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ABSTRACT  

 

Due to the increase in customer demand standards in terms of quality, prices and 

delivery, the concept of being LEAN emerged almost 70 years ago. LEAN manufacturing is 

an essential model these days due to the increased need every day for sustainability and waste 

elimination. LEAN has become more than a group of techniques that are applied for the sake 

of improving the business profitability. It became a philosophy and a belief that can improve 

the lives of people and the usage of the resources on this planet. This need for change and 

adapting the LEAN philosophy highlighted the need for a highly trained base of young 

engineers. Atlas Copco as a leading company in many industries have started a LEAN 

academy which includes training the employees or customers on the LEAN techniques and 

giving them the real sense of experimentation in order to notice the results and improvements 

that come along. KTH Royal institute of Technology, as one of the leading engineering 

institutes worldwide, has cooperated with Atlas Copco in order to give access to the students 

to attend their LEAN learning factory located in Stockholm, Sweden. The limitation of 

availability of similar LEAN training facilities for other students and engineers around the 

world was questioned   along with the possibility of introducing a tool that can increase the 

flexibility and efficiency of this training in order to act as a supplement to the physical 

learning factory and allow examination of the effects of applying more combinations of 

LEAN techniques and analyse the results on longer time horizons.   

 

The main objectives of this project included building a digital learning factory that 

represents Atlas Copco’s physical learning factory while allowing more flexibility in the 

LEAN scenarios that can be applied and tested as well as being able to examine the results on 

the long term. The second objective was to make this digital learning factory, which runs a 

real time discrete event simulation, to be realistic as much as possible by generating 

stochastic process times that resemble reality and show the increased time variability with 

manual assembly processes. GoLEAN, was the name chosen for the digital learning factory. 

The result of the project came to a success as the digital factory was built and verified and its 

results were also validated. It also satisfied the criteria that were set in the objectives as it 

allows more flexibility in choosing the simulation scenarios and the time horizon. It also 

provides more realistic results since it generates the process times through the probability 

distribution parameters that was analysed for each process through a video time study that 

was carried out for the physical learning factory. By setting 187 processes to 39 different 

probability distributions, the process time variability is obvious and resembles the data 

obtained from the real manual assembly.  

 

The digital factory shows real time 2D visualization of the factory while the 

simulation is running. GoLEAN provides results about several performance measurements 

that are considered essential for evaluation. This project showed a guideline for performing 

the same design methodology on other factories in order to examine various scenarios, 

production conditions and obtain long term results.  Further improvements of GoLEAN may 

be increasing the performance measures obtained in the results and also improving the 

graphical visualization. GoLEAN is considered a teaching tool for LEAN manufacturing that 

can be used separately or as a supplement for the physical learning factory.  



 

iv 

W
o

rd
 T

em
p

la
te

 b
y 

F
ri

ed
m

an
 &

 M
o

rg
an

 2
0

1
4

 

SAMMANFATTNING 

Konceptet LEAN uppstod för nästan 70 år seden som ett svar på kundernas ökade 

efterfråga på kvalitet, pris och leverans av produkter/tjänster. Nu för tiden är LEAN 

tillverkningsfilosofi en grundläggande modell på grund av det ökade behovet av hållbarhet 

och reducering av slöseri. LEAN har blivit mer än bara en grupp av verktyg i syfte att 

förbättra lönsamheten av en verksamhet. LEAN har utvecklats till att bli en filosofi som kan 

förbättra människors liv och planeten vi lever på. Behovet av förändring och införandet av 

LEAN har visat på ett ökat behov av unga ingenjörer. 

 

Atlas Copco som är ett ledande företag inom flera industrier startade ”LEAN 

academy” som ett sätta att träna de anställda eller kunderna i LEAN och ge dem en realistisk 

känsla av hur LEAN filosofin kan förbättra verksamheten. KTH, som ett världsledande 

universitet för ingenjörer har i samarbete med Atlas Copco erbjudit studenterna möjligheten 

att ta del av ”LEAN learning factory” i Stockholm, Sverige.  

 

På grund av den begränsade tillgången till liknande utbildningstillfällen har 

möjligheten att göra ett verktyg som kan agera som ett supplement till den fysiska ”learning 

factory” samtidigt som flexibiliteten och effektiviteten förbättras diskuterats. Huvudmålet 

med detta projekt var att bygga en digital ”learning factory” som representerar Altas Copcos 

fysiska fabrik med ökad flexibilitet i form av antalet LEAN scenarier och längden av dessa. 

Det andra målet var att göra en digital ”learning factory”, som kör processimulering 

simulering i realtid, så realistisk som möjligt genom att generera en stokastisk processtid som 

efterliknar verkligheten i den meningen att ombytligheten blir större i den manuella 

monteringsprocessen. GoLEAN var namnet som valdes för den digitala ”learning factory”. 

Projektet resulterade i en valid digital fabrik. Den tillfredsställde också kriterierna angivna i 

målet då den digitala fabriken är mer flexibel och kan simulera en längre tidsperiod. Den 

digitala fabriken ger ett mer realistiskt resultat eftersom den genererar processtiden genom 

sannolikhetsfördelningsparametrar som var analyserade för varje process genom en 

videostudie av den fysiska ”learning factory”. Processtidens variation efterliknar den fysiska 

”learning factory” genom att ställa in 187 processer till 39 olika sannolikhetsfördelningar. 

 

Den digitala fabriken visar en 2D visualisering av fabriken i realtid vid simulering. 

GoLEAN presenterar resultat i form av flera parametrar som är grundläggande för 

utvärderingen. Det här projektet erbjuder även riktlinjer för andra fabriker som önskar 

utforska olika scenarier, produktionsvillkor och längre tids studier. Fortsatta förbättringar av 

GoLEAN kan vara att utöka mätparametrarna och förbättra grafiken. GoLEAN är ett 

utbildningsverktyg för LEAN tillverkning som kan användas separat eller som ett supplement 

till den fysiska ”learning factory”. 
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1. INTRODUCTION 

In a world where fierce competition among businesses reached the summit and the customers 

elevated their expectation of the quality of the products they acquire while the resources are 

being exhausted every day, the need to delivering quality products on time at the least cost 

with greater efficiency emerged. This lead to invention of the LEAN manufacturing as a 

business model and a collection of techniques that aim at eliminating the non-value adding 

activities and wastes from the system while improving the quality of the output and 

delivering it on time at the least cost possible.  

The implementation of the LEAN manufacturing techniques has been expanding rapidly 

within the last 70 years throughout several manufacturing and service sectors. The culture of 

continuous improvement in the costs, quality and delivery has made its reflection on other 

aspects including the environment and the employees. This made LEAN more than a group 

of techniques prescribed in books for running a profitable business. LEAN became a 

philosophy, a way of thinking or in other words a belief for any successful business and the 

human resources driving it.  

However, change has never been easy. In order to convince the people working on the 

business welfare to change their mentality and beliefs about a successful model, this takes 

more than just communicating. Training and education have been the most powerful tool 

since the development of civilizations started. Big companies and universities started thinking 

in this direction taking into account that experimentation is the fastest and most effective way 

for learning. Top universities nowadays focus on planting the LEAN philosophy in their 

students’ minds before they become the ones who shape the future of production in the near 

future. However, this is not enough. Big companies around that world that are considerate 

and value the effects of the LEAN philosophy started building their own training programs in 

order to allow the trainee to get the hands on experience and sense the effects that the 

production will experience by applying the LEAN philosophies and techniques.  

A good example of these companies is Atlas Copco. Being one of the biggest companies in 

Sweden, Atlas Copco have felt their duty towards conveying the message to the LEAN 

philosophy to their employees, clients and other trainees through experimentation since they 

have the resources. They built a LEAN training facility in their headquarters in Stockholm, 
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Sweden. This facility includes a model of a factory where the trainees can experience 

themselves the effects of LEAN and move through the journey of continuous improvement 

gradually.  

KTH Royal Institute of Technology, being one of the best and most diverse engineering 

institutions around the world, took the decision along with Atlas Copco to cooperate in 

conveying the message to their students by making them participate in the experimentation at 

Atlas Copco’s LEAN training facility. More than 120 students attend this training annually to 

get the practical real life resembling experience rather than just reading the books and 

attending lectures. 

However, this raises the question about the number of people around the world who can have 

access to a great educational training chance like the one that Atlas Copco and KTH present. 

Is it possible to transfer this knowledge to other students and engineers who do not have 

access to this chance? In addition to these two questions, the possibility of giving a broader 

range of experimentation in the same area at the minimum cost possible has been questioned.  

If these enquiries were fulfilled, this would not only reflect on the production outputs but it 

would also spread the philosophy that has been changing the world for several years. Finding 

a solution to these questions would drive the world towards a more sustainable place where 

the production occurs according to the needs and where there is no place for wasting 

resources. This lead to the initialization of this project, which has a main objective of 

fulfilling the previous enquiries in the most suitable and feasible way. 

