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Summary

The background for this thesis work emanates from a desire to drive the production of the
VBG Truck Equipment factory in Vanersborg a step further to catch up with the Industry
4.0 standards. Discrete Event Simulation (DES) is a widely adopted tool within industries to
model real-world systems to improve their processes. The concern of bottlenecks is a vital
problem in optimizing and improving the efficiency of production processes. Finding and
investigating bottlenecks is one of the primary considerations of all manufacturing industries.
The company aims to enhance its logistics by using automation in its processes. This work
focusses on the Paint shop part of the VBG factory. Thus, the VBG would like to analyse
the methods to reduce the bottlenecks and the waiting time in the Paint shop production
process. There were no simulation models available to analyse the existing paint shop pro-
duction flow; therefore, a Discrete Event Simulation (DES) model of the VBG Paint shop
was built to investigate the bottlenecks and improvement methods.

In this thesis work, the DES model of the existing Paint shop that uses the Last in First
Out (LIFO) method was investigated to find the throughput and lead time for the products.
In comparison, a First in First Out (FIFO) method was used to get a balanced production
flow, and its effects were studied. The company currently uses two shifts in their Paint shop,
so the alternate arrangement of shifts using the same number of operators was analysed. The
analysis of three shifts with the same number of operators gave more efficiency than the
existing one, and three shifts with an increasing number of operators were also compared.
The shift arrangements were compared with both the LIFO and FIFO methods, and FIFO
provided more throughput and balanced production flow.

The main bottleneck was identified in the forklift transport waiting time, so an alternate
layout using a power and free conveyor system was developed. This alternate arrangement
reduced the bottlenecks and produced an increased output. The alternate layout was also
compared with LIFO and FIFO methods; FIFO was the most efficient one. The shift pat-
terns were also analysed, and the three shifts with a 50 percent increase in staff can reduce
the stock build-up during the start of the first shift. As of this study, it was identified that the
alternate model with FIFO is the most suitable solution for the company, and in the coming
years, they intend to implement that. From the experimental results obtained, DES can be
chosen as a method to analyse the problems associated with limiting the capacity of produc-
tion. The DES modelling can be extended to the other processes in the factory and can be
used for improving logistics and inventory management. The company production flow can
be further advanced by evaluating the changes that can be implemented in the factory with
real-time data.
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1 Introduction

This chapter describes the background of the degree work, representing the significance
of the analysis area helping the process improvements, and explains the requirement
for Discrete Event Simulation. The investigation problem was formulated, the aim of
the thesis was explained, and three investigation questions were described. Finally, the
limitation and overview of the thesis conclude the chapter.

1.1 Background

The VBG Group is an international industrial company spread over 17 countries with
more than 1500 employees. The VBG Truck Equipment factory in Vinersborg, Swe-
den, manufactures drawbar couplings for trucks and trailers. The truck and trailer equip-
ment division produces two brands of drawbar couplings, VBG and Ringfeder, which
account for over 50 percent of the world market. VBG delivers products and services
that offer significant value for customers in terms of reliability, safety, and efficiency.
Manufacturing industries are encountering a competitive environment and adopting
Industry 4.0 standards can help to increase the effectiveness of manufacturing systems
[1]. VBG Truck Equipment is looking forward to improving its logistics towards higher
automation. Logistics automation yields savings in labour, energy, and inventory [2]. It
helps carry out the logistics operation quickly, precisely, and efficiently [2]. It reduces
errors and enhances customer service. The usage of digital manufacturing technologies
in the industries can generate significant productivity impacts. Digitization can reduce
the time to market, decrease the cost, make resilient supply chains, and improve cus-
tomer experiences [3].

The paint shop in the VBG workshop was installed in 2001. Since then, the trade
has noticed a high increase in volume and the number of different articles i.e., variants.
On the other hand, the VBG Paint shop has undergone few improvements during these
years. No detailed analysis has been conducted to find major improvements for the past
years. VBG predicts even higher production volume in the coming years and therefore
they demand a better understanding of the production flow and the parameters that
improve the paint shop area. So, the company requires to build a Discrete Event Sim-
ulation (DES) model of their paint shop at the VBG Truck Equipment factory in Va-
nersborg to increase digitalization towards an enhanced understanding of the produc-
tion and how to improve the factory production flow.

This work can be of enticement to people in the manufacturing industry who desire
to restrain issues such as bottlenecks that can lead to raised waiting times in the pro-
duction flow. This is the concern for the processes which require large machines and a
significant amount of manual human labour, as is the issue with the VBG factory pres-
ently. There were no simulation models to investigate the improvements of the produc-
tion flow in VBG and they are more using manual jobs. The discrete event simulation
can be used to find different scenarios seeking to improve the use of resources in the
manufacturing industry. It is possible to acquire better and even resource utilization,
providing more significant flexibility in scheduling processes. This can help the industry
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to move towards the Industry 4.0 standards, especially using the DES modelling area.
This work will be valuable for those aiming to model the production flow in the industry
to improve their efficiency. Even though this work concentrates on how to improve
the production flow at VBG, this can be used for other industries that have identical
problems and expectancies.

1.2 Aim

To effectively prioritize and solve the problems, the aim of this thesis work was divided
into sub goals. The VBG Truck Equipment factory consists of a large production area
with diverse types of products undergoing different operations. However, the thesis
work only concentrates on the paint shop part of the factory. So, the overall aim of this
thesis was to build a discrete event simulation model of the production flow of the paint
shop part of the VBG factory, find the bottlenecks and identify different methods to
improve the production flow of the paint shop.

To accomplish the main aim a set of subgoals were identified as follows:

1 Identify a method to facilitate production by employing an alternate arrange-
ment for shifts hence achieving flexibility in work shifts for the paint shop fac-
toty part.

1 Investigate and find an alternate layout model for the paint shop factory part.

1 Identify a better-balanced production flow in the paint shop, for improved et-
gonomics and improved efficiency.

To achieve the aim of this work, a suitable simulation software was chosen to build

the simulation model, and then identified a method to improve the production flow.

1.3 Investigation Questions

This work is directed towards answering several defined investigation questions (1Q).
The questions will stay evident throughout the entire work and finally the questions will
be answered. The investigation questions are as follows: IQ1: What are the bottlenecks
in the production flow for the paint shop factory? IQ2: How does the change in work
shift affect the throughput of the system? IQ3: How does the shift affect the incoming
volumes and what efficiency and staffing are needed to minimize stock build-up at dif-
ferent times of the day?

1.4 Limitations

The VBG factory has a large and complex production area with different products un-
dergoing various operations such as laser cutting, welding, bending, machining, paint-
ing, assembly, etc. Due to the difficulty of modelling the entire production flow within
the provided timeframe, some limitations have been identified. The most important
limitation is that the model only includes a part of the factory production flow. The
DES model will be built focusing exclusively on the paint shop part of the factory.
When considering the paint shop process, there are some specific areas where the order
of the process cannot be changed. A better production flow can be achieved only within
this limitation.

Moreover, in the paint shop, four powder coating stations are available, but at the
same time, two stations can be used for the painting process. This limitation arises
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because of the unavailability of filters to clean the powder coating booths. The factory
has only two filters for cleaning the powders spread inside the painting booth. So, at a
time, two painting stations can be operated. This is a significant limitation because there
may be a queue of the products waiting to enter the other powder coating stations.

The remaining part of this work is structured as follows, chapter 2 will discuss the
review of similar literature, followed by chapter 3, which describes the method used for
this study. The different techniques used for data collection will be described in chapter
4. Chapter 5 will concentrate on conceptual modelling, simulation modelling, model
verification, validation, and different experiments performed in this study. The results
will be discussed in chapter 6, and the conclusion of the work in chapter 7.
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2 Literature Review

The thesis work focuses on building a discrete event simulation model of the paint
shop; therefore, this chapter concentrates on the theoretical literature in the areas that
describe the use of discrete event simulation in the manufacturing industry and optimi-
zation of the production flow. The study proceeds through Industry 4.0 concepts, En-
terprise resource planning systems, Discrete-Event Simulation, and optimization.

2.1 Industry 4.0

Industry 4.0 (I4.0) is the digital transformation and automation of industrial production
and manufacturing systems with the use of new technologies [4]. Industry 4.0 desires
to move forward from the third industrial revolution, which focused on integrating
robots and automation of processes [4]. Industry 4.0 refers to the norms of automation
and information exchange in manufacturing processes using the concepts such as
Cyber-Physical Systems, big data analytics, cloud computing, the Internet of Things,
augmented reality, simulation, system integration, autonomous robots, and additive
manufacturing [1]. The manufacturing industry is confronting challenges in the world
because of globalization, fast shifts in supply and demand chains, and innovations. To
cope with this sudden change, enterprises try to adopt the industry 4.0 standards to
achieve more rapid production, reduced cost, better agility, more efficient decision-
making, optimized and integrated production processes, increased profitability, and sat-
istying customer requirements [1].

14.0 permits the design of smart factories and promotes digital manufacturing. The
digitization in industry 4.0 enables the adaptation of manufacturing systems from con-
ventional methods to more flexible smart factories that provide new innovative resolu-
tions for the existing manufacturing industry [2]. Industry 4.0 seeks to perform auto-
mation at a higher level and thereby attain higher productivity, improved flexibility, and
higher efficiency by linking the physical world with the virtual world [5]. The 14.0 tech-
nologies, such as cyber-physical systems, big data, cloud computing, Digital Twin, etc.,
are explained in the following sub-sections.

