing methods other than
introductory techniques to improve production material handling, space, and
resources to meet function demands.
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The layout optimization is very particular in the automotive industry as it affects very
much the production outputs and operational costs [98]. A very motivating case study
is presented by a major automotive manufacturer which has used DES and a typical
application to redesign the assembly line configuration [99]. It was found that the
company as a whole realized enhanced layout designs which identified and eliminated
all bottlenecks present resulting in improvements in material flows and a reduction of
production cycle times by 15%. Worker efficiency was also improved by the
optimization of the layout which resulted from reducing the distances that are
travelled by the worker which consequently resulted in saving a lot of money as well
as the increased production capacity [99].

Since the inception of e-commerce, there has been additional demand for supply chain
management regarding the warehouse design. More so, in the technological age,
managing e-commerce replenishment has become increasingly challenging because of
the faster order “pick and pack” requirements [100]. Ideal as it may be, e-commerce
operations have become a difficulty in most of the countries, so it is almost difficult for
the gurus to provide the right and easy tool for this analysis. One famous online
shopping site once made improvement in its distribution center’s storage area layout
and the strategical methods of picking orders using the simulation process. This re-
arrangement was even escalable to the peak or off peak demand periods that a
warehouse could encounters [101].

In health care institutions, for instance, facility layout optimization is a key tool in
patient care improvement because it helps to minimize the non-healthcare related
delay. A case study from one of the large city hospitals illustrates the practice of
designing the ed layout using simulation in order to improve the patients” flow there.
It was discovered that patients in the hospital wait most of their time at triage and
investigations before other services due to congestion that is caused by a different
issue. Over time the changes in the layouts of the two sections particularly provoked
the running that the patient’s uplifting times went down by 30% and the increased
inflow of the patients was well controlled [102].

In the pharmaceutical sector, regulation requires facilities to be optimally designed to
suit the manufacturing and compliance needs, and this is where provision of facility
layout services comes in. A pharmaceutical company which had a new, high-volume
drug and wish to design a facility layout for the production of the drug was able to
apply simulation and optimize the facility layout. They shifted the equipment and
storage units to reduce the time spent in material handling and processing and were
able to reduce the time wasted for orders placed and delivered by 18%. The change-
performance net increased 18%. The improved facility allowed for a greater focus on
Good Manufacturing Practice which helps in guaranteeing no contamination during
production and regulation adherence was followed properly [103].
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Application of lean concepts in improving spatial layout planning in electronics
manufacturing enterprises has proved to be effective. One of the major electronic
enterprises has deployed simulation-based approach for re-structuring its facility to
remove waste and cut learning-labour time. The reduced material moved, the re-
engineering of their assembly processes as well as achievement of better sequencing
of the work, all of these have decreased production cycle increase by 12% and improve
first passing yield by 10%. It was found also that the new layout was well constituted
with the principles of ergonomics which reduced fatigue hence improving worker
productivity. [104]

Maximizing customer experience and sales in the retail part can be meaningless
without the ideal store web design. The analyses of the flows and placement and in a
way where an adjustment is possible are uses of simulation in techniques employed in
street engineering. As a consequence of auditing numerous designs, it has been
possible that the retail service provider has introduced the percept of a look that draws
the attention of a customer quite well and also facilitates the traffic mechanization.
That is definitely better shopping and at the same time more revenue, making a 15
percent used up to purchase more items and waste less time for customers, who also
looked for respective merchandises inside the shopless anxiety [105].

3.8. Summary of Findings and Future Directions

A literature review on the optimization of FLP essentially revolves around the major
breakthroughs that have taken place in this regard. There is an emerging trend
observed over the last two decades from the traditional layout planning methods to
the advanced ones, including metaheuristic algorithms, reinforcement learning, and
digital technologies. These methods have been responsible for the maximization of
several facility layout factors, including cost minimization, space utilization, and
overall efficiency. Among the tools that have come into prominent study, DTs have
been an effective tool to simulate and test layouts in virtual space and make
improvements before actual implementation.

Further interest in simulation-based methods and hybrid approaches that incorporate
reinforcement learning with optimization algorithms gives evidence of complexity
and dynamic changes in the nature of modern manufacturing. These capabilities make
possible increasingly responsive systems, capable of adjusting in near real-time to
changes in production demands and operational constraints, further pushing the
envelope for what is possible in layout optimization.

Another characteristic that gives it its interdisciplinary nature is the integration of such
supporting technologies as virtual reality, augmented reality, and 3D simulation.
These have advanced decision-making processes through increasingly detailed and
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complex visualizations of layout designs, such that the margin for error decreased and
the planning accuracy was improved. In that way, the possibility of more efficient and
effective facility layouts now comes with the use of these state-of-the-art technologies.

An additional promising line of research includes integrating sustainability metrics
into optimizing FLPs. There is a need to ensure that energy consumption, waste
reduction, and all other factors that relate to sustainability are integrated at the point
of optimization for industries that have been compelled to meet environmental
objectives. In this manner, considerations relative to sustainability would ensure that
FLP practices are dovetailed with the larger initiatives for sustainability by nurturing
responsible manufacturing sensitive to ecological concerns.