The idea of “Hybrid Learning factories” emerged as a possible solution to fulfil these 

enquiries. This concept involves the supplementation of the experience learned through the 

physical learning factory, such as Atlas Copco’s factory, with a digital learning factory that 

resembles the same environment virtually. In case of lack of access to the physical learning 

factory, the digital learning factory can still act as a substitution to provide some of the 

benefits as this will be discussed later on. 
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2. RESEARCH QUESTION & 

METHODOLOGY 

2.1 Research Question 
“What is the possibility of developing a visualized digital learning factory that represents 

Atlas Copco’s physical learning factory in order to provide more flexibility in 

experimentation of different combinations of LEAN scenarios under different conditions such 

as longer time horizons while having the ability to be used separately or as a supplement or 

support to the physical learning factory to improve its teaching efficiency at a minimum or no 

cost?” 

 

2.2 Hypothesis 
The proposed solution was to construct a digital learning factory that resembles Atlas 

Copco’s physical learning factory in order to make use of the flexibility of data transfer in the 

current digital world. This digital learning factory should provide the ability to conduct this 

training anywhere in the world without any need for extra resources rather than a computer. 

This digital factory is believed to be able to have the power to even simulate and test more 

production scenarios and combinations of LEAN techniques together in order to provide a 

broader experimentation that would decrease the effect of losing the benefits of learning by 

physical contact with the real learning factory. However, the best-case scenario would be 

undergoing both trainings, the digital and physical, since they are both supplementary to each 

other’s. 

2.3 Objectives 
The main objectives for this project have been defined as follows: 

1. Develop a digital learning factory that would resemble Atlas Copco’s physical 

learning factory to provide the same experience and become more accessible to 

learners wherever they are located. This digital factory should perform real time 

discrete event simulation of the physical factory. 

2. Make this digital learning factory realistic to the furthest extent possible in order to 

make up for losing the benefits of learning and experimentation through physical 

contact with the original learning factory.  

- This can be achieved by considering the variability that occurs in the physical 

learning factory due to the presence of the human factor which results in 

greater variability. 

- Another factor to be considered is showing a graphical representation of the 

activities that occur in the original learning factory in order to provide the 

sense of the events without the physical attendance of the learner. 
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2.4 Research Methodology 
The research methodology that would fulfil the proposed objectives of the project included 

several steps that of course started with examining and analysing the physical model that will 

be represented digitally. The project started with the data collection phase, which involved 

examining the physical factory under operation in order to identify its parameters and events. 

The factory was observed for ten consecutive days while being under operation. In order to 

capture the processes and analyse them accurately, a video time study of the factory was 

conducted where the factory’s operation was filmed every day in details.  

Later on, the films obtained from the factory where then examined to extract the details of 

every process that occurs in the factory including their order and preparing a sampling pool 

for each process and cycle time available. The data obtained was analysed statistically in 

order to fit each process time with the probability distribution that it follows and identify its 

parameters, which was done using EasyFit, a statistical software for data analysis and running 

goodness of fit tests.  

After collecting the data from the physical learning factory, the simulation logic was built 

using python as the framework for programming. The process data that was obtained in the 

previous step was then linked with the simulation logic. The real time discrete event 

simulation that was built does not depend on deterministic process times. It considers 

stochastic process times whose generation depends on the statistical distribution and 

parameters obtained from examining each process on its own, which lead to assigning 187 

processes to 39 different statistical distribution where each one had its own parameters based 

on the obtained data.  

The visualization of the real time discrete event simulation considered simplicity through 

visualizing the processes and the elements involved such as operators, workpieces and 

products with 2D simple dynamic figures that are connected to the simulation. This simple 

visualization is believed to give the user more sense of the events occurring in the real 

factory.  

The digital learning factory, which was named GoLEAN, has been finalized and later tested 

for verification and validation of the results. 

The design methodology that has been used for the construction of GoLEAN, our digital 

learning factory, have been verified through comparing the events and contributing factors in 

the simulation with the real physical learning factory, which was examined earlier.  

Several tests and simulation runs were carried out under different conditions in order to 

validate the results of the digital learning factory. The first tests included resembling the 

exact same conditions of the physical learning factory by running several simulation runs 

under the same conditions and parameters. The results were then compared and found 

conforming to the physical model. In order to take the tests to a further level, the capabilities 

of the digital factory were tested to run longer time simulations. This shows the effects in a 

more significant way and test the effects of propagating the variability in the processes 

through a time that was 1000 times more than that is tested in the physical factory. 

The final validation of results tests were to run simulations under different conditions and 

combinations than the ones that are available in the physical learning factory and the results 

were examined. 

GoLEAN provides a similar experience to the one acquired in the physical learning factory. It 

also provides realistic results that resemble the production in real life while showing the 

performance measures that are needed to evaluate different scenarios and situations. In 

addition, it gives more flexibility to the learner to test the factory on longer time horizons 



Hybrid Learning Factories: A Case Study 

 

 

16  Omar Elfar - May 2015 

 

 

while trying new combinations of LEAN techniques while visualizing the real factory 

digitally in order to show the events occurring in real life. These advantages can make up for 

the lost opportunity of performing the training by physical presence in the factory. However, 

the best-case scenario would be being able to experience both ways of trainings since they are 

supplementary.   

The design methodology proposed for building GoLEAN can be re-implemented for other 

cases, which might be bigger in scale, since it was valid for the case that was used in this 

project.  

The room for improvement is still wide in terms of simulating more performance measures 

such as the throughput times in the factory and improving the visualization. It is also possible 

to extend the use of GoLEAN on web based applications or portable devices other than 

computers to increase the reach of its benefits. 

 

 

Figure 1 Research Methodology Diagram 



Chapter 3: Related Literature 

 

 

Omar Elfar - May 2015   17 

 

 

3. RELATED LITERATURE 

3.1 LEAN Manufacturing 
 

The 1940’s in Japan witnessed the birth of the lean production concept within Toyota. The 

recognition of the fact that only a relatively small portion of the effort and time dedicated for 

finishing a product adds value to the customer at the end triggered the need for the continuous 

flow production. This new mentality was totally opposing that of the western world, which 

relied on mass production. In other words, it can be called Henry Ford’s development, which 

involved producing in high volumes while minimizing the changeovers within the production 

line. [2] 

Ignoring the fact that developments in computer systems enhanced the MRP (Material 

Requirement Planning) techniques for mass production, Taiichi Ohno pursued his 

development towards the LEAN production within Toyota’s supply and distribution basis 

until the 1980’s. [2] 

LEAN production can be defined as a multi-dimensional approach that involves and 

integrates a wide variety of management techniques. These techniques are expected to work 

in a parallel and interacting manner in order to provide a high quality system that is 

streamlined to deliver a supply whose pace is synchronized with the customers’ demand 

while minimizing the waste. [3] 

LEAN is not just a set of rules that are expected to guide the behaviour of the production; it is 

closer in definition to being a way of thinking. LEAN thinking focuses on the customers and 

defining the value delivered to them. This customer value in a successful lean model is 

expected to propagate through all the supply chain players. This can be achieved by removing 

the waste from every key player that is involved in all stages that precede delivering the 

product to the customer including the design stage, the manufacturing stage and the delivery 

and all their sub functions. [2] 

Waste can be defined as any activity that occurs during the process and does not add value to 

the end customer. In other words, the customers do not have the intention to invest in this 

activity. There are two categories of wastes; the first category is the necessary waste that does 

not add value to the customer but adds it to the company such as financial controls which if 

eliminated will cause a negative effect. The second category includes the unnecessary waste 

that neither adds value to the customer nor the company. This category can be divided into 

seven types of waste as shown in Table 1. As the company adopts the idea of continuous 

improvement, the waste reduction increases gradually. [2] The concept of flow is essential in 

LEAN production. The ideal lean production flow is the one-piece flow that lacks any 

batching and queuing which is the extreme opposite to mass production.   
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Table 1 The 7 Wastes 

Waste Definition 

Transport 
Unnecessary movement of the product 
and the raw materials while not being 

processed. 

Inventory 

Unnecessary storage of finished and 
semi-finished products or raw 

materials, which induces relatively high 
costs. 

Motion 

Excess motion of individuals within the 
facility without performing the required 
processes. Also unnecessary motion of 

data and information.  

Waiting 
Individuals, machines or products that 
wait in buffers before being processed 

without added value. 

Over Production 

Products that are made in addition to 
the current or forecasted demand. This 
can also include the development of the 
products, processes or facilities without 

the need. 

Over Processing 

Including a process that does not add 
value to the product or adds features 

that the customer is not willing to invest 
in. 

Defects 
Production errors that result in 

unqualified products that require 
reworking or scraping. 

   

Several techniques are widely used within a LEAN production system to increase its 

efficiency. These techniques include: [2] 

Kanban—a visual tool that acts as a signal between the production stations within a system in 

order to organize the pulling of production through the process. It starts usually with the final 

step that is the customer demand and it supports the flow of products in a pulling manner in 

between the stations until the starting point of production. 

5S—it includes a set of steps that aim at controlling the organization of the shop floor in 

order to eliminate any wastes related to an unorganized workplace. These wastes can result in 

extra motion, transportation, or longer processing times. The five main steps of the 5S are as 

follows: 

1. Sort: This step includes the sorting of items based on their necessity while removing 

and disposing unnecessary items.   

2. Set: Setting in order all necessary items for easy access while organizing the 

workplace to reduce excess transport and motion. It also involves smoothening of the 

workflow while adopting the concept of first come first serve. 