2.1.1 Cyber Physical Systems

Cyber-physical systems (CPS) are physical and integrated systems whose processes are
monitored and controlled by computational resources [6]. It focuses more on the non-
separable connection between cyber and physical parts [4]. It connects cyber capacities
tightly with physical space using technologies such as sensors and actuators, computing,
embedded systems, and networking [7]. In CPS, the physical parts contain the physical
entities that require to be controlled, and the cyber parts perform analysis of data and
make decisions. The real-time data from the physical world can be gathered using sen-
sors and sent to the cyber world for analysis and further processing, while real-time
decisions will be transmitted back to the actuators to control the functions of the phys-
ical entities. CPS creates a closed loop of the physical object and cyber systems, seeking
the integration of the two parts seamlessly [7]. The cyber capabilities in the CPS can be
embedded with manufacturing assets to create a smart distributed network that can
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promote asset management, optimization of production, and quality control of the
product [7]. The primary consideration of employing CPS in manufacturing companies
is to deliver an improved product with less production time. In this aspect, process
automation and reconfiguration of machines are to be assured using a common stand-

ard [6].

2.1.2 Cyber Physical Production Systems

One of the specialized areas of CPS is the Cyber-Physical Production Systems (CPPS)
which is correlated to the autonomous and cooperative components and subsystems
[8]. CPPS is a complex manufacturing entity consisting of integrated physical and digital
systems at different stages of the production process to attain optimal quality and effi-
ciency in a flexible and highly automated way [9]. CPPS combines computational and
physical abilities to interact with humans using new technologies [4]. It has the features
such as distributed control, computation, real-time communication, and modularization
[4]. CPPS obtains physical data and makes use of all the available data using digital
networks [8]. CPPS delivers tools for fast reaction to shifts and for decision-making to
improve productivity. It functions in both virtual and physical environments and senses,
monitors, and controls physical devices [10]. CPPS is expected to deliver various char-
acteristics such as intelligence, adaptiveness, awareness, and abstraction to satisfy the
needs of emerging industrial applications [8]. Edge, fog, and cloud computing are the
key enabler technologies used for CPPS by considering the Internet of Things (IoT)
and CPS interoperability [8].

2.1.3 BigData

Big data can be described as a huge amount of data coming from different sources with
increasing volume and variability [11]. The data may be of different types as structured,
semi-structured, or unstructured data [11]. It represents the collection of large and com-
plex data which are difficult to process or analyse using traditional data processing
methods [7]. The distinct characteristics of big data which make it different from the
traditional database are volume, variety, velocity, variability, and value [7]. The big data
generated arrives from different sources such as web data, data from sensors that are
installed in machinery, the internet of things, and transaction data such as invoices,
storage records, payment orders, delivery receipts, etc. [11]. Systematic direction can be
delivered by big data for related production activities, acquiring cost-efficient manage-
ment of the process and making it fault-free, and assisting managers in decision-making
or solving issues related to the operation [11].

Industrial big data is gathered from shopfloors, logistics systems, factories, and sup-
ply chains using IoT devices or from the internet sources, such as social media and e-
commerce platforms. From this data, information can be extracted for high-level deci-
sion-making for e. g. maintaining the edge cloud association to lean manufacturing [12].
Online data processing in real-time can be performed in the edge computing nodes or
inside the manufacturing devices for a rapid local response, and offline big data analysis
can be done in the cloud for a wide view and vision [12]. Using artificial intelligence in
big data analytics drive and help smart fault detection and predictive maintenance, pa-
rameter optimization, and reconfiguration and upgrading the system [12].
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2.1.4 Cloud Computing

Cloud Computing (CC) is described as access to computing services such as databases,
storage, networking, software, servers, data analytics, and intelligence through the in-
ternet to deliver rapid innovation, adaptable resources, and economies [7]. The ad-
vantages of cloud computing, such as omnipresence, on-demand resource sharing, con-
venience, advanced computing and storage capacities, and low costs, make it demand-
ing for many big companies that provide services over the internet to attain financial
and technical benefits [7]. Companies can outsource their work to service providers
rather than buy costly devices for small jobs. The advancement of cloud computing has
transformed the way enterprises accomplish business and has produced new possibili-
ties for them [7]. There are some drawbacks due to overfull bandwidth, unavailability
of the network, and delays that make it difficult for cloud computing to solve all issues
[7].

Since the manufacturing industries are moving towards industry 4.0 standards, there
is a requirement to reshape the manufacturing enterprise using the new form of trans-
formative information and communication technologies (ICT) [12]. Software-defined
Cloud Manufacturing can be used to adopt emerging ICT and facilitate the growth of
industrial system technologies [12]. Software-defined Cloud Manufacturing integrates
software-defined networking and uses a programming way to define, simulate, combine,
configure, organize, empower, conduct, innovate and accelerate manufacturing tech-
niques and other connected components in manufacturing activities [12]. Cloud Man-
ufacturing embraces and expands the conception of cloud computing to handle mass
manufacturing processes and capacities in an incredibly extensive shared pool of cus-
tomizable resources and make them easily available to users as services via the internet
[12].

2.1.5 Digital Twins

Digital Twin (DT) can be defined as the virtual replicas of physical objects facilitated
through data and simulators and can be used for optimization, real-time prediction,
monitoring, and better decision-making [13]. The concept of DT was introduced as a
concept in 2002 as an attempt to make a digital informational replica of a physical asset
as an entity on its own [14]. This digital information can be a twin of the information
present in the physical system, and it would be linked with that physical system through-
out its life cycle [14]. The DT concept permits manufacturers to build models of the
production systems using the data collected from smart sensors in real-time, and that
can be used for real-time investigation and control [15]. The DT and the physical sys-
tems are linked by using IoT or sensors and actuators. The DT can be synchronized
either online or offline with its physical twin and assures that the modelled systems are
continuously optimized as the DT obtains real-time information from the physical sys-
tem [15]. A DT digitalizes its real system and extracts the information and helps with
decision-making tasks [10]. By this approach, the traditional manufacturing processes
can be improved, optimized, and controlled via a digital world [10]. For industries, DT
has a lot of advantages as they provide visibility of the business, accelerates product
development, optimizes the production process, and improves the quality of service [7].
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2.2 Enterprise Resource Planning

The Enterprise resource planning (ERP) system integrates different industry aspects
such as purchasing, product planning, inventory management, sales, and finances using
the modules that communicate with a single database [16]. The data collected and stored
in the central database gives the managers interdepartmental visibility that helps to in-
vestigate various scenarios, find process advancements, and yield efficiency improve-
ments. Adopting the ERP system aids in solving the issue of disintegration of infor-
mation, where various sets of data are in diverse locations within an enterprise [17].
This system delivers distinct software for the enterprise that covers processes in all
departments in the enterprise. It covers areas such as sales, inventory, customer service,
finance, and resource management [17]. A successfully implemented ERP system allows
to speed up the processes taking place in the organization and furthermore improves
reliability and quality [17]. It minimizes redundancy and enhances customer satisfaction.
The ERP systems can operate as an effective planning tool, and it avails the analysis of
the data, thereby enabling the daily decision making that avoids drawbacks in business
outcomes [18].

Cloud ERP is the ERP system that operates on the cloud platform of traders, per-
mitting organizations to access the system over the internet [19]. It is based on cloud
computing and enhances connectivity inside the manufacturing domain. Cloud ERP
systems are developed from traditional ERP systems and virtualize the IT resource to
transfer data using the resources like networks, storage, and applications [19]. The trend
to switch from traditional ERP systems to cloud ERP is that they use more advanced
technology and are economically feasible, and they do not require the purchasing of
licenses [19]. They can be remotely accessed through a web browser from anywhere if
the Internet access is obtainable to the user. The main advantages of cloud ERP over
the conventional ERP system comprise the low upfront costs, capability to revive and
back-up data at any time, automatic updates, rapid reconfiguration to customer require-
ments, and the ability to drive transformation and growth [19].

2.3 Discrete Event Simulation

Simulation is identified as an imitation of a system as it progresses through time [20].
Discrete event simulation (DES) is an approach employed to model real-world scenar-
ios that can be disintegrated into a set of logically independent processes as a discrete
sequence of events in time [21]. Each event takes place at a specific time instance and
observes a change in the state of the system [21]. Between successive events, no change
is supposed to arise; hence the simulation can instantly jump from one event to the
subsequent [21]. DES uses computational and mathematical methods to model, simu-
late, and analyses the system by creating a conceptual framework of the system [22].
The basic structural components in DES are inputs, outputs, and states [23]. The inputs
to the system are the actions from the environment that affect the system [23]. The
state is the internal condition of the system, and the input causes changes in it [23]. The
measured quantities are the output of the system and are needed for answering the
questions included in the simulation study [23].

The implementation of the DES model includes the first step as conceptual mod-
elling, then data collection and analysis, coding of the model, experimentation, valida-
tion, and verification [20]. DES models can visualize and optimize production systems,
processes and material flow, logistics movements, and other connected operational
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activities [24]. Due to its high agility, DES can be used to study the system characteris-
tics, determine potential vulnerabilities or bottlenecks of the production process, and
optimize performance considering resource utilization, efficiency, cost, and energy con-
sumption [24].

The main benefit of DES is the capability to perform experiments that cannot be
conducted on real production systems and develop a simulation model that aids in at-
taining knowledge that can be used for the improvement of the real system [21]. DES
is used in manufacturing to study the impacts of the integration of new variants of
products into production, analyse the effect of new machines or investigate bottlenecks
in the system [22]. Another example where DES is typically used is building a new
production area; the DES model can be created on a high level to decide production
capacity [21]. The DES can be used as a modelling tool to help the reconfiguration of
manufacturing processes to satisfy the varying demands of customers and product im-
provements [25]. Using DES models, decision-makers can assess several facility layouts
and arrangements for optimizing the process flow. The challenges in the implementa-
tion of DES in manufacturing systems in real time are associated with response time,
data acquisition, and processing [24].