In other words, FLP research is predisposed toward the future in which facility layouts
are optimized from the point of view of not only cost and efficiency but also
adaptability, scalability, and sustainability. The continuous development of advanced
digital technologies along with their integration will play a vital role in achieving these
goals and building up the future of manufacturing in the Industry 4.0 era.
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4 Modelling

4.1. Overview of Laboratory 4.0

The Industry 4.0 Laboratory (I4.0 Lab) at Politecnico di Milano offers the chance to
carry out research and development activities concerning modern manufacturing in a
state-of-the-art facility. It hosts modular Festo workstations that can be assembled into
different types of assembly lines according to various educational and research
requirements. In this case, the line in the 14.0 Lab will be able to simulate assembling a
mobile phone with an integrated Printed Circuit Board (PCB). Each workstation is
equipped with two Siemens PLCs for control and monitoring, besides sensors of
electrical energy and pneumatic air consumption to efficiently manage those
resources. The assembly line can then apply many production scenarios because of its
modularity; thus, versatile research objectives are possible. The structured process
sequence includes the following: front cover drop onto the pallet, drilling up to four
holes in the cover, robot operations onto the product, camera inspection controlling
the product's quality, drop back cover onto the product, press the two covers, finished
product unloading by an operator. Internal MES beside labs represents real-time
tracking of production and energy management. This could be a very good example
of how the Industry 4.0 and DT technologies are being put into practical use today
within manufacturing.

4.2. Process Flow Design of Laboratory 4.0

The journey through the manufacturing plant was divided into components — seven
workstations, each representing a critical process step in the manufacturing process.
Presented in this section are the functionalities and responsibilities of each
workstation.

4.2.1. Station 1: Front Cover

This marks the beginning in Station 1 where the process stages as the front cover being
installed on the pallet. This step is extremely important as it helps to make the product
ready for the upcoming stages of the assembly. It comprises of the sensors which look
up for an entrance (xBG5) and also look up for the exit (xBG6) of the pallets sensing
every moving pallet in the conveyor. Even the system does have the ability to sense if
the carrier is in the correct mode or position for working (xBG1) and that it is safe to
proceed with more processes.
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Figure 21 Front Cover Station

4.2.2. Station 2: Drill

The pallet then proceeds to the second station, where the cover gets the required holes
by a two-spindle drill. Two or four holes can be drilled on the cover programmatically,
which depends on the product type. Here, the system detects the pallet's presence in
order to identify which operation is to be performed. An interface with MES retrieves
the "recipe” or the drilling instructions of the product under consideration. Besides the
measures described for Station 1, the drill station continuously monitors the energy
consumption (ActivePower), the presence provided by xBG5 and xBG6, and the
working position given by xBG1.

Figure 22 Drill station
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4.2.3. Station 3: Robot Cell

In this Station, the cell robot performs two essential functions, namely, to inspect the
camera and to place the fuse and PCB. In particular, the camera is engaged from the
opposite end of the housing and prevents lab tips from moving the mating areas before
the mating operation. Then, it is this particular robot that undertakes the task of
affixing the items bon the PCB such as fuses, capacitors, and resistors in the place
where they are indicated. This procedure must be very accurate and is enabled by
several sensors for instance sensors for the x-y values of the board and for the x-z
values of the board. This station comprehensively assesses if the commodity meets the
quality standards and is installed perfectly before transiting to the other stage.

Figure 23 Robot Cell

4.2.4. Station 4: Camera Inspection

At the next workstation number 4, a device with a high-res camera scrutinizes the unit
for any potential defects. The unit moves out of the robotics chamber and enters a
segment with the assembled product that has empty slots to put the PCB and fuses -
this process is illuminated, and the surveillance camera gives the go-ahead with the
assembly quality. A series of tests are conducted during this step to confirm that the
specific device under production conformed with all the set requirements before it can
progress. This is responsible for checking similar parameters such as ActivePower for
BG movement (xBG5, xBG6, xBG1), with other motion sensors in the conveyor belt to
accommodate.
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Figure 24 Camera Station

4.2.5. Station 5: Back Cover

The machine drops the back cover on the product in the way that the front cover was
dropped in Station 1. The assembled cover has the right orientation and is tapped to
the product. The sheets also measure the power file and pallets also measure the
movement. The program sheds, xBG5, xBG6, xBG1 retains position and is laborious in
the course of assembling the system.

Figure 25 Back Cover Station

4.2.6. Station 6: Press

In this station, within each cycle of pneumatic press operation front and rear case
halves are mounted together. Incoming cover sets are declined by means of a check
block at the infeed of the press, so that incorrectly oriented cover sets do not enter the
machine, in order to maintain the required quality of the assembly. This station
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captures energy used by the system (ActivePower) and the movement of the pallets
are recorded using xBG5 and xBG6 sensors together with the position indication
sensor (xBG1).

Figure 26 Press Station

4.2.7. Station 7: Manual Station

As the name indicates, this is the station where the final shaping of the product is made
somewhat manually. The worker will empty the carrier pallets from the finished goods
without the need for tools. The station’s task is verified by means of a Human-Machine
Interface (HMI), which in turn gives the go ahead for the next product run. At this
point, the hourly usage of electricity and Operating wattage (ActivePower) in
kilowatt-hours will be focused on, and the technical data and the Carrier ID of the
pallet as well will be monitored for proper handling.