3. Shine: Cleaning the shop floor and the equipment in order to prevent deterioration. 
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4. Standardize: Choosing the best practices and standardizing them for the shop floor in 

order to maintain high standards and organization. 

5. Sustain: Involves training and regular audits in order to keep in the working order in 

the future. 

Visual Control—this is a method that tends to measure the performance of the system by the 

operators. 

SMED (Single Minute Exchange of Die)—this technique provides a rapid way for 

performing changeovers for time reduction purposes. 

Three main measurements in a production plant are responsible for evaluating its operation 

according to Goldratt and Cox (1993). [4] These measurements are the throughput, 

operational expense and the inventory. 

The throughput is usually defined as the rate by which the products are generated in the 

system or plant. However, when linked to the LEAN philosophy this definition has changed 

to become the rate by which the plant or system generates revenue through selling its 

products. This means that if a product is produced but later stored, it will not be considered 

throughput. This new explanation matches the lean philosophy by producing through the 

pulling that occurs when the customer is in need for a product. The bottleneck is a process or 

step that controls the overall throughput of the system since it is usually the step that has the 

longest processing time.  

The money that is used to purchase items with the intention to be sold later is within the 

category of the inventory. Here comes the operational expense which is the investment made 

by the system to convert the inventory into throughput. 

Godratt and Cox defined the goals of the LEAN production system as to increase the 

throughput while decreasing the inventory and the operational expense, which will 

consequently measure the improvement of the plant. 

According to Melton (2004), the main forces within an organization’s management that resist 

the application of the LEAN philosophy can be narrowed down to the following: 

- Scepticism concerning the validity of the practices. 

- “We’ve seen this before” as the managers assume that the LEAN practices are just 

another version of formerly applied practices. 

- The busyness with the daily jobs which leaves almost no available time for 

experimenting the LEAN practices. [6] 

While the production departments also imply resisting forces to the application of the LEAN 

due to the existence of the belief that larger batches with minimal changeovers that never 

interrupt the production is the best practice to drive the supply chain of a company through its 

manufacturing. 

Melton also wrote about the supporting forces that would help implementing the LEAN 

philosophy which are represented in the results of previous studies. These forces included 

several aspects as follows: 

- The financial aspect, which includes decreasing the costs of operation and avoiding 

potential capital. 

- The better understanding of the definition of value from a customer perspective. 

- The increase in quality of the processes and the decrease in errors within production 

and delivery. 

- The investment in the involved personnel, which increases the skill level through 

training and experience. 

- The grasping of the ‘Know How’ and understanding the supply chain and the 

production. [6] 
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Since the LEAN production is a complex multi-dimensional approach, it is important to 

examine the most effective dimensions according to previous studies that tackled the same 

issue. McLachlin (1997) examined this issue thoroughly in order to identify the dimensions 

that have been focused on by 16 different case studies. The result of his work showed that the 

Just-In-Time or in other words the continuous flow production have been the most important 

dimension. It has been used in all of the examined case studies. [7] 

Just-in-time in many cases have shown to be a successful approach to minimize the inventory 

levels especially in the environments where the processing times are standardized and the 

demand has a constant rate. Other conditions prerequisite the implementation in order to get 

the full benefit out of using the just-in-time techniques as explained by Finch and Cox 

(1986).[15] 

The conversion to a pull system instead of the push system, or from a supply driven 

philosophy to a demand driven philosophy, have also been a crucial dimension in all the 16 

studies in addition to the use of Kanban visual signals which have been explained earlier. The 

continuous improvement has also been one of the most important dimensions in addition to 

the total quality management and the production smoothing.  

According to Sugimori, Kusunoki, Cho and Uchikawa (1977), The 22 lean practices, which 

have been mentioned by McLachlin 20 years later in his study, can be divided into 4 different 

bundles. As an example of these bundles is the Just-In-Time bundle which combines all the 

approaches that are related to the flow of the production. This bundle aims at continuous 

waste reduction and elimination and is the main bundle that is applied in the Atlas Copco 

learning lab, as it will be explained later on. [8] 

According to Cua, Mckone, Schroeder (2001) the Work in Progress (WIP) inventory and 

time delays in the flow of production are the major wastes in most of the systems. However, 

both issues can be tackled through the JIT bundle approaches including changes in lot sizes, 

reduction of cycle times, SMED or other quick changeover approaches. Other solutions from 

the same bundle may include the conversion to cellular layouts, process improvements and 

bottleneck identification. [9] 

Other bundles include the TQM (Total Quality Management) bundle, which adopts the 

approaches that aim at the sustainability of the quality of the output. In addition, the TPM 

(Total Preventive Maintenance) bundle is an important set of dimensions to avoid unplanned 

stoppages by scheduling predictive and preventive maintenance, which consequently 

increases the efficiency of the equipment. Finally yet importantly, the HRM bundle, which is 

related to the human resources management of the system. This bundle includes approaches 

related to job rotations, design, and enlargement. It also includes training programs and 

forming teams for problem solving. [9] 

The application of the four bundles in parallel gives significant continuous improvement in 

the performance of the operations according to [1].  

According to Hines S, Schumacher K, Becker T, Van Tiern D (2003), it is important to create 

a balance between the emotional aspect for the customer and the rational aspect of the lean 

philosophy. If the rational aspect overrides the emotional one, the result becomes flat and the 

excitement and distinctiveness of the product are driven out which causes the customer to 

lose interest. [5] 

Kleindorfer (2005) made a clear distinction between LEAN production and the 

environmental approaches since both of them have a different impact on the performance 

evaluation of the system. [10] Both approaches focus on the reduction of waste and 

increasing efficiency. However, a conflict might exist between the goals of LEAN production 

and the improvement in the environmental performance according to Rothenberg (2001). [11] 
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This happens due to the need of additional investments in many cases in order to reach the 

required environmental performance level of the organization. It is essential for the 

organization to align its goals and objectives between LEAN production and environmental 

performance in order to achieve the required level of improvement. 

3.2 Discrete Event Simulation 
Simulation of production is being increasingly used these days by companies. The motives 

behind this are the growing challenges that are related to globalization, increased competition 

and customer demand without neglecting the extreme need to cost reduction. [16] This 

increase in the use of simulation has been triggered by the advancements that have been 

achieved in the simulation processing tools. Simulation has acted as a robust alternative for 

the conventional techniques, which involved hand calculations and imperfect analysis. 

Through simulation, it is possible to perform “what-if” analyses and examine several design 

alternatives in a less time consuming manner. [17] 

It is extremely necessary to plan and simulate the manufacturing process in the case of 

designing a new manufacturing line or modification of an existing one. This necessity comes 

to avoid the wasting of resources and labour. It is also a major step to maintain the quality 

and capacity of the production. [18] [19] 

According to Derrick, Balci and Nance (1989), discrete event simulation is carried out on two 

steps. The first is creating a discrete event model where the system is modelled with a state. 

This state is variable dependent and includes a known number of events. The events are the 

control of the change over time of the state of the system. In other words, when a single event 

occurs at an instant, the state of the model of the system changes accordingly based on the 

system conditions and relationships and dependency between the model variables. [20]  

This model is afterwards translated into a different form based on the selected framework in 

order to be simulated on a computer. This step alters the state into structured data and 

converts the events into activities or processes after combination in some cases. [21] The 

main aim of this step is to schedule the future changes of the state where the simulation clock 

monitors the advancement through time and the simulation executive algorithm carries out 

repeated execution of events. [22] 

Simulated systems which model the production environment of the company and the 

interaction between its components act collaboratively with the decision making process 

within the management. It can spot problems in the scheduling and show the utilization of 

every component in the system in order to identify the bottlenecks. [23] This analysis 

increases the level of confidence in the decisions and gives indications about the work in 

progress and capacity of the system. This advantage of simulation is effective in the two main 

types of scheduling that should exist in a system; long term scheduling and short term 

scheduling, which are both equally important. 

In an ideal world, the production would be quite simple where the materials are timely 

arriving and always available. The disturbances would vanish such as downtimes and the 

process times would be always accurate and as planned. However, this does not happen in 

real life. [24] One of the main goals of LEAN manufacturing is decreasing the excess 

throughput and smoothening the work-in-progress. These reasons are the main motivations 

behind the conversion to pull production systems, which is a key approach to levelling the 

production while achieving these two goals without failure in demand delivery. For example, 

if the work-in-progress and the bottleneck are not located correctly, this will cause more 

waiting wastes in the system. Discrete event simulation is one of the main tools that can be 
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used to avoid this problem and aid the planning of the pull systems according to Riezebos, 

Kingenberg and Hicks (2009). [25] [27]  

According to Cather (1993), anyone who uses the readymade computer simulation packages 

would face time consumption when it comes to learning the language or syntax of the 

package, while modelling the system and while reprogramming the variations for further 

analysis and trials. [26] One of the approaches that have been used to overcome these 

problems was developing a graphical interface where the user can have a WYSIWYG (What 

you see is what you get!) experience. This allows the user to feel the simulation while it is 

running and see indications for the future. This approach has solved a big part of the problem 

but it never eliminated the need to get familiar with the package before usage. 