Plenty of research is going on with the use of DES in manufacturing, improving
logistics, inventory management, locating the bottlenecks in the manufacturing system,
etc. [10]. DES can be employed to mimic the real process to identify how the technique
can be influenced by various conditions and test with new ideas without imperilling the
real process. The DES model evolves as a functional Digital Shadow when real-time
data is used [10]. The real system contains information about system resources and
Work in Process (WIP) [10]. This data is necessary when a model is needed to operate
starting from a distinct point in time. The DES models can be used to evaluate the
changes that can be made in the industry with real-time data [10].

2.4 Optimization

The simulation optimization aims to discover the combination that provides the best
value for a response, that can be maximum or minimum [20]. Simulation optimization
is the technique of merging the optimal approach and the simulation model to select
the proper settings of input parameters to optimize the performance of the modelling
systems [20]. A simulation-based optimization approach is used to improve the produc-
tion line performance and identify the bottlenecks. For large production systems con-
sisting of multiple production lines, this can be computationally expensive because of
the complexity of the models. The normal approach to optimization in simulation is to
use heuristic search methods, but this needs the simulation to be run, which is a time-
consuming process [20]. The heuristic method works by searching for the optimal so-
lution by changing the experimental factor till the response improves. Some of the ex-
amples of heuristic search approaches are simulated annealing, tabu search, and genetic
algorithms [20]. The main optimization problems that appear in a wide range of indus-
tries are job-shop scheduling, resource allocation, equipment utilization, and process
scheduling [26]. The optimization problems can be solved by combining the DES mod-
els and multi-objective optimization [26].

Recent technological refinements in the domain of simulation facilitated the mod-
elling and simulation of the production process under different scenatios to optimize
the performance of the system. The reconfiguration of the factory layout is time-con-
suming and expensive. The DES can be employed to model and estimate different
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scenarios to assist managers with layout planning. Using DES, considerable advantages
can be gained for factory layout optimization, such as efficient materials handling, re-
duced lead times, diminished manufacturing costs, and increased profit [27]. The multi-
objective optimization, jointly with DES modelling can boost rapid understanding of
the operation and advancements in the industrial system at the factory level [26]. This
gives faster delivery of results with high accuracy and permits additional input and out-
put factors to be included [26]. The results from optimization add further value to the
decision-maker than traditional experiments. Adding data extraction and data mining
to the optimization produces high-quality results [20].

2.5 Related Work

Researchers are doing various case studies to use DES in manufacturing to improve
and optimize production flows and reduce the bottlenecks in the manufacturing system.
An example is a real simulation case study concentrated on the optimization of the paint
shop department using Discrete Event Simulation [28]. The study concentrated on val-
idating different alternatives for improving the total production quantity of the system.
A simulation model was created using the Siemens Plant Simulation Software. The sim-
ulation analysis assisted the suggested acquisition in the production system and the po-
tential expected outcome of the investments [28].

Some other researchers developed a DES model for the analysis and optimization
of factory layouts [27]. The model study aimed to permit decision-makers to evaluate
various layouts and configurations for optimizing production. Movement time, work
shift patterns, and materials handling equipment were also analysed to get the optimum
result. Another case study shows the use of DES to improve the throughput of a man-
ufacturing factory [29]. Performance estimates of the current production facility were
determined. Alternate plans were developed, simulated, and analysed to enhance the
throughput of the system to the expected value [29]. By conducting this study, along
with the increase in throughput, bottlenecks were avoided [29].

A simulation study was conducted to assess different transportation systems used
in the automotive industry [30]. The internal logistics inside most production factories
are now working based on forklifts, and they transport goods throughout the factory.
Even though the forklifts are flexible, they are also feeble and prone to accidents on
the job floor. So, a comparative study was done to estimate the performance of different
transportation systems [30]. Simulation modelling can be used to analyse and estimate
the dynamic behaviour of manufacturing systems [31]. It combined the mathematical
capabilities of the analytical process and the modelling capacity of simulation with an
optimization technique known as hybrid simulation-analytical modelling. They created
a production model of the paint shop department in an automotive company that en-
hances the daily production rate of the paint shop [31].

A DES model was developed for optimizing the vehicle sequencing of a paint shop
conveyor system [32]. The vehicles to be painted with the same colour were grouped,
and they followed each other on the conveyor system without intermixing. But there
was a chance of interleaving of various colours of vehicles arriving in from the body
shop. The simulation model created interacts with the decision optimizer and regroups
batches of different coloured vehicles [32]. The decision optimizer used dynamic pro-
gramming combined with integer programming to optimize vehicle routing procedures

32].
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The case of personnel scheduling affects the efficient distribution of work shifts to
workers while conceding to union rules and reducing current costs. These issues apply
to numerous workplaces, such as hospitals, restaurants, banks, factories, and stores. A
case study was performed at a hospital to solve personnel multi-day shift scheduling
problems [33]. In this reflection, a mixed-integer linear programming approach was
used to specify homogeneous shift scheduling so that the restrictions on the number of
workers per shift were met. This approach optimized the scheduling of workers having
the same skills to minimize variable costs [33].

2.6 Thesis Motivation

One of the main concerns in the current VBG factory production flow was the una-
vailability of simulation models to verify the gaps in the production system used. A part
of the paint shop production process uses manual labour. To approach this gap, the
first step was to build a simulation model of the paint shop production flows, aiming
for a proper way to model the manual labour used in the factory. The behaviour of
human labour is considerably more difficult to predict compared to machines. The dis-
crete event simulation model for the factory paint shop can be used as a tool to model
the production scenarios. Simulation can confirm which standards can be implemented
in an organization with a provided structure and production volume. Discrete Event
Simulation provides a testbed in which production essential changes can be assessed
before making any modifications to the existing system. This decreases system down-
time required during the changeover and offers the operators and managers better as-
surance of what modifications can be adapted. This thesis aims to find an alternate
layout to avoid a part of manual labour and concentrate on different work shift arrange-
ments and methods to achieve a balanced production flow.

10
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3 Method

This chapter consists of the concepts that will be used for achieving the goal of the
current topic study, i.e., to design and experiment with the optimal scenarios of im-
provements in the production flow. For that, it is necessary to choose appropriate meth-
ods and techniques, which are depicted below.

3.1 Investigation Method

This work is to be accomplished in a manner that the results yielded can be dependent
on determining the bottlenecks of production flows in the paint shop and delivering
methods for prospective modifications that must be performed [20]. A systematic ap-
proach for the work to be performed is characterized by a multiple-step process [21].
The model objective and requirements must be framed, the approach clarified, the
structure and use of the outcomes are to be anticipated and conceptualized, and poten-
tial conclusions predicted before the start of initial coding [21]. The steps for the simu-
lation study are illustrated in the following sub-sections.

3.1.1 Problem Statement

All modelling and simulation process starts with a precise problem statement [34]. This
thesis work focuses on a simulation study that is to be accomplished relative to the
given VBG Truck Equipment factory problem. So, by the agreement with the company,
a problem was formulated for investigation. The requirement was to build a discrete
event simulation model of the paint shop part of the factory to acquire improved pet-
formance of the production flow and higher efficiency. Then the investigative questions
were formulated, which should be answered clearly at the end of the work.

3.1.2 Literature Study

This thesis work focuses on building the DES model of the factory. It is of great essence
to learn the concepts usually associated with industries and simulation-related ideas.
The literature study helps to acquire knowledge of the current research and arguments
applicable to the topic or scope of the study. It helps to identify necessary concepts,
investigation methods, and experimental approaches that can be applied to implement
the solution to the problem. It gives an insight into how the concepts can be applied to
real-world problems.

3.1.3 Selection of Simulation Software

There are varieties of software available for creating simulation models. So, for choos-
ing the appropriate software for modelling, awareness of all the possibilities is needed
[20]. To select a proper software, the main steps are identifying the modelling require-
ments, taking a survey of available software, setting evaluation criteria, assessing the
software concerning the criteria, and finally choosing the software [20]. This work
mainly concentrates on finding the throughput, determining the bottlenecks, and test-
ing an alternate layout of the existing system. So, Siemens Tecnomatix Plant Simulation
software was chosen as a tool for this simulation study. Tecnomatix Plant Simulation

11
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helps to model, simulate, analyse, and optimize various processes [35]. This tool permits
the simulation of discrete events and builds digital models of production systems, opti-
mizing the process of production plants and lines also individual logistics operations
[35]. It can be used to analyse the throughput and optimize to improve the performance
of the manufacturing system. These models facilitate the estimation of material flow,
resource utilization, and logistics management for manufacturing systems [35].

3.1.4 Data Collection and Analysis

The collection of data is most important to the design of simulation models. Conceptual
modelling and model coding will become invalid if inappropriate data are chosen. The
goal of the study will decide what data is to be collected. The data required are of dif-
ferent types, such as preliminary or contextual data, data required for model realization,
and model validation [20]. The preliminary data needed are for the learning of the prob-
lem situation, such as the layout diagrams of the factory, basic data on opinion about
the reason for the problem, process capability, etc. [20]. The data required for model
realization is for building the computer model, and that is required when moving from
the conceptual to the computer model [20]. Model validation data is required to confirm
that the created model represents the real-world problem to be modelled [20]. In this
work, the first data to be collected is the layout diagrams, then the data from the Cloud
ERP system available is to be collected. Some data regarding manual work is to be
collected from the operators and managers.