Figure 27 Manual Station

4.3. Assumptions and Limitations

4.3.1. Station Failures

In order to make the simulation scenario closer to a realistic manufacturing
environment, we introduced failure events for Press and Drill stations. Failures at the
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Press station may happen due to hydraulic problems-fluid leakage, pump failure, or
seal breakage-common causes of hydraulic press unplanned downtimes. Thus, mean
time to repair (MTTR) for the Press station can be estimated in a range from 1.5 up to
3 hours. As a most accurate value considering such aspects, an availability of 90% and
a MTTR of 2 hours have been estimated.
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Mame: | Press = Failed Entrance locked O

Label: =] Planned v Exit locked O
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Active Name Availability MTTR Mode Start | Stop | In
[v | Failure 90.00% | 2:00:00 | SimulationTi... 0 0

Models.Model.Press

Name: Failure Failed 7| Adive B
Start: Const ~ |0 =
Stop: Const - |0 =
Hegexp 18:00:00
Erlang 2:00:00, 1:24:51.16882454314
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o | e

Figure 28 Failure option of Press station in Plant Simulation

Failure at the Drill station can be induced by problems with misalignment or severe
wear of the spindle axis, or failures regarding tool breakage or overheating during the
drilling of cover holes. Such conditions call for periodic repair whose MTTR is
estimated to lie in the range from 1 up to 2 hours. Once in a repair stage, the preceding
stations are assumed to continue in a blocked state until the failed station is up and
operating, possibly with an influence on general workflow continuity and throughout.
Also for this station, the availability can be estimated at 90%.
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Figure 29 Failure option of Drill station in Plant Simulation

With these added assumptions, the simulated model drifts further away from the ideal
lab conditions and further limits proper validation against data from the real system.
Thereby, the simulation provides information on potential performance in real-life
conditions but does not perfectly represent the lab environment. This approach is
helpful for studying hypothetical scenarios that could arise in industrial applications
rather than strictly validating the model against the lab's steady-state performance.

4.3.2. Uninterrupted Resource Availability

This simulation assumes that all needed materials, components, and parts are supplied
uninterruptedly to every station inside the facility. Based on this assumption, it
removes the potentially disruptive external supply chain factor so an analysis can
better focus on internal layout efficiency and operational dynamics. In practical
applications, however, manufacturing systems face issues with the supply chain in the
form of delayed shipments or lack of quality control in regard to the incoming
materials, even the lack of specific components needed to continue the production
flow. Therefore, assuming that there would be no resource-related downtime, the
simulation allows for performance metrics in controlled isolation of internal
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operations and is likely to result in idealistic throughput estimations attainable under
more realistic conditions by assuming variable supply conditions.

4.3.3. Digital Model Accuracy

This simulation assumes that, in practice, there will be an accurate and timely
reflection of changes in the physical structure, machinery condition, and process
variables by the digital model system with zero latency. Thus, such a digital model can
serve as an ideal model of the physical space for easy analysis and optimization effects
within the virtual space. Realistic realization of such real-time accuracies in practical
applications may, however, face potential data transfer delays, sensor inaccuracies,
and computational constraints. These limitations highlight that our digital model is
designed to support layout planning rather than function as a fully integrated Digital
Twin. Consequently, it does not incorporate real-time data exchange or continuous
updates from physical facilities. While we assume a high level of synchronization for
the purpose of analyzing internal layout dynamics, we acknowledge that achieving
such real-time precision remains beyond the scope of this study.

4.3.4. Optimal Production Plan Selection

In the Lab 4.0 simulation model, 20 automated random experiments were conducted
to get the mean value, ensuring that the model’s performance is both accurate and
efficient. Each one of these experiments was a different production plan configuration.
Production plans were created in a random distribution across product types going
from I 01 to I_15 to simulate more realistic and diverse productions. Using the
capabilities provided by Siemens Plant Simulation, these experiments were performed
in a systematic way to analyze the performance outcomes and to ensure consistency
in the results. The mean value derived from these 20 experiments reflects the
variability and adaptability of the system

Each production plan was monitored over a series of time intervals, as short as 15
minutes or up to a full 24-hour cycle. The idea is to observe the development of
throughput with respect to time and to find out when the system reaches its steady-
state condition. Here, the steady state refers to the point beyond which operating
metrics of the system stabilize and their fluctuations become insignificant over time.
This analysis was important in understanding the dynamic behavior of the production
line for selection of a plan that would be viable and effective under various operational
conditions.
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Table 1 Throughput Per Hour for each experiment over time.
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Figure 30 Throughput Analysis per Hour for Selected Production Plans.

The following graphs represent the throughput per hour for each of the different
production plans. It is observable that all of the production plans have fluctuating
throughputs for the first 18 hours. The reason for these fluctuations is that the system
is still getting acquainted with the initial conditions of production, which also means
dealing with different kinds of products and random disruptions characteristic of the
simulation environment. However, starting after the initial period, the throughput of
each plan enters a zone of stability in such a way that it reaches a sort of stationary
state under which the performance metrics are more predictable and constant.

The assessment of varied production plans aimed at discovering an optimal simulation
time that can capture the complexity and variability brought about due to production
plans. We make sure that realistic performance outcomes are modeled to encompass
all possible scenarios in all configurations.
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4.4. Production Plan and Process Flow Variability of

Product Types

This section describes the detailed flow of each item involved in the 15-item multi-job
scenario. Every product follows a different path down the production line, reflecting
the diverse processing requirements of the product range.

ID_Operations
O_Mo1
0O_Mo02
O_Mo03
O_Mo04
O_MO05
O_MO06
O_Mo07
O_MOo8
O_M09
O_M10
O_M11
O_M12
O_M13
O_M14
O_M15
O_M16
O_M17

O_M18

Station

Manual

Manual

FrontCover

FrontCover

Drill

Drill

Drill

Drill

Robot

Robot

Robot

Robot

Camera

Camera

BackCover

BackCover

Press

Press

Description
Remove Piece
Reprocessing
Read RFID tag

Place front cover
Read RFID tag
Drill upper SX holes
Drill lower DX holes
Drill all the holes
Place PCB only
Place PCB and DX fuse
Place PCB and SX fuse
Place PCB and both fuses
Read RFID tag

Check fuses

Read RFID tag
Place back cover
Read RFID tag

Press cover

Table 2 Detailed List of Operations with Station Assignments and Descriptions.