3.3 Digital Learning Factories 
One of the aims of this project was constructing a digital learning factory that is based on 

Atlas Copco’s physical learning factory for LEAN production. It is important to introduce the 

concept of the learning factory in general.  

A learning factory is an advanced approach that has been used lately for the education of 

engineers and participants in the production process. Its main goal is to allow the application 

of the theoretical concepts in order to give the learners bigger room for experimentation to be 

able to reach the optimized state for the processes and activities involved in the process. 

Learning factories can give a holistic view of all the stages throughout the chain which the 

product will pass by. [29] 

Digital environments have contributed to the concept of learning factories by providing an 

alternative for building those factories with real equipment. This lead to the birth of digital 

learning factories, which can be also named as digital manufacturing. Digital Learning 

factories have been utilized widely recently as visual tools that act as a training tool. 

Although Digital Learning Factories can be considered an effective learning tool, they lack 

the physical interaction and teamwork qualities that are present in the physical learning 

factories and are considered important. The physical learning experience is irreplaceable. 

However, According to Haghighi, the advantages of digital learning factories make them act 

as a strong supplement for the physical learning experience since they increase the rate of 

learning and improve the experience by providing more flexibility and freedom in 

experimenting. [29] 

Learning factories in general have several benefits from the learners’ side and the industry as 

well. According to Lamancusa, Jorgensen and Zayas-Castro (1997) learning factories provide 

the learner with a perspective about the product realization, which starts from the very first 

decision in the design until the product is ready. They also allow the learners to apply their 

theoretical knowledge of several approaches of production management, which are mainly 

related to LEAN manufacturing such as just-in-time, 5S, kanbans…etc. The learner gets to be 

familiarized with the new and old technologies that are being used by the industry. [30] 

Learning factories provide a fair amount of experience for the learners by allowing them to 

solve realistic industrial case studies and working in an environment that represents the 

industry. All these benefits can be added to the communication training which the learner has 

to experience in order to be able to function in a team environment while improving his/her 

problem solving abilities through creative thinking and help. 

Companies pay huge investments in the building of learning factories in order to provide the 

machines and equipment, train the learners and supervise the educational process. However, 

the benefits that they receive in return outweigh the cost. Learning factories provide the 

companies with a chance to hunt skilled engineers and team players who will be an addition 
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to their future workforce. In other words, it acts as an evaluation tool for their recruitment 

assignments. The cooperation with the educational institutions also provides them with 

solutions to several problems that occur and need a scientific or theoretical solution. 

Companies also use learning factories as an improvement and training tool for their current 

operators and employees in order to research and test new and different scenarios that might 

occur during the production in addition to testing innovations. [29] 

In order to have thorough understanding of the digital learning factory concept, it is essential 

to discuss virtual reality. According to Vince (1998), virtual reality is a 3D simulated 

environment on a computer where the user can get a realistic experience by using his senses. 

In other words, in virtual reality the user must be able to feel the consequences of the real 

time interactions of the surroundings that are involved in the virtual environment. [31] 

By relating the concept of virtual reality to digital factories, it appears to be essential that the 

digital factory should represent the real modelled factory in all of its processes, activities and 

resources. These representations, as discussed earlier, are essential for the discrete event 

simulation of the factory in order to be able to study, analyse and plan the simulation. This 

can lead afterwards to the optimization of the processes. By the presence of all the 

contributing elements, it is possible to achieve results that are more accurate after 

manipulating these elements to simulate new scenarios or predict future behaviour.  

It is now obvious that the initial step for building a digital factory fully understanding the 

current situation and elements of the real factory. After studying and understanding the 

system, it can be simplified and modelled for the purpose of digital simulation. 

According to Wiendahl, Harms and Fiebig (2003) the benefits of digital learning factories 

have been found to be as follows: 

- Visualization of production including crucial elements such as the processes, work in 

progress, operators…etc. 

- Facilitation of optimization of the production plant within many aspects such as 

productivity, energy ergonomics, design, layout and safety without running costly physical 

experiments. 

- Accuracy and acceptance of the results. 

- It is possible to experiment several scenarios for the production and the plant without 

bearing the cost of resetting the plant. 

- The losses that might occur due to collision of robots and automated systems can be 

avoided before implementing the system. 

- Detection of errors earlier than usual. 

- All these benefits can result in time reduction for finalizing the design of the 

production or developing the plant. [32] 

Haghighi (2013) has come up with a thorough comparison between digital learning factories 

and physical learning factories within several aspects including the investment, running 

scenario studies, study process, results and learning experience where each aspect will be 

discussed in more details in the upcoming lines. [29] 

By comparing, the investments needed to build both types of learning factories; Brown 

(2004) has stated that the only cost of building the digital learning factory would be the IT 

infrastructure. However, when it comes to building a physical learning factory, the cost of the 

IT infrastructure is minimal compared to the other costs of preparing a production facility, 

which resembles a real factory. [35] 

When it comes to the scenario studies that can be run on both types of factories, Lu, Shpitalni 

and Gadh (1999) and Vince (2004) discussed that the digital learning factories have much 

lower time limitation and almost no space limitation compared to the physical factories, 
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which have higher time, cost and space limitations to build the facility. Digital factories were 

also found to have a bigger scope without strict limitations since the study can be extended to 

a more holistic view such as the supply chain study. The physical learning factories require 

pre-defined and limited study scenarios. [31] [36] [37] 

The study process of the digital learning factory does not require physical attendance unlike 

the physical factories. [38] It can also make the period dedicated for the study shorter with 

lower safety risks especially when the trainees are in the beginner level. [39] However, One 

of the main advantages of physical learning factories in this area is that the simulation and IT 

background might not be required to do the study unlike the digital factories. 

The digital learning factory would outweigh the physical factories in the speed of the analysis 

and the accuracy of the results. [40] The human error does not appear in the digital factories, 

which is a double-edged weapon as it gives more stable results but at the same time, the 

results might be non-realistic sometimes. This point is one of the main issues that will be 

discussed later on. The experimented solution to this in this research is believed to be using 

realistic process times that are based on the physical experiments that were carried out by the 

students in the digital factory simulation that was built. These process time samples were then 

statistically fit with the closest distribution before generating random numbers in the 

simulation based on each process’s distribution parameters. 

According to Wiendahl, Harms and Fiebig (2003) and [41] & [42], the physical learning lab 

would be more advantageous when it comes to the physical experience learned after the 

experiment. Physical experience is believed to be less likeably forgotten and it is more 

amusing for the learner than the digital experience. However, the digital learning factory 

provides more room for creativity with solutions. 

3.4 Assembly Lines and Time Variability 
The operational time variability is considered one of the main causes of assembly line 

imbalance, which results in a significant decrease in efficiency. [43] During this section, the 

basic concepts and terms of assembly lines will be explained and discussed in order to give a 

better understanding for the reasons behind operational time variability in processes.  

The basic terms and definitions that need to be explained in order to understand assembly 

lines are as follows according to Rekiek and Delchambre (2006): [44] 

- Assembly: The process through which several components and subassemblies are 

connected and fitted together in order to build the final product. 

- Assembly Line: Several Stations that form a flow line of production and they can be 

connected together through several methods of transportation (e.g. conveyer belts). 

- Work-in-progress: The unfinished parts of the product that can be present at any point 

of the assembly line. 

- Tasks: An individual process step within assembly that cannot be divided into smaller 

steps. Each task requires a certain time in order to be performed. 

- Precedence Constraints: Rules and restrictions, which guide the order of performing 

the tasks. They can be illustrated through a graph that shows the relationship between tasks. 

- Cycle Time: The interval of time between delivering two consecutive products or 

outputs in either the whole assembly line or a certain part of the line that consists of one or 

more stations. In other words, it can be the assembly line cycle time to deliver finished 

products or it can also be used to describe the time a station takes to finish the series of tasks 

prescribed for the station before repeating the same task order again. The predetermined cycle 

time is the time required by the design while the actual cycle time is the real reflection on the 

performance of the assembly line. 
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- Capacity Supply: The available time for assembling every product. It may exceed the 

sum of all tasks’ processing times. 

- Work Content: The sum of all the tasks’ processing time. 

- Line Efficiency: It measures the capacity of utilization of the assembly line and it is a 

ratio between the work content and the capacity supply.  

- Station Idle Time: If the station working time in each cycle is lower than the cycle 

time of the whole assembly line, the difference is considered station idle time.  

- Throughput Time: It is the average total processing time of the finished product in the 

assembly line. [44] 

The type of assembly line that is used in this research is a single product assembly line. The 

workload of all the stations in a single product assembly line is assumed constant over time. 