3.1.5 Developing the Conceptual Model

The next step is the making of a conceptual model. Conceptual Modelling represents
an illustration of the model that is going to develop. The building of a model system
includes both art and science [34]. The art of model building is improved by the capa-
bility to abstract the important characteristics of a problem, establish, and revise basic
assumptions about the system that is to be modelled, and then enhance and upgrade
the model until reasonable results are obtained [34]. The main steps in conceptual mod-
elling are creating knowledge of the problem topic, determining the modelling goals,
and finally developing the conceptual model [20]. Deciding on the modelling approach
and checking whether the simulation is appropriate is also a part of the action of devel-
oping the conceptual model [20].

3.1.6 Model Coding

Model coding is the next key activity in the modelling where the conceptual model is
transformed into a computer model [20]. The word coding does not precisely represent
computer programming; instead, it merely refers to the creation of a computer model.
The model can be developed either by using a spreadsheet or programming language,
but the most feasible approach is to employ simulation software. The suitable way to
develop the code is to build it in steps and test and document it in each stage rather
than developing the complete code and then testing and documenting it [20]. Such
gradual expansion permits to assure that the model is better comprehensively tested
and recorded, and the errors are recognized earlier; otherwise, they might be very hard
to solve.

12
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3.1.7 Model Verification and Validation

An essential part of any simulation study is verifying and validating the model devel-
oped. Verification is the method of assuring that the conceptual model has been con-
verted into a valid computer model with adequate accuracy [20]. Validation is the
method of confirming that the model is accurate enough for the objective to be met.
Validation has many aspects such as validation of the conceptual model, validation of
data collected, validation of white-box and black-box, validation of experimentation,
and solutions [20]. It is not possible to verify that a model is entirely valid, so verification
and validation increase the trust in a model to the fact that it can be employed for
decision-making [20].

3.1.8 Experimentation

The next step in the simulation study is experimentation, and in this, the goal is to
acquire adequate learning of the real-world system to be modelled and to examine the
methods to improve that system [20]. If the experimentation is not done propetly, the
learning acquired may be incorrect, and it will not show the intended outcomes. The
key issues associated with the experimentation are ensuring accurate outcomes on the
simulation model, and the search for better improvements is conducted as efficiently as
possible [20].

3.1.9 Implementation

The next activity in a simulation task is implementation. In general, implementation
implies establishing something into effect or taking something out [20]. The implemen-
tation can be referred to in different ways as implementing the results from the study
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Figure 1 Research methodology illustration
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or executing the model or execution as understanding [20]. In the implementation stage,
the clients decide which of the suggestions from the simulation will be set into practice.
This decision relies on broader issues in the real-world case, such as the corporate cul-
ture and the financial aspect [20]. The methodology to be followed in this research is
illustrated in Figure 1.

3.2 Evaluation Methods

Evaluation of the outcomes of this work can be done by reviewing whether the inves-
tigation questions are answered adequately. The data collected from the company relat-
ing to the production system and its flow will be statistically analysed to calculate sta-
tistical distributions and other values to be incorporated in the DES model building.
The model created using the Tecnomatix Plant Simulation can be used for the analysis.
The tools available with the software can be used for the data analysis after simulation.
The Bottleneck Analyzer tool can be used to find the statistics of the material flow ob-
jects. This tool will help to identify the bottleneck of the system. From the statistical
data analysis, the throughput of the system can be found. The Shift Calendar object in
the software can be used to decide the timing of workers, holiday assignments, etc., and
this can be used to analyse the work shift flexibility. By using the resources and tools
available, the produced results can be analysed to make some change in layout or can
make an alternate layout to get a balanced production flow. The simulation model will
be verified according to production data drawn from the collected data. Further, the
simulation model will be validated against the real production system before experi-
mentation of the model will take place. Experimentation will be done in a structured
way, investigating one parameter at a time, to study the effect of changes to different
parameters, i.e., shift hours or layout changes.

14
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4 Data Collection and Analysis

This chapter focuses on data collection and describes the methods used to collect and
analyse the required data for this thesis work.

4.1 General Data Collection

To get credible outcomes from a simulation study, the trustworthiness of the simulation
is essential. If the data collected are inaccurate, the results obtained from the model
become unreliable. The data can be in files or texts; acquiring and understanding these
data is also necessary. The data collected are either quantitative or qualitative data [20)].
Quantitative data is numeric data and are critical in simulation modelling, and at some
points, extensive amounts of such data are needed. These data can be processing times,
arrival patterns from sources, breakdown frequencies, etc. [20]. Qualitative data is non-
numeric data that can be images, logic statements, or layout diagrams. The simulation
studies of manufacturing industries depend on computer-aided design (CAD) represen-
tations of the layout to specify the nature of the process. Usually, a modeler may be
provided with raw data, which can be interpreted in some ways referred to as infor-
mation. The modeler must determine whether the data or the information extracted is
sufficient for the simulation study. The following section describes how these data are
collected and analysed to make the simulation model.

4.2 Applied Data Collection

This section describes the different data collection methods that were utilized to con-
duct the simulation study of this master thesis. As the first stage of data collection, the
data requirements were identified appropriately at the earlier stages due to the time
limitation of the study. The literature study supported establishing a solid theoretical
framework for recognizing the data required for the DES model building and analysis.
The data from the paint shop of the VBG Truck Equipment factory were collected in
different ways as shown in Figure 2 and are explained in the following sub-sections.

4.2.1 Document and Resources from the Company

The initial documents studies were carried out to acquire preliminary knowledge about
the paint shop process and its outcomes. The PowerPoint presentation and videos ex-
plaining the techniques inside the paint shop were collected and explored to get insight
into the process. The other most significant data gathered from the company were the
AutoCAD drawings of the factory floor containing the sketches of equipment and sur-
rounding objects installed in the factory. The CAD layout was analysed using the Au-
todesk AutoCAD software, and the distance of the power and free conveyor system
used in the paint shop was measured. The length of the conveyor used in each pro-
cessing station was calculated. The transport system characteristics influence the pro-
duction performance, and, therefore, their dimensions and capacities could be extracted
from these drawings. The pictures of layout diagrams taken from the system consisted
of both the pre-treatment and the painting area layouts, which helped to understand
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the process flow. The processing times in each station and heating and cooling time for
the pre-treatment and painting process were obtained from the computer diagrams.

4.2.2 Interviews

Informal, unstructured interviews were conducted to collect data from the operators.
The operators were interviewed to get information about the needed processing times
for different products at the loading and unloading stations. They conveyed the details
about some specific types of products that are handled in the separate loading and un-
loading stations. The interviews also helped to learn about the job procedure of the
assembly process taking place in the loading stations, and to gain the operators’ per-
spective on the system. The time required for masking, inspection, and removal of
masking were collected from the operators. The details about the inspection taking
place during the painting process and the setup time required for the powder coating
stations were furthermore gathered. The production engineer was also communicated
to get the details about the work shifts, time in each shift, the distribution of workers,
etc. The data about the interval of feeding the carriers to the pre-treatment was collected
from the Engineer. The data regarding the number of forklifts employed at the paint
shop and their assignment was investigated.

4.2.3 Observation

Some data were not available in documents or layout diagrams. Those data were col-
lected by observing the processes inside the paint shop. The loading of carriers from
the loading station to Sandblasting (SB) and Electrodeposition (ED), also known as
pre-treatment, was observed, and the transfer time was measured. The pre-treatment
time was calculated precisely by viewing the process. The time spent at the buffers in
front of SB and ED was also observed. All the forklift transport times were manually
calculated.

4.2.4 Data from Cloud ERP systems

The most important source of data regarding the VBG paint shop was collected from
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Figure 2 Data Collection Methods
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the Industrial and Financial Systems (IFS) Cloud ERP system used at the company. The
ERP system expert from the company helped to choose the relevant data from the ERP
system. Quantitative data were extracted from the ERP system. Initially, one-month
information was collected and later extended to a year. The data from the ERP system
consisted of the order number, article number, operation order, actual start and finish,
lead time, and some more information. This data was exported to a Microsoft Excel
file, and pivot tables were used to analyse the data. The interval of parts coming from
each source was analysed, and the percentage was calculated. The statistical distribu-
tions of the resources were also analysed.

4.3 Processing Times

For creating the simulation model, the processing times of each station are necessary.
The actual start and finish times in the ERP system were used to find the total time
taken by a carrier to complete the painting process. Although it is anticipated to provide
a better realistic outcome if the ERP data is used than the computed times, there has
been an issue encountered with the entered times. The entered times do not denote the
operation's time; instead, it represents the time workers enter it into the system. These
values in the ERP system show more variations because of the manual entry by the
operators. So, the calculated time for each process is considered in the model to get an
accurate result. The processing times for pre-treatment and powder coating were com-
puted using the stopwatch and compared with the values entered in the system.

In simulation modelling, one integral part is modelling the variability. This variability
exists in the arrival of orders in the paint shop, processing times, forklift transport, etc.,
and can be represented by empirical or statistical distributions. The ordered parts come
from different sources, and the interval arrival of orders can be represented by statistical
distributions. Based on the historical data obtained from the ERP system, the statistical
distributions were selected for orders from various sources. In the paint shop, orders
come from five different sources, and the distribution for each source was found and
applied in the model. For finding the distribution for interval arrival times, histograms
were created in Excel and compared with statistical distributions to see the suitable one
that precisely fits the curve. For example, the orders from the machining shop can come
in 24 hrs a day, and it operates all days a week. The interval arrival of orders is higher
in the first two shifts and decreases in the night shift. So continuous distributions such
as Erlang distributions can be used to represent this.