This Table 2 lists all the operations that take part in the production process, their
ID_Operations, the station, and a small description of each. It helps to know what
particular tasks are to be done at each station within the production layout.
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Figure 31 Process Flow Matrix for Each Item ID with Corresponding Operations.

This Figure 31 defines the sequence of operations to be assigned for every item, I_01
to I_15, in the multi-job production scenario. In the table, each item ID is represented
by a row, and each cell defines which operation IDs the item goes through during its
processing.

4.5. Data Collection and Simulation Parameters

In order to ensure accuracy of the virtual model, the system conditions were pre-
recorded and then directly incorporated into the simulation. The parameters such as
conveyor speed, operation time, and dimensions like the length and width of these
stations have been taken from the real equipment. These proportions are important
because they allow for the correct modelling of the transportation of products and the
entire factory operation.

The conveyor speed is recorded from the physical system to capture the actual rate at
which materials moved between stations. Such real data has been used in the
simulation to reproduce the same flow conditions that in the real system would ensure
that the behavior of materials in the simulation matched the actual performance of the
real system. This speed was not manipulated during the course of the simulation, since
this would be inconsistent with the realistic model being sought.
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The summarized processing times were collected at every station using sensors
embedded in every machine that monitored the time taken to perform certain tasks,
like drilling, assembly, and inspection. These sensors gave accurate measurements for
every operation at each station, as seen from tables in Error! Reference source not
found. and Error! Reference source not found.. For instance, the captured data
includes the several operations on a single operation at the Drill station, such as
drilling the upper SX holes and lower DX holes and placement tasks at the Robot
station placing PCB and fuses. This was done to get a clear view of the time for
processing and variability that may be associated with each station. In order to ensure
that these measurements are reliable, 20 experimental runs for each operation were
performed to determine the mean processing time and variance. The broad approach
in the collection of data provided an actual representation of the operating behavior at
each station.
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ID_Operations
0O_Mo1
0O_Mo2
0_Mo3
O_Mo4
O_Mo05
0O_Mo6
O0_Mo07
0O_Mo8
0O_M09
O_M10
O_M11
O_M12
O_M13
O_M14
O_M15
O_M16
O_M17

O_M18

Station

Manual

Manual

FrontCover

FrontCover

Drill

Drill

Drill

Drill

Robot

Robot

Robot

Robot

Camera

Camera

BackCover

BackCover

Press

Press

Description
Remove Piece
Reprocessing
Read RFID tag

Place front cover
Read RFID tag
Drill upper SX holes
Drill lower DX holes
Drill all the holes
Place PCB only
Place PCB and DX fuse
Place PCB and SX fuse
Place PCB and both fuses
Read RFID tag

Check fuses

Read RFID tag
Place back cover
Read RFID tag

Press cover

Mean

12.79

3.66

3.96

10.52

3.08

8.45

9.65

11.94

81.45

106.31

106.59

117.00

3.03

6.18

391

10.57

6.75

3.50

Variance

0.35

0.04

0.02

0.04

0.02

0.02

0.02

0.03

0.08

0.13

0.17

0.21

0.01

0.01

0.03

0.01

0.04

0.02
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Table 3 Summary of the Mean and Variance of Processing time for each operation of each

machine.

Table 3 aggregate this data from the individual operations into a single processing time
for each transition between stations. We present here, for each transition, the mean
processing time, and its variance as a measure of the total duration of all tasks
performed between the start and endpoint of each segment. However, these times for
each individual operation are aggregated in this table into single times for the
processing of each station transition, allowing an overview of how long parts take to
move through the entire lab setup.
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Stations Mean Variance
Manual-Front 6.50 0.03
Front-Drill 6.69 0.02
Drill-Switch 1 8.68 0.29
Switch 1 - Switch 2 19.86 0.22
Switch 2 - Robot 9.11 0.16
Robot out 2.11 0.01
Robot bypass 11.89 0.01
Robot - Bridge 4.25 0.01
Bridge 1.74 0.05
Bridge — Camera 6.82 0.04
Camera — Back 6.54 0.03
Back - Press 6.78 0.05
Press - Manual 20.22 0.89

Table 4 Summary of Mean and Variance Values Across Stations.

These real-world cycle times were incorporated into the simulation in developing a
model that closely resembles actual production flow in order to undertake a detailed
analysis of any prospective bottlenecks and throughput capacity. This data-driven
approach allowed the delays that might happen in the system to be found, thus giving
a practical basis for the optimization of the lab layout and improving its operational
efficiency. The use of actual processing times provided by sensors allowed the
simulation to reflect the limit of performance by the real system, demonstrating how
the production line could handle different operational loads.