This type of assembly line is usually preferred at the situation of constant product demand 

according to [44]. In some cases, the processing time variations are not significant despite the 

presence of several variations of the product on the same line. In that case, this line can be 

treated as a single product assembly line. [45] 

The assembly line, especially in case of the just-in-time application, is preferred to be a U 

shaped line. These lines have several advantages over straight serial lines since they provide 

better visibility and communication for the operators. They can also allow multi-tasking and 

increase flexibility while allowing more grouping for the tasks on each station. [46] 

The processing time of tasks in an assembly line is usually variable. This variability can be 

insignificant in relatively small or standardized tasks and increases with the complexity and 

unreliability of the processes. [52]  

Processing time can be categorized as Deterministic, Stochastic or dynamic time. The 

deterministic (also known as static time) occurs when the time variability of the processes is 

insignificant or in other words almost zero. However, this can only be possible with the help 

of robots and advanced technology where the processes are being performed at a constant 

speed. In some very rare cases, this can occur in manual assembly but only in the presence of 

highly skilled and experienced operators. [52] 

 The second category is the stochastic time. This category is the subject of study in this 

research. The processing times have a significant variance that follows a statistical 

distribution function that might be unknown in many cases. Stochastic time is very common 

in manual tasks especially if the operators are non-skilled or lack training and motivation. 

These reasons are the main cause for the high variability in times. This case can sometimes 

occur in automated lines in case of machine breakdowns or errors. [44][47]. 

The dynamic time occurs when the processes have dynamic variability that usually affects 

balancing the lines. This dynamic variability might occur due to incremental improvement of 

the processes or the gradual increase in the operators learning. [45] 

In a “Paced Assembly line”, the workpiece spends a known and given time at each station. 

However, if the line is unpaced, the workpiece is moved to the next station after the tasks are 

processed with disregard to fixed timings. There are two types of unpaced lines where both of 

them are being featured in this research, as it will be explained later on. [52] 

The unpaced asynchronous line type is when the workpieces are moved between stations 

independently after their tasks have been finished where the new workpiece enters the station 

if the preceding station is able to do the delivery. To decrease the waiting time waste, a work-

in-progress buffer is usually placed between stations. [52] However, this causes some 

problems in balancing the line, allocating the buffers and calculating the real throughput time 

of the line.   
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The second type is the unpaced synchronous line where the transfer of the parts occurs 

simultaneously when the slowest station finishes its operations. If the processing times are 

considered deterministic then the line can be considered exactly as the paced lines where the 

cycle time will be considered as the slowest station’s time. This type of lines is usually 

preferred to paced lines in case of variability of processing times as they can provide a bigger 

output. [45] 

In order to study a stochastic line it is preferred, according to Kottas and Lau (1981), to use a 

statistical approach to model the variability on a task level. This means that each task or 

operation will be assigned a statistical distribution that includes a certain mean and variance. 

This approach, as described later, will be used in order to generate the processing times in the 

real time simulation that will be carried out. [48] 

In the design phase of an assembly line, the operators are assumed to have equal skills. In 

case of a stochastic balanced line, the distributions of processing times will consider the same 

numbers for any operator. However, in reality this is not true where a significant difference 

exists in the capabilities and skill levels of each operator. No matter how much training is 

provided, these differences cannot be excluded totally. [43] In case of a balanced work load 

line, the slowest operator will create a bottleneck, which affects the speed of the whole line. 

[43] 

The effect of the operators’ variability is essential to be considered when it affects the 

throughput time of the assembly line. [49] Since these effects mitigate from the operator to 

the whole line. According to Hutchinson’s investigation (1997), an average turnover of 6% 

monthly can decrease the average annual throughput by 12.6%. [49] This investigation 

showed the importance of addressing the unbalance of the lines through changing the worker 

replacement policy, which turned out to give an improvement of 1 to 4% in the throughput 

time. 

According to Law (2007), it is essential to perform a simulation study of the production line 

in order to exercise the line numerically and find questions to the issues of studying the 

relationships among components and predicting the system performance under several 

working scenarios. [50] Real time simulation studies are considered as a better solution than 

mathematical models when it comes to sophisticated real life problems. The stochastic 

simulation model is a type that uses probabilistic components while in case of using fixed 

processing times the model is considered deterministic. [50] 

According to Banks (2005), the steps to perform a simulation study are as follows [51]: 

1. Problem formulation: Aim is to determine the objectives and the questions that should 

be answered by the simulation. 

2. Building the model: During this step, it is advised to build a simple simulation model 

before gradually moving to a complex one.  

3. Data Collection: This is a concurrent step with building the model, which involves 

gathering the required data for the simulation. 

4. Building the simulation engine: The collected data and the model concept that have 

been build are to be combined and converted to a computer language either from scratch (as 

in this research) or by using a ready simulation tool. 

5. Verification and Validation of the model: These two steps are done by rechecking the 

translation to the computer language while running the model several iterative times in order 

to gather results for validation, which is done by confirming with a company representative, 

or comparison with real results. 

6. Experimental Design: Setting the parameters and simulating different decisions while 

deciding on the initialization period of the line and the replications of runs. 
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7. Production Run and Analysis: The designed models after simulation can be run and 

analysed to estimate the performance of the system, which is analysed for decision-making 

purposes. 

After working through all the previous seven steps comes the step of implementation of the 

real system. [51] 

  



Hybrid Learning Factories: A Case Study 

 

 

28  Omar Elfar - May 2015 

 

 

4. ATLAS COPCO & THE 

LEAN LEARNING 

FACTORY 

Atlas Copco is a major Swedish company that has been established in 1873 in Stockholm. 

[58] Their business is focused on four business areas, which are the compressor technique, 

industrial technique, mining and rock excavation technique and construction technique. With 

customers in over 180 countries worldwide, Atlas Copco has 40,200 employees in around 90 

countries where their annual revenue exceeds the 10 billion euro mark. [58] The sales are 

divided across the customer categories having the manufacturing and the mining businesses 

as their biggest two selling categories ahead of the construction business. Atlas Copco’s 

major customer base is in Europe with 32% followed by Asia & Australia by 27% and North 

America with 20% where Africa and South America share the remaining. Within their four 

main business categories, the compressor technique contributes with a 40% sum of their 

revenues followed by the mining and rock excavation technique with 34% ahead of the 

construction technique and the industrial technique. [58] 

As a part of their vision, Atlas Copco offers lean solutions for the improvement of processes 

through the complete value chain of production. They aim at becoming a maintained partner 

who secures and accelerates their customers’ business by introducing new manufacturing 

technologies. [58] 

In order to achieve this vision, the need to recruit and create expertise in the LEAN 

knowledge was initialized. This lead to the establishment of the Atlas Copco Lean Academy, 

which runs their LEAN preparation trainings, while utilizing the Atlas Copco Lean 

Consulting to give LEAN expert support. One of their main strategies is to prepare their 

customers’ processes for the new technologies that arise. [58]  

As explained before, one of the main objectives of the learning factories is to integrate the 

theoretical knowledge from the classroom and books with real situations in an environment 

that resembles real life. This is intended to give hands on experience while motivating team 

work through the learning activities. The reasons above were enough for Atlas Copco to 

establish their LEAN-learning factory, which, in cooperation with KTH, is used to train over 

100 students annually on the LEAN practices, which were explained earlier. [59] 

Atlas Copco’s learning factory has been used as the subject of this research’s study. It was 

found to be a useful model that can be used to achieve the main objectives of the research. 

These objectives are constructing a digital learning factory that can be used by the students to 

apply their LEAN production theoretical knowledge with more flexibility while excluding the 

setup time of pre-made simulation software and building a real time stochastic discrete event 

simulation that gives realistic results that can be compared to the real production experiments. 
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4.1 The Learning Factory Setup 
Atlas Copco’s Learning Factory is a U shaped assembly line that includes six workstations. 

This assembly line is intended to produce a lean temple shown in Figure 2, which is 

composed of several metal blocks with labels on each one of them that are connected together 

with screws. In order to run the learning factory, 12 participants are included in the 

experiment. [59] 

 
Figure 2 The LEAN Temple 

The 12 participants are divided to four different groups. The first group includes six 

participants who become the operators on the stations where each operator performs the tasks 

at a single specified station. The second group, which includes two participants, acts as the 

logistics personnel where they handle the transportation of parts in between the stations and 

with the material supply of the factory and its storage. Each logistics person is placed at one 

of the two sides of the U shaped line. The third group includes three observers who record the 

time of completion of every station in each cycle. Each observer is responsible for recording 

times at two stations. The remaining participant is responsible for tracking the motion and 

transportation of the logistics personnel through a spaghetti diagram in order to detect the 

transportation waste in the system. [59] 

The factory is run for three rounds, each of 12 minutes, under different conditions as follows: 

4.1.1 Round 1 

During round one, the assembly line is based on the standard working methods of mass 

production. The line is considered to be unpaced asynchronous with infinite buffers between 

the stations due to the high levels of inventory. The concept of push production is applied 

with batching at one of the stations. This results in the presence of the seven wastes of 

production explained before, where the main aim after this round is to force the participants 

to feel the wastes and suggest solutions to improve the situation. The line is designed to be 

unbalanced and unstructured with messy workstations and poor quality. The demand during 

the running time is to deliver six temples within the 12 minutes, which gives a requirement of 

a takt time of 120 seconds. The area used for the factory is 66 m2.  
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Figure 3 Round 1 Setup 

4.1.2 Round 2 

During round two, several changes are allowed to be made to improve the situation. The 

participants are then allowed to organize the workplace according to the 5S concept, which 

has been explained earlier. The line is also converted to a one-piece flow assembly line with 

pull production and Kanban visual control. The demand remains the same as the previous 

round with the same takt time of 120 seconds. These improvements lead to significant waste 

reduction where all the seven wastes that have been detected earlier are tackled. However, the 

demand is usually not achieved still due to the imbalance of the line, which keeps the 

problem of the bottleneck in the middle of the line. The waiting waste at the stations 

increases. The number of production-involved personnel remains the same as six operators 

and two logistics personnel. The area used for the factory is shrunk to become 44m2. 
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Figure 4 Round 2 Setup 

4.1.3 Round 3 

This round witnesses many critical changes as follows. The logistics personnel are eliminated 

from the process while shrinking the number of working stations from six to four stations. 