The subsequent variability comes in the processing times. The processing times of
all other processes, except the hanging of parts in the carriers are constant. The hanging
of pieces to the carriers is a manual operation, and therefore, it shows variability de-
pending on the number of products. After discussing with the operators, a table was
made for processing times. Depending on the size and number of products, the pro-
cessing time for hanging can vary from 1 minute to 30 minutes, and the worker pro-
cessing time was used to represent this variability.

4.3.1 Outlier Values for Processing Times

Outlier values are extreme values that show variations significantly from the overall
values in the system. Some outlier values were observed when investigating the total
processing times in the paint shop operations in the ERP system data. The reasons can
be many, so quantitative data regarding these extreme values in processing times before
adding that to the model were gathered. The extreme values in the total processing time
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for the paint shop are due to the incorrectly reported time by the operators. The actual
start is entered into the system when the operator hanged the part to the loading station,
and the actual finish is reported when the parts are unloaded. Hence, these data are
manually entered by the workers, and human errors are very common. The entire time
for paint shop operations takes nearly 6 hours, including all the wait times. But when
the ERP data was investigated, sometimes it showed less than 4 hours. Thus, all the
processing times were manually calculated, and it was found that these errors occurred
when the operators entered the actual time long after they started the operation. So,
these times can be avoided. The second extreme value comes when the lead time is
more than one month, which is also a result of incorrectly reported times. In real cases,
some orders can stay long in the paint shop due to machine failures or other issues, but
that seldom happens.
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5 Model Building

This chapter describes the model building steps from conceptual to computer model
and explains the details of model coding. It presents the validation and verification of
the model and the experiments performed after creating the model.

5.1 Conceptual Modelling

Conceptual modelling denotes the abstraction of a simulation model, and it illustrates
a simplified representation of the real-world problem [20]. It is a non-software version
of the simulation model, and it represents the goals, inputs, content, outcomes, assump-
tions, and simplifications included in the model [20]. As part of developing the concep-
tual model, the modelling approach was determined and reviewed whether the simula-
tion was applicable. Data collection and investigation are integral for conceptual mod-
elling for two reasons; the first is to identify the problem situation using the preliminary
data. Second, the conceptual model determines the data needed for creating the com-
puter model. So, after the initial data collection about the production flows, the con-
ceptual model was developed to understand the processes inside the paint shop. Then
from that model, the detailed data requirements for the computer model were gathered.

There are mainly five key activities in the conceptual modelling framework. They
include learning the problem concerned and determining the project objectives, model
inputs, model outputs, and model contents, including any assumptions and simplifica-
tions. The VBG factory has several production flows, and only the paint shop part was
modelled for this work. The problem and the aim were identified earlier; the subsequent
step was to determine the model inputs, outputs, and contents. The sources from where
the order comes to the paint shop were identified. The other inputs mainly considered
were the experimental factors such as shift scheduling, worker planning, and buffer
arrangements which could be modified to test and perform the modelling objectives.
The outputs were identified as the statistics that describe whether the modelling goals
were being accomplished.

The content of the model was determined based on the aim, inputs, and outputs.
The model contents were formulated based on the scope of the model and the level of
details required or, in other words, what to model and how to model. The last step was
the assumptions and simplifications made in the model. While making the conceptual
model, only one simplification was done; all the machining parts came through only
one loading station. All other production flows were drawn as such in the paint shop.

From the preliminary data, a complete illustration of the paint shop process was
drawn and discussed with the company supervisor to check the validity of the concep-
tual model. The conceptual model was created using the diagramming and vector
graphics tool Microsoft Visio. In this work, the content of the conceptual model was
represented by the process flow diagram. In this, each component of the system was
drawn as a sequence and included some illustration of the model detail. The processes
were shown as a box and buffers as inverted triangles. The accuracy of the simulation
model depends on the accuracy, credibility, and validity of the conceptual model. The
conceptual model created for the production flow in the paint shop is as in Figure 3.
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Different types of transport for the products that enter the paint shop exist. The con-
veyor transport was shown in the conceptual model by green arrows, forklift transport
by red, and manual operations by black arrows.

5.2 Model Coding

The developed conceptual model was converted to the computer model in the model
coding step. It consisted of developing a model design and developing the model in the
Plant simulation software. The model design part is the software-specific description.
At this point, it was thought of how the conceptual model could be implemented in the
software and how it could be used for the simulation study. The constructs of the soft-
ware and how they connect to the problem being tackled were considered. While de-
signing the model, the main factors considered are speed of modelling, flexibility, trans-
parency, and run speed. The objectives of the work, the level of visual display needed,
results viewing, and interactive abilities were kept in mind when designing the structure
of the model.

When moved to the model coding part, the modelling requirements were identified.
The model was built in small steps and was tested at each stage. Such incremental de-
velopment allowed the model to be tested thoroughly and verified, and errors were
identified earlier before they became complicated to unravel. The model was created in
such a way as to represent the reality of the Paint Shop. The base model of the produc-
tion flow was made initially and tested. Then additional features were incorporated into
the model to achieve the goal of the study. In the following subsection, general concepts
in simulation software and simplification and assumptions made in the model are ex-

plained.

5.2.1 Tecnomatix Plant Simulation

The software Tecnomatix Plant Simulation functions similatly to other DES programs.
Entities move around the system, making new events at any time when a state change
occurs at any part of the simulation. The entities that move in Plant Simulation are
classified as Manufacturing Units (MUs), and MUs in a system denote parts, transport-
ers, or containers. MUs can move around by using tracks, lines, or transporters. The
lines and tracks represent different conveyor types, and transporters represent vehicles
such as AGVs and forklifts. Again, sensors can be connected to any part of a line or
track. These sensors can be connected to methods or attributes of MUs and are exe-
cuted by triggering sensors. Like Java and C languages, Plant Simulation pursues object-
oriented logic [36]. Likewise, each entity has several attributes that define the state of
the entity. Some attributes are specific to certain classes, but most are shared between
various entity types. An example of common attributes conveyed by all entities is names
and classes.

Another valuable object used in Plant Simulation is Methods. Small codes can be
written in the method object using Siemens special programming language Sim Talk
and are employed to control the simulation. A method can be triggered in different
ways, such as entrance control or exit control in an entity. Plant simulation models can
be developed in 2D or 3D. 3D requires more processing power than 2D, but it is easier
for the user to understand the model and reality and its relationship. Plant simulation
can exchange from a 2D to a 3D model and vice versa, so it is feasible to build the
system in 2D and then modify the parts and geometry of stations and conveyors in the
3D to make a more precise model of the real system. The Plant simulation can be used
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to simulate the production and logistics operations. This tool can be employed to sim-
ulate discrete events, construct digital models of production systems, and optimize the
process of manufacturing plants, assembly lines, and singular logistics operations [30].

5.2.2 Simplifications and Assumptions in Model Coding

In the simulation project of VBG factory production flow, some simplifications and
assumptions were introduced because of the truth that sometimes reality becomes hard
to be modelled perfectly. Simplifications could save computing resources and time for
modelling. Sometimes all the details were not needed in the model, or it may not give
any benefit. The simplifications can be done so that their effect on the result may be
within acceptable limits, and the model should provide adequate accuracy and reliable
results. The assumptions and simplifications made in building the VBG paint shop pro-
duction flow are as follows.

T It was assumed that the source produces the required number of articles for
one order at the same time and that it comes in only one pallet, and it only
requires one carrier for painting.

1 For the simplicity and easiness of modelling, one loading station and two un-
loading stations for standard parts were used, and different gantry loaders were
utilized for loading and unloading purposes. For special parts that undergo
some assembly process after painting, separate loading and unloading stations
were used.

1 It was assumed that machining parts that did not go to the sandblasting pro-
cesses were stored in separate buffers.

T In the sandblasting area, there are three wagons. In the model, sandblasting was
considered a single processing station with a processing time of one-third of the
total processing time for simplicity.

T It wasassumed that there were only four powder coating colours in the powder
coating processes. Changeover of paint at one powder coating station was not
considered, and the set-up time was included with the processing time for all
four powder coating stations.

T It was assumed that all machines have 100 percent efficiency. Machine failures
were not included in the model.

5.2.3 Principles and Details of the Simulation Model

For creating the simulation model, the conceptual model was chosen as a base to guar-
antee that the outcome would be easy to pursue and would be employed to understand
better how the production flow operates. But there were slight variations from the con-
ceptual model because some objects were added to produce the simulation run
smoothly. Shift Calendars and Worker pools are some examples. The model built in
Plant simulation, which was chosen as the base model, is shown in Figure 4 and also in
Appendix A. In the Plant Simulation, to model the manual operations in the paint shop,
mainly workers, a worker pool was used, and workers were created as the actual number
used in the paint shop. These workers were animated to travel between the stations for
processing in the model. So, in loading stations, these workers take parts from the pal-
lets and hang them in the carriers. The processing time for loading stations was given
as the time taken by the workers to hang the parts and as the number of parts increases,
the hanging time also increases. Therefore, it was the most suitable solution for loading
and unloading, which stands more accurate to reality.
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An important aspect of the manual operation was that the workers would not work
24 hours a day, unlike machines, and would not work on all days. This factor must be
considered while modelling to replicate reality, and the ShiftCalendar object was em-
ployed for this purpose. The ShiftCalendar has many functions, such as defining the
number of hours, the days in a week, and the shifts each operator works. Holidays and
exceptional days of reduced work etc. can also be defined. In the model, the time of
each shift was also mentioned, and breaks for the operators were also given. The work-
ers will be paused during the break time. All days from Monday to Thursday, the first
shift starts at 6.00 and ends at 14:36, and the second one starts at 14:36 and ends by
23:12. There is an exception on Fridays when one shift starts at 6.00 and ends at 12:24,
and there is no afternoon shift on Fridays.