Conveyor belt width and length were measured on the factory conveyors. The
conveyors were also covered in size which influenced how many flowables could be
conveyed and how resources could be mobilized and directed between the stations.
This spacing and capacity constraints were also replicated in the model as the
significant peak values were included as part of actual dimensions. It kept the
distribution and the material handling system exactly as they are in reality untouched
and free from simulation artifice.
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4.6. Model Development in Siemens Plant Simulation

4.6.1. Process Flow Design in Siemens Plant Simulation

In developing the process flow design, the Siemens Plant Simulation system has
delivered an in-depth representation of the flow of materials and its operational
logistics within the Industry 4.0 lab in Politecnico di Milano. The intent of this model
was to develop a layout as close to reality as possible where initially pallets are moved
into the system without any computer intervention and lastly the products are fetched
from the same station. Every station was designed to match the behavior of the
corresponding real station, so that dynamics observed in the physical facility were

transferred to the Simulation model.
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Figure 32 Simulation model of industry 4.0 lab at Politecnico di Milano

The model contains all the key product components: the front cover —forming the
front part of the product—the back cover, which completes the external shell; a printed
circuit board (PCB) serving as a critical component for the electronics of the product;
and the fuse to ensure electrical safety. These components are visualized and managed
throughout different stations in the simulation, representing the actual assembly and
production process.
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Figure 33 Front Cover

Figure 34 Back Cover

Figure 35 PCB
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Figure 36 Fuse

Figure 37 Assembled Part

4.6.2. Station Configurations

The manual station is simultaneously the first and last station along the production
cycle. Initially, the operator places an empty pallet on the conveyor system. The station
is very important because it marks the beginning of flow in production, hence linking
human interaction with automated systems that would follow suit. The laying of a
pallet manually requires precision in the alignment of the pallet for its movement
through various stations in processing. In the end, after the pallet has been through
the whole course of production-from the placement of the front cover, drilling,
assembly of PCBs and fuses, to the placement of the back cover and pressing-it again
goes back to this manual station for the last step. The operator will have to manually
take the finished product off the pallet at this station. As described above, this station
plays the dual role of both loading and unloading in order to ease the process and
maintain continuity within the flow of production. Although this manual operation
introduces an element of human involvement in what is otherwise an automated
sequence, it is so integrated into the overall process that efficiency is not disrupted.
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Figure 38 Manual Station

Once the pallet is loaded at the manual station, it will be conveyed to the next
processing station, Station 2, where placing of the front cover is done. At this step, a
dedicated buffer has to be used for the staging of front covers. The buffer is important
in that it ensures at any point in time, there is a front cover available to go onto the
pallet. This is crucial because of the smooth flow of materials through the system. This
buffer was modeled within the simulation, based on physical constraints and capacity

of the real system, which ensured preparations and storage of front covers before their
placing onto the pallet could be performed.
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/FrontCover

Figure 39 Front Cover Station

The drilling operation is carried out at Station 3. This is where the drilling operation
takes place, with the proper cover holes in front. The station employs a dual-spindle
drill that is programmed for either two or four holes according to the configuration of
the product. Variability in the simulation corresponds to real-time data on drilling
cycle times and machine operation. The processing times were measured directly from
the real system, which is the reason the simulation will very accurately represent the
mechanical operation of the drill.

| Drill

Figure 40 Drill Station
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The pallet then proceeds to Station 4, where the robotic arm assembles the PCBs and
fuses. This station will have been developed to operate in a multi-product
configuration such that different configurations of PCB and fuse combinations shall be
assembled depending on the product configuration. Consequently, the system will be
developed to operate in a multi-job scenario. The implication of this is that flexibility
will be allowed for in the assembly depending on the product under discussion. This
station automates the assembly process. The simulation models the various kinds of
configurations for PCBs and fuses that can be assembled onto the part. A buffer is
implemented to manage the component availability of the PCB and fuse so they can
be ready for assembly when the drilled part arrives at this station. The buffer was
modeled in relation to the capacity and restraint of the physical system so that the
assembly process can continue without waiting. Recordings were carefully taken of
the robotic operations at the real system, including the time of movements and
assemblies, for the sake of accuracy in the simulation. Moreover, there is a condition
at the end of the drilling operation at Station 3 that depends on the item ID, guiding it
further to the next action in sequence. Whereas other pallets and parts go directly to
Station 5, where the camera station conducts the next operation in line, bypassing
completely the operation of Station 4. In this respect, such conditional routings in the
simulation modeled flexibility in the system, where different product types go through
unique paths through the production line, considering certain requirements each
product type has. Such flexibility of workflow assures that the system is capable of
handling multiple product configurations in an efficient way.

3
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Figure 41 Robot and Camera Stations

Once the assembly has been completed at Station 4, or directly routed to Station 5, the
pallet proceeds to Station 6 where the back cover is placed onto the assembly. Like the
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front covers, a buffer is used to manage staging back covers. Considering the real-

world setup, in this respect, a model of the buffer is presented with capacity and timing
constraints so as to maintain the continuity of production.

BackCover

Figure 42 Back Cover Station

The pressing operation at Station 7 consists of assembling both front and back covers
using a pneumatic press. In the simulation model, this operation was programmed to
exactly represent the time and mechanical details, including a mechanism for

preventing parts that are not aligned properly from entering the press, which in turn
will make this pressing operation highly accurate, as in real life.

Figure 43 Press Station
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5 Optimization of Lab 4.0

The objective of this chapter is to enhance the performance of the Lab 4.0 system using
strategies in buffer optimization. The buffer capacity control, therefore, forms a very
important step, especially if we talk of the case of modern automated production lines,
where uninterrupted workflow is indispensable. A first simulation model of Lab 4.0
in Siemens Plant Simulation served as a base for the evaluation of daily throughput
under existing conditions. In order to represent scenarios that might occur in real
manufacturing environments more realistically, where machine failure could mean
the halting of production, buffers were placed in front of the press and drill stations.
These buffers are included in order somehow to offset these assumed machine
downtimes, allowing the flow of materials to be continuous and thus improving
throughput.