The quality check at the end of the process is substituted with the concept of built-in-quality 

where the tools are programmed to detect errors right away and give visual signals making 

use of the idea of making it right from the first time. The transportation between stations is no 

longer done manually; it is substituted with a conveyor belt where the line is transformed to a 

paced synchronous line. The one-piece flow of the line continues from the second round. 

However, the line is balanced where the workload of each station is almost equal to the 

others. The concept of SMED is used by introducing kits that include all the parts needed for 

assembly to eliminate the need for motion, transportation and search for raw materials and 

tools. The takt time remains the same of 120 seconds while the demand in most cases is 

achieved after this round. The area of the factory becomes one third of the starting area, 

which is 22m2. 
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Figure 5 Round 3 Setup 

The following graph 1 representation shows the improvements between the three different 

rounds of the learning factory after gathering the data of ten consecutive experiments 

conducted by ten different groups of participants. 

 
Graph 1 Average Values and Improvements between rounds in the Physical Learning Factory 
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5. IMPLEMENTATION 

In order to achieve the two main objectives of this research, several steps had to be followed 

in order where each one of them is precedent to the other, as it will be explained below. 

These steps and techniques were chosen based on the extensive research that has been 

written, especially the sections concerning the discrete event simulation and the time 

variability, in order to find the best fitting techniques to this specific case. The steps are 

divided into three phases as follows: 

Data Collection and Analysing Phase: 

1. Examining and video capturing the real learning factory in action 

2. Video time study to capture the process details and times data 

3. Statistical analysis for the processing times 

Building the Discrete Event Simulation (GoLEAN):  

1. Designing the real time discrete event simulation 

2. Choosing the best fitting language and platform for coding 

3. Integrating the statistical data with the simulation design 

4. Designing the GUI and visualization (Graphical User Interface) 

5. Finalizing GoLEAN  

6. Testing of GoLEAN and gathering results through simulation runs 

Verification and Validation of the Results: 

1. Comparing the results to the real learning factory results for Validation 

2. Verification of the software and preparation for a better user experience 

These steps are going to be explained below in details before showing the results obtained 

from the research. 

5.1 Data Collection & Video Time Study: 
The first and most essential step for any project is the data collection. This step can be done 

in many different ways depending on the nature of the project. The main objective of this step 

in this project is to study and analyse the processes in details while obtaining a sample pool 

for each process time with sufficient number of observations in order to be able to analyse the 

data statistically. 

The first option for carrying out this step was to capture the data on the spot while the 

learning factory is running. However, this option included many risks concerning the 

accuracy of the data as well as interrupting the real operation of the learning factory. In 

addition, manual live collection of the data would require at least six observers other than the 

three that are involved in the experiment to document the detailed data. 

The previous risks and difficulties lead to favour the second available option, which is 

carrying out a video time study in order to capture the learning factory in action, which will 

also document the runs for re-examining the data thoroughly to avoid inaccuracy. In order to 

capture the factory entirely, two SLR cameras have been placed during the operation with 

one on each side of the U shaped assembly line as shown in Figure 6 in order to capture all 

the personnel in action.  
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Figure 6 Video Time Study Camera Setup 

The learning factory’s six stations have been captured in high definition during its three 

rounds, which have been explained before, for ten consecutive sessions. Each station had its 

processes recorded under operation by ten different groups of students where each group 

attended the learning factory on a single day.  

The second step in the video time study operation was to analyse the videos that have been 

recorded of each station in order to: 

- Derive a process list for each station in the correct order 

- Capture the processing times accurately  

The final product was divided into separate blocks and labels where each component was 

given a code in order to be able to write the process list according to the correct components 

that are under assembly. This can be seen in Figure 7.  
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Figure 7 The LEAN Temple Components 

The videos of the learning factory have then been watched while documenting the steps that 

are done by each station to the highest level of detail. Each video included three stations in 

operation in one of the three rounds. This step was done separately for each station in each 

round of the three rounds of the learning factory. The goal for the level of details chosen was 

to breakdown each single process in a cycle to the level where the processes cannot be 

divided further. The details of the processes are included in Appendix I & II.  

The second step in the video time study was to capture the processing time for each of the 

processes included in every cycle for every single station that is operating in the three rounds 

of the learning factory. This step has been done for all the 10 sessions that have been video 

recorded.  

In order to minimize the human error in time capturing while also documenting the 

processing times accurately to 1/100 of a second a simple CMD software was coded and 

named “VideoStopWatch” as shown in Figure 8. This program was opened during the same 

time while documenting the times from the video for each station. The operation time for 

each process could be captured by a single button press on the keyboard by the researcher 

after the process have been done and another button to signal the end of the cycle for the 

program to start a new time capturing cycle for the same processes. The process time data 

then can be exported from the program to an excel file in order to be analysed.  
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Figure 8 VideoStopWatch 

This process was repeated for each station in every single round in the 10 sessions of the 

learning factory, which have been video captured. This yields to 160 examinations and 

documentation for the videos in order to capture the processing times data and cycle times as 

they are shown in Appendix II. 

The final step in the first phase was to analyse the data statistically for each process according 

to the sample pool of processing times that have been obtained for each process in every 

station during each one of the three rounds. The number of samples of the processing times 

that have been obtained from the video time study was dependent on the number of finished 

cycles for each station during the ten sessions that have been recorded of the learning factory. 

The number of samples for each process ranged from a minimum of 8 samples of processing 

times to 27 samples. 

After examining the data visually, it has appeared that the processing times of all processes in 

all rounds can be considered stochastic and not deterministic since a variance existed in every 

single process time among the captured samples. According to the research that has been 

carried out earlier, this urged the need to assigning and fitting a statistical distributions for 

each process with a mean and a variance while including its parameters in the discrete event 

simulation. As stated before in section (3.2 & 3.4), several simulations depend on assigning a 

normal or exponential distribution for the process times in case of being stochastic. Although 

the results of this approach can be more realistic than using deterministic process times, 

which will give the same results in the simulation in every run under the same conditions, it 

still includes the assumption that all the processes are variable according to the same 

statistical distribution which is not true.  
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In order to determine the statistical distribution and parameters for the data obtained of the 

processing times, a powerful statistical tool “EasyFit” has been used. EasyFit is a tool that 

can be integrated with Microsoft Excel in order to fit the provided data with the correct 

probability distributions allowing manual and automatic distribution fitting. [53] After the 

fitting process is done numerically and is represented graphically, a goodness of fit (GOF) 

test can be conducted to measure the compatibility of the samples with the theoretical 

distribution function. The GOF tests that are conducted are Kolmogorov-Smirnov, Anderson-

Darling and Chi-Squared tests. [53] The interface of EasyFit can be seen in Figures 9, 10 

&11. 

 
Figure 9 EasyFit 

 
Figure 10 EasyFit Probability Distribution Parameters 
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Figure 11 EasyFit Goodness of Fit Test 

EasyFit then displays the needed values for the probability distributions. These values can 

include the following: 

 Min, max, mode, mean, variance and standard deviation 

 Skewness, kurtosis and quantiles 

 Tail probabilities [53] 

During this research work, Easy fit has been used with the 187 processes that are being 

operated in each station at each round of the learning factory. After using the data that was 

extracted from the video time study of the process times on EasyFit, the statistical 

distributions with their parameters have been determined for each process as shown in 

Appendix III for them to be ready for integration with the discrete event simulation in the 

upcoming phase. The fitting step results showed that the 187 processes have been distributed 

among 39 different probability distributions. 

5.2 Building the Simulation (GoLEAN): 
The second main step of the project that followed the data gathering and analysis was 

designing the simulation logic that will be implemented through computer programming in 

order to run the discrete event simulation.  

The phase of the logic design is independent on the programming language that will be used 

later since most of the commonly used languages for programming discrete event simulations 

are utilized in the same way. The design was made considering the stations as the resource. 

This means that the attributes of the events that occur in the simulation should be linked to 

the stations. The main attribute that is linked to the stations is the processes. A process list 

was made for each station in each round. 

The concepts of push and pull have been defined in the design of the logic. In the case of 

push production, each station is designed to carry on the production for the specified time of 

the session as defined by the user. However, in case of pull production, each station is 

designed to await the buffer that follows it to become empty in order to start production to fill 

it again with its maximum value of one piece.  

The difference between the unorganized standard traditional factory and the factory with the 

5S applied are included in the number of processes defined for each station and their timing. 

In other words, the excluded processes that include over processing, excess motion or 

transportations wastes are reflected on lower processing times when 5S is chosen and a 
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reduced number of processes for the station to complete the same job as acquired from the 

video time study in the previous steps. 