When production flows are simulated, two diverse types of simulations can be used,
a terminating or a non-terminating simulation [20]. A terminating simulation has a nat-
ural endpoint that decides the run length [20]. The endpoint can be achieved when the
model arrives at an empty condition, such as a bank that shuts at the end of a day or
when the time under investigation completes, or when the trace of input data completes.
Furthermore, a non-terminating simulation does not possess a natural endpoint, and
the length of a simulation run requires to be decided by the model user [20]. An example
is the production facility model that seeks to find its throughput capability or 24 hours
working emergency unit of a hospital. In this thesis work, the simulation selected was
non-terminating. When employing a non-terminating simulation, the model's initial
conditions were to be taken into consideration.

Theoretical throughput calculation can be described as follows: In the production
flow, a total of nearly 6 hours were required to complete the painting process entirely.
In ED, every 6 minutes, new carriers can be added. The total shift at the paint shop
used now starts at 06.00 and ends at 23.12. Therefore, the paint shop works a total time
of 17.12 hours in a day.
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Figure 4 The base model of the Paint Shop Production Flow
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Total minutes of working in the paint shop = 17.12 *60
=1027.2 minutes.
Total theoretical expected throughput = 8 - 171.2

The total theoretical throughput obtained in the calculation was 171.2 per day for
two shifts. But the total throughput per day varies from 70 to 120. This variation is
because the waiting time in front of ED buffers and SB buffers were not calculated in
the theoretical throughput.

5.3 Model Verification and Validation

The main advantage of a simulation model is its ability to conduct experiments and test
various scenarios without halting production or creating test sites. Hence, the most sig-
nificant aspect to consider while making a model is its validity. Thorough verification
and validation are a must to put confidence in the results of a simulation study. Verifi-
cation is a method to ensure that the conceptual model was converted into a computer
model with adequate accuracy [20]. Validation is the technique of confirming that the
model is accurate enough for the purpose at hand [20]. No model is 100 percent accu-
rate, and this is acceptable, but it should represent reality. The parameter that indicates
the accuracy of the model is its purpose, and the model was validated against those
parameters. If the simulated results and the documented results from the company
show roughly the same output, then the confidence in the model is enough to ensure
its validity.

In this work, the model was validated against the throughput per day, lifetime, and
throughput in each shift. The output from the model fluctuated a bit compared to the
company data from the VBG paint shop. However, it was taken from the data em-
ployed when specifying both the processing times and work shifts of the operators. For
extra assessment, supervisors from VBG shared their thoughts about the bottlenecks
in the system, which could also be compared. The verification and validation are not an
end activity, and they should be done continuously at each stage of the study. The dif-
ferent types of validation are explained in the following subsections.

5.3.1 Conceptual Model Validation

The first type of validation is conceptual model validation. After making the conceptual
model, it was validated to check whether it was accurate enough. The conceptual model
was discussed with both the company and University supervisors to ensure the model
contained all the required details to fulfil the goals of the simulation study. Then the
model was checked to ensure it correctly follows all the production flows in the paint

shop.

5.3.2 Data Validation

The second type of validation that can be done in a simulation is data validation. Data
is a probable source of inaccuracy, and it can change a sufficiently accurate model to an
invalid one. All the qualitative and quantitative data collected were checked for their
validity. The sources of data were also checked for their reliability. The data from the
ERP system was validated against the actual times in the factory, and what kind of data
should serve the purpose was identified with the help of an ERP system expert. The
data were analysed for inconsistencies and variations in data, such as processing times,
were investigated, and used reliable data. Inaccurate data were filtered and investigated
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that through observation to find the correct data. There was no document for the man-
ual processing times. So, the data for the manual work was obtained from the operators
and trusted them for that value.

5.3.3 White-Box Validation

This validation stage is used to check whether each facet of the model describes the real
wortld with acceptable accuracy to satisfy the purposes of the simulation study. One of
the methods used to accomplish the white box validation was checking the code. The
code was checked to confirm that the correct data and logic were used. The visual dis-
play was used as another resource for verification and validation. During the simulation
of the model, the behaviour of each element was observed and checked against the real
world. This was done by the model run stepping through the event by event. The model
was explained to both the supervisors at the company and the university to have their
opinion. The model concepts were confirmed with the Production Engineer of the
paint shop to ensure the validity. The reports from a simulation run were inspected and
compared to the actual and expected results. Reviewing the report helped to diagnose
and correct the problems.

5.3.4 Black-Box Validation

The black box validation was used to determine whether the whole model denotes the
real world with good precision for the purpose at hand. The model was checked under
identical real conditions, such as using the same distribution for sources, and the results
were sufficiently similar. The historical data collected from the cloud ERP system, such
as throughput and lead time, were compared to the outputs of the simulation when the
model was operated under the same conditions. The comparison of average values of
the real-world data and the model was performed by comparing the data distributions.
The plant simulation provided the confident interval value graph, and that was verified.
A graph for throughput per day was plotted for January month data collected from the
ERP system and compared with the model output and shown in Figure 5. They were
assessed for validation. The model output was higher compared to actual some days

Actual throughput and Model throughput Plot
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Figure 5 Actual and Model throughput Plot
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because machine failures or other failures in the paint shop were not considered in the
model. Compared with the theoretical throughput, both the model and actual through-
put values were small because there were waiting times in all the processes which were
not accounted for in the theoretical throughput calculation.

The overall aim of all modelling actions is to test and guarantee the trustworthiness
of the final solution. During each stage of model coding, the model was simulated and
shared with the supervisors to obtain feedback. The simulation had almost similar val-
ues to the expected values, so the model was considered accurate. The one-month
throughput for each shift data obtained from the company was also compared with the
results from the model, and it showed the same pattern of values in shifts. The through-
put, lead time, etc., were chosen as a suitable validation metric by consultations with
the company supervisors. Discussions were carried out with the company supervisors
to get their opinion about the bottlenecks according to their point of view, and that was
compared with the ones obtained from the model. After all types of validation, confi-
dence in the model was obtained to proceed with the next step of experimentation.

5.4 Experimentation

The experimentation stage facilitates acquiring a better understanding of the system
being modelled and finding methods to improve the modelled system. If the process of
experimentation is not done accurately, then the knowledge acquired may be wrong,
and the improvements determined may not drive the intended results. As described in
section 5.2.3, this thesis work used non-terminating simulations, and the output of this
type of simulation will be a steady state. The nature of the output should be analysed to
get an accurate result. The primary drive of simulation result analysis is to calculate
average performance accurately, even if estimates of variability are also significant. Two
main things to be considered for getting an accurate result are removing initialization
bias and confirming enough output data are acquired from the simulation.

The primary problem, removing initialization bias, dedicates to non-terminating
simulations, which was the concern for this work and is occasionally required to be
handled for terminating simulations. All terminating simulations begin from and end in
an empty state, such as in most service shops that start and shut each day with no
customers attending. But in the case of non-terminating simulations, for example, the
production flow of a factory floor, these empty starting and closing conditions are not
realistic. If a simulation is run for a production schedule for a week, it would be incor-
rect to consider that no products would be in the system on Monday morning. Mainly
two methods are available to handle this initialization bias. The first method is to use
the warm-up period that is to run the model until it arrives at a realistic condition and
starts gathering the outcomes from the model only after this point. The second method
is to assign initial states in the model. In this degree work, the first approach of the
warm-up period was chosen. The following section describes how to find the warm-up

petiod.

5.4.1 Determining the Warm-up Period

Since the warm-up period method was decided to be used, the subsequent step was to
find the warm-up period length. The warm-up period must be accurate to confirm the
model had reached a realistic condition. In this step, the warm-up period was chosen
in such a way that the initial transient was passed over, and the model output reached a
steady state. There are different methods available to determine the warm-up period,
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such as graphical methods, statistical methods, heuristics approaches, and hybrid meth-
ods [20]. Among these methods, the time series inspection method, which comes under
the graphical approach, was used in this thesis.

A time series of the result of the simulation was identified. Two outputs were
checked to find the warm-up period. The first one was the average life span that is the
throughput time (meantime in system), and the second one was the throughput per day.
The single run for inspecting a time series, the result would be noisy. So, a series of
simulation runs were executed, and an average value of that was considered. According
to the literature and books studied, at least five replications were the minimum require-
ment. An experimental manager object in plant simulation was used to find the warm-
up period. An experimental run with 15 was chosen, and section 5.4.2 will explain the
finding of the replication number. The experiment was run for 55 days to find the initial
transient. The point at which the output that is meantime or throughput per day seems
to settle into a steady state was identified.

When the model consists of more than one necessary response, the initial transient
value should be investigated for each one because they reach a steady-state value at
various times in the simulation run. So, the warm period must be chosen in such a way
that the time for a response takes the longest time to settle. So, in this work, both the
meantime for throughput and throughput per day were investigated. The warm-up pe-
riod varies for different experimental runs because the initial transient will vary for dif-
ferent factors. Finding a warm-up period for every experimental factor was not practi-
cal, so only for the base model warm-up period was calculated. The output data ob-
tained in the experimental manager used in plant simulation was written to an excel file.
By applying the data analysis provision in excel, the meantime to get the throughput
was drawn. The graph for the warm-up period obtained is shown in Figure 6. From the
time series inspection, a warm-up period of 20 days was selected. Plant simulation gives
a facility for setting the warm-up period in the event controller object. So, when the
warm-up period reaches the Event Controller resets statistics, which means all statistics
values collected up to that time will be deleted.
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Figure 6 Determination of warm up Period
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5.4.2 Selecting the Number of Replication and Run-Length

The second problem, securing the output data from the simulation, which is sufficiently
accurate, can be handled in two methods. One method is to conduct a single long sim-
ulation run in the model. The second method is to execute multiple replications. The
replication denotes the run of a simulation model that employs defined streams of ran-
dom numbers that cause a typical sequence of random events. The sequence of random
numbers is changed for each replication, and the results are taken. With multiple repli-
cations, the mean of the results is taken, and a more acceptable estimate of model exe-
cution is achieved. These multiple replications are analogous to multiple samples used
in statistics, whereas executing one long run is identical to using one large sample. Mul-
tiple replications are the only possible method for terminating simulations, but the non-
terminating simulations can use any of these methods. This work uses the method of
multiple replications.