Achieving Optimal Buffer Capacity

o
u.D.[Lﬂ ‘.—Optimize Buffer
@I:’ C Capacity

Analyze

C Throughput
7 Simulate

Scenarios
&
E] Assess FLP

Aspects

Tdentify FLP
Needs

Figure 45 Achieving optimal buffer capacity

5.1. Baseline Simulation and Throughput

A first simulation of the Lab 4.0 layout was executed under baseline conditions-a no
buffering setup in front of the critical press and drill stations-to set the baseline for
improvement. The mean throughput of 20 experiments under this configuration
equated to 634 pieces/day and represents what the system would naturally achieve
given the bounds of machine availability and downtime.
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Experiments

10
11
12
13
14
15
16
17
18
19
20

Mean

Daily Throughput
(Parts)

633
635
628
640
646
634
605
630
623
624
649
636
642
640
631
621
637
651
646
620

634

Table 5 Throughput per day without buffers.

67
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The press and drill stations in this simulation periodically fail. These failures are
modeled on accepted industry reliability parameters, which approximate the natural
pattern of failures occurring in real life. Since buffers are not implemented, time when
either the press or drill machines are undergoing repair forces parts headed for these
stations to wait, thereby creating the idling of processes upstream, which of course
decreases the efficiency of the entire system. In this base case simulation run, there
were no buffers in front of these bottleneck stations, throughput was limited as idle
times for upstream processes quickly mounted with each machine failure. Under this
configuration, any breakdown at either the press or drill station sends ripples along
the line, disrupting the synchronization of workflows across the line. Thus, the parts
accumulate in various points of the system, awaiting the restoration of the broken
machine as shown in Figure 46. It is a kind of pattern that leads to an unbalanced
distribution of the idle times-the press and drill machines being the obvious
bottlenecks of the Lab 4.0 setup.

Figure 46 Parts waiting before the Station

Resulting in 634 pieces per day, a bound system whose performance is mainly driven
by the reliability of the machines and lack of intermediate storage solutions. This
baseline measurement in throughput provides the base level against which future
optimization initiatives will be measured, specifically the addition of buffers.
Comparison of these outputs to throughput data after the addition of buffers will
directly quantify how effective the buffer zones are in dampening the variability due
to unplanned downtimes and enhancing continuity of flow.

Besides, the initial throughput figure brings out the challenges inherent in machine
dependency within lines of production. In a Lab 4.0 environment that is dynamic and
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essentially failure-prone, two out of seven stations account for totalled downtime.
System output becomes very sensitive to interruptions in the production flow. This is
especially true in a production system without buffering or redundancy, where every
stage of processing is closely dependent upon the preceding stage for productivity.
Therefore, the baseline findings provide the basis for implementing a buffer strategy
aimed at such vulnerabilities. In light of the high variability in the availability of the
press and drill machines, the addition of buffers is one strategic manner in which
operating shocks can be absorbed and production line resilience increased. This will
then form the baseline throughput, useful as a reference against which efficiency gains
in buffering are analyzed as discussed in Section 5.2.

5.2. Buffer Introduction and Initial Results

The optimization of Lab 4.0 included buffer areas in order to counteract the impact of
downtime at the press and drill machines. The mean throughput of 20 experiments
showed a 634 parts-per-day without buffers, which means these stations would soften
the bottleneck because of its intermittent failures. Due to the downtime events, the
machines were contributed to placing buffers before the press and drill stations so that
the effect of machine unavailability on production can be minimized. The buffers were
there to stop upstream processes from stopping because a machine was idle. They
were meant to create a stock of parts that would keep the flow going.

The reason behind buffer placement was taken from facility layout optimization best
practices which suggests implementing a buffer before a high-risk machine or a
bottleneck so that a disruption can be absorbed. Because of this layout, the upstream
continued producing parts even though the press or drill machines partially broke
down. The part flow was uninterrupted across the production line. In the first few
trials, each buffer was sized incrementally so that the simulation would show the effect
of changing the buffer sizes on throughput and operation stability. This approach
follows the fundamental principle of lean manufacturing to align inventories while
improving flow and reducing waiting times due to breakdowns.
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_ | FrontCover ||

Figure 47 Simulation model with buffers

With the addition of these buffer zones, the mean throughput of 20 experiments in this
simulation immediately jumps from the base level of 634 parts per day to 775 parts per
day, which means an approximate increase in value of about 22.24%. The results
confirm that buffers maintain the production flow by reducing the extent and
frequency of idle times above machines that suffer unavailability. Buffers absorbed
interruptions, allowing parts to flow more smoothly and downtime to have a lesser
impact on utilization. During periods of peak failure, buffers also reduced part
stocking up and allowed the line to maintain a more stable and predictable flow, as
opposed to near full capacity.

Experiments Daily Throughput
(Parts)
1 768
2 779
3 768
4 780
5 792
6 775

7 742
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8 778
9 759
10 769
11 785
12 778
13 794
14 789
15 770
16 764
17 772
18 782
19 790
20 766
Mean 775

Table 6 Throughput per day with buffers

The higher throughputs also translated to higher utilizations for upstream stations
with fewer interruptions due to stoppages downstream. Because buffers existed, there
was less downtime between stations; therefore, they maximized the whole line's
productivity. That is, benefits of buffers are underlined. When the machine is reliable,
there are few variations in the operation of one machine station with respect to another
station. For increased throughput by adding buffers, excess buffer capacity leads to
higher inventory and higher storage cost. These costs are well controlled.