 The relationships between the stations have been designed and the buffers have been placed 

according to the following assumptions: 

- The assembly line is operator paced where a set of operations is performed at each 

station. The operations can be assembly or inspection operations and each stations 

consists of a working table and one operator. 

- There is no downtime at any of the workstations for maintenance or tool breakdown 

or worker absence. 

- Delays in production are included in the statistical data, which induce variable 

processing times for each process in every station. 

- The mean processing time of each station is the sum of the mean processing time for 

each process that is done in the same cycle on the station. 

- The defects have been excluded from the simulations. Although they are a significant 

improvement that appears after applying the modifications, the data concerning the 

defects was not reliable due to the high variance that occurred while running the 

physical lab due to difference in skills between students. 

- An infinite buffer has been placed at the beginning of the line before the first station 

in order to provide the raw material used at the first two stations at any time of the 

production run. 

- Infinite supply of raw materials for each station where shortages in supply will not be 

considered as an option at any station while the simulation is running for any station. 

- The customer has been represented in a final buffer at the end of the line, which 

requires an addition of value every certain number of seconds that are equivalent to a 

takt time of 120 sec. 

- Infinite buffer are included between the stations for storage of WIP in case of push 

production. 

- The WIP buffers have a maximum level of one piece in case of pull production in 

order to limit the WIP inventory between stations. 

- In case of pull production, the last buffer after the final buffer reduces its level to zero 

in order for the last station to start the processes by taking the supply from the 

preceding buffer. 

- The initialization of each station in any circumstances is one workpiece in order to 

avoid the ramping up of the production and to start the activity of the line as soon as 

the simulation starts. 

- In case of the line being manual, the parts move among the stations in an unpaced 

asynchronous manner in both pull and push cases. 

- In case of the line being automated, which is a pull production case, the parts move 

among the line in an unpaced synchronous manner.   

- In case of pull production, if the provided time was sufficient for production, the line 

stops after achieving the demand. In case the time is insufficient, the simulation will 

stop at the end of the time. 

- In case of push production, the production on the line will never stop except when the 

time of the simulation runs out since it represents mass production. 

- If the customer, which is represented in the final buffer, requires a finished product 

from the last station and it was not available. This will be considered a late order that 

if not delivered by the end of the simulation will be considered missed. 
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- The profit calculation considers the input of two different prices one of them for the 

regular selling price and the other is for the late selling price. It also includes the 

running cost of the factory and the salaries per hour for each operator or logistics 

person. If overproduction exists, in the case of pull, then only the demand achieved is 

considered in the profit while all the production is considered in the material cost. 

- The required data after the simulation must include the cycle times of the stations, 

utilization of each station, WIP and buffer levels, number of parts produced on time 

and late and the number of missed orders. 

- In case of push production, batching is required after station three while this law is 

waived in the case of pull production for the sake of the one-piece flow. 

- If the simulation is set to run for a time higher than a time mark the user can set, it can 

be programmed to run for a pre-set time that is sufficient for gathering reliable data 

about the processing times and then converted to reflect the numbers of the requested 

simulation time. The setting of this number will be included in a configuration file 

attached with the program. This step can be used in order to save the waiting time for 

the results. 

After designing the simulation, comes the necessity of choosing a programming language and 

platform for carrying out the simulation. After assessing several languages in terms of the 

simplicity of the coding job and the availability of ready tools that act as powerful additions 

for building the simulation, the choice was made to use Python. Python, among other 

programming languages, is a simple language that can be integrated with several tools in 

order to code the simulation and carry out the statistical calculations. [54] 

SimPy is the framework that was used to program the discrete event simulation, which is run 

on standard Python. It can be used for asynchronous networking as well as the 

implementation of multi-agent systems that include both simulated and real communication. 

[55]  

SimPy defines the processes through Python generator functions. It can be used to model 

active components such as customers for example. The simulations can be performed in real 

time clock, which can be scaled with a scale factor that can control the ticks and rationalize 

them into faster steps to cut down the time of the simulation. [55]  

After making the choice of the language and the framework, the coding was carried out to 

implement the designed simulation. The precedence constraints were defined among the 

stations and the constraints of the buffer levels. The relationships between each station as a 

resource and the following and preceding ones have been also defined. 

The next step was to connect the gathered statistical data with the processes list and link them 

to the station resources in the program. The idea is based on generating a random time for 

each process which is governed by the statistical distribution that was fit with the acquired 

data for this process in the physical learning factory and the parameters of this distribution 

that were found through the use of EasyFit. 

SciPy, which is the scientific computing tool for Python and NumPy as the fundamental 

package for numerical calculation were used in order to induce the variable processing times 

based on the statistical distributions obtained and their parameters. [56] Together included the 

basic calculations and functions that were necessary to process the 39 probability 

distributions that have been found in the 187 processes that are included in the simulation.  

After the step of integrating the data and the process times, the simulation was run several 

times in all the possible conditions. This step lead to the detection of logical flaws in the 

code, which were fixed right away. It also led to the detection of the statistical distribution 
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that, through the random function, can induce numbers that are considered outliers. This was 

fixed by including more parameters of the probability functions in the random function to 

govern their range of results. 

The next step was to design the graphical user interface (GUI). According to Galitz (2007), 

the principles of designing a GUI should have several considerations as follows: 

- The GUI should be structured in a recognizable way by the user. It should be 

organized purposefully based on clear and consistent models while the unrelated 

items should not be placed together. 

- The design should be simplified in order to carry out tasks easily while 

communicating with the user clearly with useful shortcuts. 

- All needed materials should be visible without excess redundant distractions. 

- The GUI should inform the user with actions and interpretations while showing the 

changes in the conditions and the arising errors. 

- Flexibility and tolerance. 

- Consistency [57] 

In the design of this project, these points were taken into consideration. The design was made 

in the simplest possible way in order to facilitate the use and improve the user experience. In 

order to run the simulation, the user experience (UX)  have been simplified into three steps 

where the first step is where the user inputs his simulation conditions and the second shows 

the visualization of the simulation while the factory is running including the movable 

resources and the motion of the personnel. The third step is a page that shows the results of 

the simulation and allows the input of the parameters of the cost function in order to calculate 

the profit. It has been ensured that the third step can be kept open while a new simulation is 

running in order to be able to compare the results of several simulations easily. The three 

steps can be seen in Figures 12, 13 &14. A detailed user guide is presented in Appendix V. 

 
Figure 12 GoLEAN UX Step 1: Conditions’ Entry 
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Figure 13 GoLEAN UX Step 2: Simulation Visualization (unorganized factory setup) 

 
Figure 14 GoLEAN UX Step 3: Simulation Results 

 

The second step of the UX, which includes the visualization of the production process, is 

represented in a 2D simple representation. Each factory setup shows a different object 

organization in the visualization represented in GoLEAN. These visualizations include a 

setup of the unorganized, 5S and the automated factories where each one is different than the 
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others in its graphical representation (The organizations are represented in Appendix 5). It 

was made by PyGame, which is a gaming framework for Python. This ensures increased 

stability while at the same time giving the required feeling of the motion and transportation 

wastes that occur during the simulation. This 2D representation also is intended to show the 

way the factory is organized in order to show the difference between the standard 

organization of the factory, the 5S organization and the automated assembly line 

organization. Simple representative figures were used to represent the parts and the operators, 

which are the movable components while a different background was created for each factory 

organization including the non-movable components. This can be seen in Figure 13. 

The third step of the UX, which included the results and the profit calculation, was chosen to 

show the simulation results. It shows three different graphs where the first one on the top left 

corner represents the work-in-progress at each station in the factory. While the second graph 

below it shows the average cycle time of each station giving an indication through red and 

blue colours to show the stations that take longer cycle times than the takt time to detect the 

bottleneck and the problematic stations. The third graph, which is represented in the top right 

corner, is intended to show the utilization of each station. Below the third graph, the number 

of parts produced is represented including the number of late orders and the number of 

missed orders as well. The inputs of cost parameters are included below the production 

results where the numbers can be placed and the profit calculation is done on the spot with no 

delay. 

GoLEAN is the chosen name for the simulation software. The criteria for considering this 

name was based on representing the aim and objective of the digital learning factory that was 

build. One of the main objectives was to train the students and operators on the LEAN 

principles while giving them more flexibility than what they are offered in the physical 

learning factory. 

 
Figure 15 GoLEAN Logo 

The next step of the project is to test the final product GoLEAN by running several 

simulations under different conditions in order to obtain the results that can undergo the 

verification and the validation processes. This will be discussed thoroughly in the upcoming 

section.  

 



Hybrid Learning Factories: A Case Study 

 

 

44  Omar Elfar - May 2015 

 

 

6. RESULTS 

 

6.1 Verification of Results 
The next step after finalizing GoLEAN is the verification of the design and the process. 

Verification in this case is considered the check if the outputs are conforming with the inputs 

to the system. In order to perform the verification process, it is necessary to run a comparison 

between GoLEAN, which is the digital learning factory, and the physical learning factory 

built by Atlas Copco. It is also necessary to confirm that the design meets the requirements 

and design specifications. 

One of the main requirements for the simulation software is to be easy to use by the end user. 