Three methods were available to determine the number of replications: a rule of
thumb, a confidence interval method, and a graphical method [20]. An easy rule of
thumb is to employ at least three to five replications. The graphical method was em-
ployed to find the number of replications in this work. The data obtained from the
simulation was imported to excel, and the cumulative mean of throughput per day was
calculated. Initially, ten replications were performed, and when the number increased,
the graph started to become a flat line; that is, it started showing minor variations, and
there was no large upward or downward trend. The number of replications was taken
when the line reached almost flat. The graph obtained from the data analysis in excel is
shown in Figure 7. A simulation run of 25 was conducted, and it was shown that after
15 runs, the output variation fell within an acceptable value of 5 percent. So, the simu-
lation run can be chosen with a value equal to 15 or greater than 15 to get an accurate
result.

Plot of cumulative mean value of Output
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Figure 7 Graphical method: plot of cumulative mean of mean Throughput per
day
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5.4.3 The Experiments Performed

Once the modelling part was completed, experiments were conducted to see how it
responded to changes in production factors such as shifts per day, buffer methods, and
alternate layouts. The simulation was conducted for a period of one year to analyse the
results. The experiments conducted were tabulated in Appendix B, and the result got.
The experimental factors were chosen by a discussion with supervisors. Meetings with
the company and University Supervisors were held to discuss the results and other cri-
teria to be considered for continuing work. Some areas where the experiments can be
done were selected, such as a different arrangement of shifts, changing the number of
people in the shift, investigating the alternative layout, Last in First Out (LIFO) method,
and First in First Out (FIFO) method for buffers, etc. The experiments were conducted
by applying the warm-up period and replication length found by the base model. The
main evaluation attributes for the experiments were the impact on the outcome and the
effect on the bottlenecks. The different types of experiments conducted were shown in
Table 1.

One set of experiments performed was shift patterns. At present, the paint shop
works on two shifts with a total of 12 operators. Different experiments were conducted
with two, and three shifts with a total number of operators kept constant and found
out the effect on the throughput and lead time. Then the number of operators increased
to 18, and were arranged in three shifts, the change in the throughput was evaluated.
The leave of the operators was analysed to find the effect on the output parameters. A
second set of experiments was performed in buffers to measure the effect of the FIFO
method on the output. The company now uses the LIFO method for sandblasting
buffers, so a comparison was made with FIFO to analyse the effect on production.

Another set of experiments conducted was using an alternate layout. Most of the
transport in the paint shop is manual using forklifts. Manual operation using forklifts
was replaced with power and free conveyors to reduce the bottlenecks. The waiting
time inside the loading and unloading stations could be reduced. The output was com-
pared with the existing system. Another experimental factor used was the size of the
buffer and checked how the change in buffer size affected the throughput.

Experiment Experimental Number of shifts Number of peo-

Factor ple in each shift
1 LIFO 2 12
2 LIFO 3 12
3 LIFO 3 18
4 FIFO 2 12
5 FIFO 3 12
6 FIFO 3 18
7 Alternate Model 2 12
8 Alternate Model 2 12
9 Alternate Model 3 18
10 Buffer Size 2 12

Table 1 Design of Experiments
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6 Results and Discussion

This chapter explains the results of the degree work. The section begins with results of
data study and modelling and then with experimentation results. The validity of exper-
iments is also discussed in this chapter.

6.1 Simulation Results

The practical aspect of the thesis work was building a simulation model of the paint
shop production flow at the VBG Truck Equipment factory. As a first step, the forklift
transport of products from different sources was modelled, and then the loading was
implemented, which was a completely manual process. Then the transport from loading
to different operations of the painting process was implemented. The built model rep-
resented the actual factory setup and the logic of the processes. The workers in the
model represented the manual work in the factory, and the shifts of the operators was
modelled. The validity of the base model was checked before going to the experimental
stage. The initial validity of the simulation model built was reasonable, as the through-
put calculated had only slight variations compared with the historical data. In discus-
sions with the supervisor at VBG, the model was considered adequate for the experi-
mental stage.

Once the modelling and validity check was finished, experiments were started to
analyse how it responded to varied parameters regarding the following impact on bot-
tlenecks and throughput of the production flow. The results from the experiments were
shared with the company experts to discuss the validity of the outcome. The results
from the experiments behaved as expected, which increased the confidence in the
model. In the process of the experimentation stage, an alternate model for the existing
production flow was also tried. The manual transport operations taking place in the
paint shop were replaced with power and free conveyor since the company aims to
implement that in time ahead. In view of the ability of the model to accomplish the
reality in a good way, the output of the model, and so the modelling part, was deemed
to be successful.

6.2 Experimental Results

This section presents the outputs obtained from the simulation experiments and expla-
nations for the reason for these results. The results were tabulated in Appendix B. The
table of results shows the deviation percentage compared to the validated base model
using LIFO methods in SB buffers. As the initial step, the base model with SB buffers
worked in the LIFO method was built and was analysed to find the throughput and
lead time. Then the source distributions for sources that work 24 hrs a day and all days
in a week were chosen accordingly. As discussed in chapter 5, its validity was assured,
and the result was compared with results obtained from the data analysis of the ERP
system. An acceptable result was obtained. The results obtained from this base model
were chosen as a standard to compare the other results since it represented the existing
paint shop. Initially, the base model was analysed to find the throughput and the time
taken by the orders to finish. Normal throughput was obtained, and it showed that the
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first orders entering the system waited for longer time than orders arriving after some
time. Some orders stayed longer compared to others. This unbalanced lead time was
due to the LIFO method for buffers, and the buffers were only filled after completely
emptying. So, the wait time in front of SB buffers was ample. The machining parts
would not be affected because they were directly going to ED.

The first batch of experiments was conducted to achieve a balanced production
flow. For that, in the base model LIFO method used in the paint shop was compared
with another approach, FIFO. When analysing the FIFO method, the throughput and
lead time were calculated. The throughput was increased by ten percent, and the reason
for this increase was that the waiting time in front of SB was removed. In LIFO, all the
buffers in front of SB only started the filling if they were emptied entirely. So, the wait-
ing time for orders would be there in that case. When LIFO was used, the production
flow was unbalanced because the order first entered the system had more waiting time
than those entered after. And the use of FIFO showed that first orders had no longer
waiting in the system. Orders were served based on the chronological order they enter
the system. The reduction in the lead time of the FIFO method was because the
transport waiting time was reduced compared to LIFO. In LIFO, the transport waiting
time is more compared to the production waiting time.

The second set of experiments was carried out to analyse the shift changes and how
they would affect the throughput of the paint shop. Initially, the base model assigned
two shifts for the operators, and each shift consisted of 6 operators. The results of this
model were chosen as the base value for comparison. Then three shifts with 12 opera-
tors and 4 operators in each shift were included as parameters in the experiments.
Throughput increased by 10 percent, but the production flow was unbalanced due to
the use of the LIFO method. Then with the same model, three shifts with 18 people
and six operators in each were analysed, and it showed an increase in throughput of 23
percent. Then the buffer method was changed to FIFO, and two shifts with 12 opera-
tors were analysed. This increased throughput by nearly 10 percent and a balanced flow
of products was found. The increase in throughput was obtained because the wait time
for emptying the buffer was removed, so considerable improvement was obtained in
throughput. Then FIFO method with three shifts was applied with different numbers
of operators, that is, 12 and 18, were also compared, and a change in output, as shown
in Appendix B, was obtained.

An alternate layout was created for the existing production flow to avoid manual
transport, and the third set of experiments were conducted. The manual transport of
carriers from loading stations to SB and ED was replaced with a power and free con-
veyor system. Thus, the forklift waiting time at the loading stations and SB could be
avoided. When the parts were loaded, they were directly entered into the production
system. This alternate layout could reduce the transport waiting time. It used the FIFO
method to create a balanced production flow, and the model was analysed for through-
put and lifetime. The throughput increased by neatly 10 percent. Then the alternate
layout was also analysed for two shifts and three shifts, with two sets of arrangements.
All shift patterns in the alternate configuration increased the throughput, and a more
balanced production flow was obtained. Because the parts were entered to the paint
shop by the order in which they hanged and no waiting time for first processed orders.
The alternate model with three shifts employing 18 operators showed 78 percent in-
crease in throughput.

Fifth experiment was conducted to analyse the effect of the leave of operators.
When the number of leave of workers was assigned as a low value, no noticeable change
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in throughput was observed. When the leave of the operators was increased to a large
value, it only showed a one percent reduction in throughput. The small number of leave
would not produce a drastic change in one year's throughput.