The necessity of balance in driving improvement is highlighted by the existence of
potentials within the buffer. Also, the existence of buffers does not mean that the
system is flawless. Thus, finding an appropriate placement of buffers to maximize
effectiveness and minimize unnecessary overhead costs requires evaluation of factors
affecting buffer benefit. To fill the gap in buffer configurations, following processes
will assess buffer location in relation to the components that are delays so as to know
the correct lines sizes. In doing this, there will be room for improvement in process
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capacity over time, along with leaner inventory levels, and the enhancement of the
cost-efficient optimum operation of the Production line.

5.3. Buffer Capacity Optimization with Experimental
Manager

After initial throughput gain observed by introducing buffers in front of the press and
drill machines, the next logical step in the course of optimization was to find the
optimum buffer capacity for these stations. While adding buffers increased the
throughput by quite a lot, it was necessary to find an optimal size of the buffer, in
order to balance the improvement of productivity against considerations of inventory.
Too much buffer capacity results in unnecessary storage and handling cost, whereas
too little buffer size may not realize all the possible throughput benefits. The
application of Experiment Manager in Siemens Plant Simulation was used in order to
be able to systematically investigate a range of buffer capacities and best find out the
configuration.

The Experiment Manager allows the user to perform, easily, parametric studies in a
powerful environment where buffer capacities can be changed within a pre-set range,
the resultant effect analyzed with respect to throughput and system performance.
Since the Experiment Manager automates the testing of a large number of buffer
configurations, a data-driven method for optimization is more feasible whereby
manual errors are reduced and the efficiency of the analysis enhanced. This approach
allowed for various buffer capacities to be analyzed in steps, regarding key
performance indicators, such as daily throughput and idle times, which had
previously been main efficiency indicators of the system in Lab 4.0.

= ExperimentManageri

Mavigate Tools Help

Start Stop Reset

Current experiment: Observation:

Definition l Evaluation

Define Output Values
Use input values

Define Input Values

Define Experiments

Observations per experiment: 5

[ use distributed simulation

| OK | | Cancel | | Apply |

Figure 48 Experiment Manager
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The most effective buffer capacities for the press and drill stations were determined
systematically by running an experiment using the Experiment Manager in Siemens
Plant Simulation. For this study, the output metric was defined as the "Throughput
per Day" at the drain, serving as the primary production efficiency indicator. These
were the buffer capacities placed in front of the press and drill machines, respectively,
that would have an effect on throughput by buffering production variability resulting
from machine downtimes.

root.Drain.StatThroughputperday

Cutput Values Description | High Values are Better

1 |root.Drain.StatThroughputperday true

Figure 49 Output of Experimental manager

To study the range of buffer capacities, a multi-level experimental design was used.
This approach allowed the investigation of buffer sizes, ranging from 1 as the lower
capacity to 8 as the upper capacity for both. In selecting this range, the study sought
to capture the impact on performance due to both minimal and substantial buffer sizes
to allow detailed understanding of how varying buffer levels can play into throughput
improvements under failure conditions.

Input value Eefore Drill | Before Press
1 Lower level 1 1
2 Upper level 8 8
3 Increment 1 1

Figure 50 Multi-Level Experimental Design

In order to ensure accuracy within the experiment and make the results to be more
consistent, each of the experimental setups was repeated five times. The essence of this
is to adopt the repeated-measures approach which further erases such random
variations in generated throughput because of the simulating procedures internal
dynamics. Five observations or more within every given experiment, the analysis
within this study itself expands and becomes more precise in illustrating the
dependence on the denominator of each stochastic variable in a buffer set.

To cover all predefined buffer capacities combinations, Experimental Manager
constructed a set of tests. For each one, the daily efficiency was determined, and data
needed for the investigation of the most effective dimension of the buffer. It was
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discovered that some combinations of buffer sizes were particularly advantageous
with regard to maximizing the flow. The results revealed that certain combinations of
buffer capacities were more effective than others in maximizing throughput.

Experiment| Before Drill| Before Press| root.Drain.statNumin Exp 21 3 5 852.2
Exp 01 1 1 846.8 Exp 22 3 6 8518
Exp 02 1 2 848 Exp 23 3 7 851.8
Exp 03 1 3 850.2 Exp 24 3 8 851.8
Exp 04 1 4 8514 Exp 25 4 1 8474
Exp 05 1 5 851.8 Exp 26 4 2 848.6
Exp 06 1 6 8514 Exp 27 4 3 850.8
Exp 07 1 7 8514 Exp 28 4 4 852
Exp 08 1 8 8514 Exp 29 4 5 8524
Exp 09 2 1 847 Exp 30 4 6 852
Exp 10 2 2 848.2 Exp 31 4 7 852
Exp 11 2 3 8504 Exp 32 4 8 852
Exp 12 2 4 851.6 Exp 33 5 1 8476
Exp 13 2 5 852 Exp 34 5 2 848.8
Exp 14 2 b 851.6 Exp 35 5 3 851
Exp 15 2 7 851.6 Exp 36 5 4 852.2
Exp 16 2 8 851.6 Exp 37 5 5 8526
Exp 17 3 1 847.2 Exp 38 5 b 852.2
Exp 18 3 2 8484 Exp 39 5 7 852.2
Exp 19 3 3 850.6 Exp 40 5 8 852.2
Exp 20 3 4 851.8 Exp 41 6 1 847.8
Exp 21 3 5 852.2 Exp 42 6 2 849

Exp 43 6 3 851.2

Exp 44 6 4 852.4

Exp 45 6 5 852.8

Exp 46 6 6 852.4

Exp 47 6 7 852.4

Exp 48 6 8 852.4

Exp 49 7 1 848

Exp 50 7 2 849

Exp 51 7 3 851.2

Exp 52 7 4 852.6

Exp 53 7 5 852.8

Exp 54 7 6 852.6

Exp 55 7 7 852.6

Exp 56 7 8 852.6

Exp 57 8 1 848

Exp 58 8 2 849

Exp 59 8 3 851.2

Exp 60 8 4 852.6

Exp 61 8 5 852.8

Exp 62 8 6 852.6

Exp 63 8 7 852.6

Exp 64 8 8 852.6

Figure 51 Results of Experimental manager

Extensive experimentation involving a total of 64 experiments was conducted.
Comprehensive results for this set of experiments, detailed in the tables in Figure 51,
indicate the following trend, there is a gradual increase in throughput values for
certain buffer combinations. This leads to the inference that strategic location and
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sizing of buffers is most crucial in the attempt to minimize the debilitating effects of
machine failures and gain maximum output from production. Of the different
configurations tried, experiments 45, 53, and 61 were the best runs, with a maximum
throughput of 852.8 parts per day for all three. Interestingly, these optimal results
show a revealing pattern in that the constant buffer capacity is 5 in front of the press
machine, while in front of the drill machine, it has gone through various sizes like 6, 7,
and 8. It therefore follows from this that buffer allocation significantly influences
workflow disruptions caused by failures of the machines of the press and drill
machines' operational dynamics.

I The maximum of the output value ‘root.Drain.statNumlin' is 852.8.

Experiments| Before Drill| Before Press|root.Drain.statNumin
Exp 45 6 5 852.8
Exp 53 7 5 852.8
Exp 61 8 5 852.8

Figure 52 Maximum of the output value

The data analysis underlines that a well-optimized buffer strategy is crucial in such
cases to gain high improvements in throughput even with equipment failures. With
the right choice of buffer capacities, the system is more robust and able to sustain
higher productivity levels. Results indicate that in complex manufacturing
environments, there is always a scope for more experimentation and optimization. The
approach followed in the simulation study has been justified.
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6 Conclusion and Discussion

In this work, the research focused on FLP optimization through a simulation-based
approach aimed at finding the optimal capacity of two different buffers that can be
inserted in the 14.0 Lab for increasing the overall throughput of the line. A digital
model was realized in Siemens Plant Simulation for Laboratory 4.0 at Politecnico di
Milano. To this aim, the first simulation model was built considering real data of the
laboratory, such as accurate cycle times and the configuration of the system. This
allowed for a baseline analysis, returning a mean throughput rate of 634 parts per day,
showing where inefficiencies could arise, particularly around events dealing with
equipment failure. Since it was agreed that the actual laboratory setting operates in
ideal conditions where no failures occur, assumptions were added to the DT in order
to simulate real-world industrial situations. Failure events have actually been modeled
for critical stations: once for the press machine and once for the drill machine. Being
more liable to severe downtimes because of hydraulic failures, the model for the press
machine considered a higher mean time to repair than the drill machine. The intention
of this adjustment was to simulate those elements of randomness and disturbance to
operation that are so characteristic of real-world manufacturing settings.

Buffers were added in line in front of the press and drill machines, with a view to
dampen the effect of these failures. Simulation experiments showed that the system
performance improved considerably by adding buffers: the throughput increased
from 634 to 775 parts per day. This 22.24% improvement in this case stresses how this
buffer addition may implement its absorbing capabilities toward disruptions for a
smoother flow of production.

The optimization phase used the Experimental Manager available in Siemens Plant
Simulation to find the optimal buffer capacities. A total of 64 experiments, with buffers
ranging from 1 to 8, were run. In this way, the output was analyzed from a qualitative
point of view; thus, some configurations of this work showed good results in terms of
throughput. The best buffering scheme found keeps the buffer size in front of the press
machine as 5 and changes buffer size in front of the drill machine as 6, 7, and 8. All
three combinations of these buffering have led to a maximum mean throughput of
852.8 parts per day. This confirms the relevance of buffer allocation towards
optimization of production efficiency in unreliable manufacturing lines. It is in this
regard that placing and sizing buffers strategically can turn a system from vulnerable
and prone to failure to resilient and more productive. The study also verifies the
strength and agility of the digital technologies in running several complex
manufacturing scenarios and giving valuable insights on optimizations possible.
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However, one should not forget that even the simulation model, with all details
incorporated, is only a model of reality. Most of these assumptions, especially those
dealing with equipment failures and repair times, cannot fully express all dynamics in
the real world. These could be refined in further work based on more empirical data,
while other optimization techniques might be explored, such as machine learning
algorithms, which may lead to better improvements in system performance. The
research provided a lot of valuable knowledge about FLP and showed in great detail
the power of DTs and simulation-based approaches in modern manufacturing. This
thesis opens the perspective for a state-of-the-art application of simulation tools to
enhance efficiency and resilience in production systems, with the prospect of opening
up further exploratory and technological developments with the aim of improving
solutions for FLP problems.
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Annex

This section presents an additional graph resulting from the experiments conducted.
They were excluded from Chapter 4 for the purpose of ensuring that only the most
clarity and conciseness are presented. The following graphs bring extra insight into
more detailed simulation outcomes and different production scenarios that have been
analyzed within our research. While only the most critical results were discussed in
the main body of the thesis, these supplementary graphs now give a comprehensive
view of data that all relevant findings are clearly documented for further reference and
consideration.
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