In the sixth set of experiments, the buffer size of SB buffers in the model was
changed from 5 to 20, and their effect on throughput was analysed. When with LIFO,
the buffer size was five, there was a slight decrease in throughput, and when it was given
as 11 as the existing now, standard throughput was obtained. However, when it was
increased to 20, a slight increase in throughput was observed, and an adverse impact on
lead time was obtained. The Buffer size was also compared with the FIFO method, and
when it was five, there was no noticeable change in throughput and lead time. When it
was increased from 11 to 20 increase in throughput was observed.

6.3 Validity of Results

The goal of every modelling validation step is to test and confirm the validity of the
final solution [20]. The validity should be confirmed when assessing the results derived
from experiments done in the simulation model. The validity of the solution should
concern inspecting whether the solution obtained was the most suitable. One way to
confirm the reality is to compare the results with an alternate solution. But there is no
possibility of ascertaining that a model is quite valid. Therefore, model validation is
involved with making adequate confidence in the model for using it in decision-making.
An increase in reliability can be achieved by attempting to demonstrate that the model
is incorrect. The further tests can be done if it cannot be confirmed that the model
stands inaccurate, the confidence in the model boosts. If the tests could not prove the
results to be incorrect, the model was accepted as a valid one.

There may be some reasons behind getting invalid outcomes from the experimen-
tations. Analysing the causes can provide better knowledge of the system, which in-
creases the trustworthiness of the results. When trying to simulate for one year, initially,
the throughput obtained was neatly equal to the throughput for three months. Then
the model was analysed to find what caused the result to be incorrect. The misconcep-
tion was in the forklift transport from the sources, and the transfer was interrupted due
to less storage in the buffer in front of the loading area. So infinite storage size was
chosen for the buffers in front of the loading area to solve this issue. In the validation
process, the modeler does not seek 100 percent accuracy despite constantly increasing
the client’s confidence in the model [20]. After finishing the simulation, the model va-
lidity was discussed with the supervisors at the company and at the university, and in
joint discussion with the author of this thesis it was agreed that the simulation model
had a sufficiently validity. Thus, the criteria for validation of the model were met. The
supervisors at the company and the author of the thesis were confident regarding the
results from the validation and experimentation that followed with the simulation
model.
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7 Conclusion

In this chapter, the investigation questions will be answered by summarising the degree
work results. The contributions of this work will also be presented in a more compre-
hensive scientific aspect.

7.1 Answers to Investigation Questions

IQ1: What are the bottlenecks in the production flow for the paint shop factory? The
answer to this investigation question was obtained from this thesis work. It could be
analysed to find the factors that reduced the production flow in the existing layout. The
first bottleneck comes at the forklift transport from the loading station to SB and ED,
and the second bottleneck is waiting after SB to feed to ED. And another bottleneck
identified was the waiting for a forklift after inspection to the unloading station. The
hanging of parts to the carriers is a manual process, and it requires the availability and
schedule of workers, which can also be considered a bottleneck. The time for hanging
is also a factor that affects the throughput.

IQ2: How does the change in work shift affect the throughput of the system? An in-
crease in throughput was observed when the shift was increased to three shifts using
the same number of operators employed for two shifts. The number of operators in-
creased to 18 and was used in three shifts, which resulted in a higher increase in
throughput. The alternate model analysis also showed an increase in throughput when
the shift changed from two to three with 12 people. When the number of operators
was Increased to 18 with the alternate model with three shifts, a high increase in
throughput was achieved. So, the alternate arrangement of shifts with the same number
of workers had a positive effect on the throughput, and flexibility in the work shift
could be acquired.

IQ3: How does the shift affect the incoming volumes and what efficiency and staffing
are needed to minimize stock build-up at different times of the day? If two shifts were
employed, at the beginning of the next shift the next day, more volume of stock could
be seen in front of loading stations. However, as a third night shift was employed stock
building during the night was reduced, which resulted in higher throughput. Three shifts
with six operators in each shift could reduce the stock build-up; that is, 50 percent more
staff than the present shifts are required to minimize the stock build-up effectively.

7.2 Future Work and Research

After the completion of this degree work, several opportunities for future work and
recommendations can be identified; the most prominent one is the automation of the
manual processes taking place in the factory. Another one is the modelling of the com-
plete process flow of the factory. In the loading and unloading stations, the operators
hang the part manually. To reduce the waiting time and large processing time, the fea-
sibility of automation at the loading and unloading stations can be considered for the
next stage.

All the carriers entering the paint shop were assigned cards to identify the colour of
the paint to be used for coating. When the initial primer stage, that is, the ED, and
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further cooling and heating, the carriers are stopped by a sensor. The light sensor iden-
tifies the masking requirements and the paint colour and directs the carriers to different
powder coating stations. The sensor technology used can be improved by the cameras
and the Artificial Intelligence (AI) techniques now available, which can be considered
for the future.

Another aspect that may be considered for future work is the automatic masking of
parts after the ED process. After the sensor detection, some parts that need to be
masked are stopped and waited for masking. The products will wait until the operator
comes and finishes the masking. If that masking process is automated, significant sav-
ings in time can be achieved. So, the feasibility of checking the automated masking
techniques by employing robots and a method to identify the portion to be masked by
using Al techniques can be exemplary for future work.

7.3 Discussion

In the base model of the paint shop production flow, automatic routing of products to
the powder coating was selected because this work did not concentrate on the produc-
tion sequences. So, after heating and cooling the ED process, the parts were directed
to any of the powder coating stations. This study mainly concentrated on the flexibility
of work shifts; more importance was given to manual labour. As part of the study, to
avoid some portion of manual labour, automated production flow was tried. An alter-
nate model of the VBG paint shop production flow was made using the power and free
conveyor system. This solution was chosen because the company is planning to use the
power and free conveyor from the loading stations to SB and ED and from SB to ED.
So, the feasibility was checked using that. The alternate layout reduced the bottlenecks,
such as waiting for the forklift to come and pick up the products from the loading
station, SB, and after inspection to the unloading area.

But there are many other solutions available to avoid manual transport. One of them
was the use of Automated Guided Vehicles (AGVs). The use of AGVs increases effi-
ciency in the operating domain and decreases labour, energy, and maintenance costs
[37]. They can be changed to accommodate predetermined techniques, such as fitting
and learning warehouse or routing methods. The main benefit of using AGV vehicles
in the automation of transport processes in the manufacturing industry is cost savings;
one AGV operating in three shifts can reduce labour costs to a large extent. They min-
imize accidents, provide flexibility and high individuality, and increase safety [37]. For
moving parts between sources to the buffers in front of loading stations, one solution
is to use Forklift AGVs that can replace human-operated forklifts. They can determine
the pallets to be transferred and the position where they want to place. This can reduce
manual operation and avoid accidents due to the forklifts. For hanging parts to the
carriers, automated solutions using Robots can be a good one to consider.

7.4 Contributions of Thesis Work

Although the thesis work concentrated on building a DES model for the VBG paint
shop, the results of this work can be generalized and adopted by different manufactur-
ing companies looking to move towards digitalization and automation as a part of the
journey towards Industry 4.0 standards. Particularly for those industries that rely more
on manual labour, instead of completely automated manufacturing, some insights into
how their factory can automate and try for alternate layouts can be attained from these
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work outcomes. This work can be beneficial for people in the manufacturing industry
who have a desire to control issues such as bottlenecks that can lead to high waiting
times in the manufacturing process or the production flow. Most of the work of the
thesis also concentrated on manual labour, so ideas from this work can be adapted to
model the manual production flow existing in the industries. The alternate approach
used in this work can also be used for those who are planning to move toward an
automated factory. This work can be advantageous for those seeking to model the pro-
duction flow in the manufacturing firm to enhance their efficiency. This study provides
guidance for creating simulation models for similar studies since the methodology is
clearly described and explains how the experimentation and validation can be per-
formed. This work can select as a ground for a starting point for future studies to cover
the mentioned future work opportunities.
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A. Simulation Model
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B. Table of Experiments

Experimental Factors

Output Observed

Existing system with SB Buffers
using LIFO with two shifts with

6 people in each shift (Total of 12)
Benchmark

Normal Throughput taken as standard. More lead
time for the first entering orders into the system and
unbalanced production flow in terms of lead time

SB Buffers using FIFO with two
shifts with 6 people in each shift
(Total of 12)

Throughput increases by nearly 10% and better-bal-
anced production flow in terms of lead time

Three shifts with LIFO with 4 people
in each shift (total of 12)

Throughput increases by 10 %, unbalanced produc-
tion flow in terms of lead time

Three shifts with LIFO with 6 people
in each shift (total of 18)

Throughput increases by 23 %, unbalanced produc-
tion flow in terms of lead time

Three shifts with FIFO with 4 people
in each shift (total of 12)

Throughput increases by 12 %, balanced production
flow in terms of lead time

Three shifts with FIFO with 6 people
in each shift (total of 18)

Throughput increases by 66.67 %, balanced produc-
tion flow in terms of lead time

Alternate Model with FIFO using
two shifts with 6 people in each shift
(total of 12)

Throughput increases by 10 %, balanced production
flow in terms of lead time

Alternate Model with FIFO using
three shifts with 4 people in each shift
(total of 12)

Throughput increases by 60 %, balanced production
flow in terms of lead time

Alternate Model with FIFO using
three shifts with 6 people in each shift
(total of 18)

Throughput increases by 78 %, balanced production
flow in terms of lead time

Leave of operators

No noticeable effect on total throughput
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Experimental Factors Output Observed
Buffer Size
LIFO
1 Normal output, Existing system
5 Throughput decreases slightly, not much effect on
lead time
20 Throughput increased, negative effect on lead time
FIFO
5 No noticed change
1 Slight change in throughput positive effect on lead
time
20 Throughput increased, positive effect on lead time
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