It was explained earlier that the software was designed in a simplified manner that can be 

understood by any type of user with basic background information in few minutes. The user 

experience was made in the least complicated way in order for the user to avoid surfing 

through unnecessary pages or undergo extra steps during the usage. 

The visualization of the process is represented in a very clear manner with simple 2D 

representations. These 2D representations are intended to rule out the complexity and avoid 

unexpected graphical errors while running the simulation. The distractions in the data entry 

phase, the visualization phase and the results representation have been avoided in order to 

help the users to maintain focus in order to reach the required results that they are searching. 

Flexibility was taken into account where the user can simulate several additional scenarios to 

the ones represented in the physical learning factory that have been explained further in the 

factory setup. The results representation is simple as it only shows the required outputs that 

will help in the assessment of the simulated factory setup or scenario. The representation of 

the results shows the main values such as the WIP, cycle times, utilizations in addition to the 

production results and the profit calculations.  GoLEAN satisfies also the criterion of 

showing longer-term results than the physical learning factory without any limitations on the 

simulation time. 

By comparing the digital and physical learning factories involved with respect to the inputs 

and outputs of the system, it can be seen that all the involved resources in the production is 

the same in both. The main resources represented in the digital factory (GoLEAN) resemble 

the ones in the physical factory in terms of the workstations, personnel (operators and 

logistics) and raw materials where the material supply and the buffer restrictions are the same 

in both factories. The processes that are under operation and their time resembles the real 

operation since the data input was based on the data gathered from the video time study that 

was carried out before analysing the results from the physical learning factory.  

The second objective for the design, which is providing a real time simulation tool that 

considers the time variability between operators, was totally considered in the design. The 

use of the Python mathematical tools such as SciPy and NumPy in order to induce the 

variable process times based on the probability distribution and its parameters for each 

process satisfied this criterion making the digital learning factory stochastic, which resembles 

the physical factory. After the verification of the design comes the other complementary 
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phase of finalization which is the validation of the results. This will involve performing 

several simulation runs with different conditions while comparing the results to the ones 

obtained from the physical factory in order to ensure their validity. 

6.2 Validation of the Results 
In order to ensure the validity of the results the program was tested for several simulation 

runs with different scenarios and conditions. The first step to validate the results was to 

simulate the physical learning factory with the same conditions. These conditions are based 

on a demand of six products to be delivered in 12 minutes. The same demand is requested for 

the three different rounds of the learning factory that have been explained earlier in section 

(5.1). 

Each round of the physical learning factory was simulated with six consecutive runs to ensure 

the consistency of the results. The data afterwards was compared with the average of the 

results that were obtained from the physical learning factory. The data of the average results 

of the physical factory is included in Graph 1.  

Afterwards, the data obtained from each run under the same conditions was analysed and 

represented through graphical visualization. This step was carried out in order to detect the 

variability in the processing times and the results, which is a main objective for this project. 

Since the variability is expected to be minimal in the physical factory’s conditions due to the 

shortage of the simulation time (12 minutes), the simulations will be run again on longer time 

horizons that will represent a month of production later on.  

The results of the simulations representing the physical learning factory were as follows for 

each round: 

(The output from GoLEAN is captured and can be examined in Appendix IV) 
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6.2.1 Round 1: 
As explained in section (5.1.1), in this round the factory is having a standard unorganized 

workplace. The production philosophy is based on the push (mass) production techniques. 

There is a batching rule after the third station in the line, which delivers only batches of two 

workpieces. Infinite buffers exist between the stations in order to store the work-in-progress. 

Six simulation runs have been made under the conditions of a six-piece demand in 12 

minutes and the results for the values were as follows: 

 

- Work-in-progress: 

Table 2 GoLEAN 12 minute Simulation Round 1 WIP 

  

WIP (#) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 3 3 3 3 4 3 

2 3 3 3 3 4 3 

3 1 1 1 1 1 1 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

6 1 1 1 1 1 1 

Total 8 8 8 8 10 8 

 

 

 
Graph 2 GoLEAN 12 minute Simulation Round 1 WIP 

The WIP levels were found matching with the average of the physical learning factory, which 

is nine workpieces under the same conditions. The variability of the WIP results between the 

six simulation runs is not very significant due to the shortage of time where the total WIP 

value was variable only in the fifth run where it increased by two workpieces. 
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- Station Cycle Times & Utilization: 

Table 3 GoLEAN 12 minute Simulation Round 1 Cycle Times 

Cycle 

Time (Sec) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 130 140 130 125 125 135 

2 140 130 125 135 135 130 

3 348 350 340 335 365 338 

4 100 118 120 110 115 115 

5 125 125 130 130 145 150 

6 80 85 75 78 80 80 

 

Table 4 GoLEAN 12 minute Simulation Round 1 Utilizations 

Utilization 

(%) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 100 100 100 100 100 100 

2 100 100 100 100 100 100 

3 100 100 100 100 100 100 

4 35 35 40 35 30 40 

5 55 55 53 55 58 60 

6 45 45 43 45 40 45 

 

 
Graph 3 GoLEAN 12 minute Simulation Round 1 Cycle Times 
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Graph 4 GoLEAN 12 minute Simulation Round 1 Utilizations 

The station cycle times for each station are matching the numbers that were documented 

while the physical learning factory sessions were being held as well as the values that have 

been obtained from the video time study which are represented in Appendix II. The 

utilization has not been measured in the physical learning factory but its calculations are 

dependent on the station cycle times. It is also obvious from the Graph 3 that station three is 

the bottleneck of the assembly line. 

Concerning the time variability, it is obvious from Table 3 that the numbers of the cycle 

times in each run are variable. However, the variance is different among the six runs for each 

station since they are dependent on the results of the video time study of the process times 

where each process was fitted with a different probability distribution that includes its own 

parameters based on the data.  
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- Production Values and Profit Calculation: 

Table 5 GoLEAN 12 minute Simulation Round 1 Production and Profit 

Production 

Values (#) 

Production Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

# of parts produced 4 4 4 4 4 4 

Late Orders 1 1 1 1 1 1 

Missed Orders 2 2 2 2 2 2 

Profit Calculation 

(SEK) -378 -378 -378 -378 -578 -378 

The profit has been calculated based on the following cost parameters: 

Table 6 Cost Parameters 

Cost 

Parameters 

Operating Cost/hr 100 

Salary/Person/hr 80 

Material 

Cost/Piece 100 

Selling 

Price/Piece 250 

Late Selling Price 220 

The number of products produced, although it confirms with the physical lab average, has not 

had significant variability due to the shortage of the time of the simulation. The profit 

calculation shows a loss while simulating based on the current conditions. 
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6.2.2 Round 2: 
As explained in section (5.1.2), this round involves the conversion from the push production 

to the one-piece flow production using visual Kanbans. The workplace is organized through 

the 5S lean techniques. The simulation has been run based on the same conditions of the 

physical learning factory six consecutive times under a demand requirement of six pieces in 

12 minutes and the results were as follows: 

- Work-in-progress: 

Table 7 GoLEAN 12 minute Simulation Round 2 WIP 

WIP (#) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 0 0 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 0 0 0 0 0 

5 1 0 0 0 1 1 

6 1 0 1 0 1 1 

Total 2 0 1 0 2 2 

 

 
Graph 5 GoLEAN 12 minute Simulation Round 2 WIP 

The WIP levels dropped to a maximum of one workpiece at each station, which matches the 

results of the physical learning factory due to the one-piece flow philosophy. The variability 

among the results of each run is obvious in the results where the values and allocations of the 

WIP in each run among the stations is different depending on the cycle times of the stations. 
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- Station Cycle Times & Utilization: 

Table 8 GoLEAN 12 minute Simulation Round 2 Cycle Times 

Cycle 

Time (Sec) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 105 100 100 95 100 95 

2 100 95 95 98 88 90 

3 165 165 163 160 160 165 

4 115 123 122 122 112 115 

5 85 95 95 90 92 90 

6 50 45 40 40 45 58 

 

Table 9 GoLEAN 12 minute Simulation Round 2 Utilizations 

Utilization 

(%) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 65 65 62 62 70 62 

2 62 62 65 70 60 60 

3 100 100 100 100 100 100 

4 75 80 75 75 75 70 

5 60 65 70 65 65 60 

6 35 35 28 33 35 38 
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Graph 7 GoLEAN 12 minute Simulation Round 2 Utilizations 

The station cycle times for each station are matching the numbers that were 

documented while the physical learning factory sessions were being held as well as 

the values that have been obtained from the video time study which are represented in 

Appendix II. The utilization has not been measured in the physical learning factory 

but its calculations are dependent on the station cycle times. The third station remains 

the bottleneck of the assembly line despite the overall drop in the cycle times.  

 

Concerning the time variability, it is obvious from Table 8 that the numbers of the 

cycle times in each run are variable. However, the variance is different among the six 

runs for each station since they are dependent on the results of the video time study of 

the process times where each process was fitted with a different probability 

distribution that includes its own parameters based on the data.  
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- Production Values and Profit Calculation: 

Table 10 GoLEAN 12 minute Simulation Round 2 Production and Profit 

Production 

Values (#) 

Production Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

# of parts 4 5 4 5 4 4 

Late Orders 1 0 1 0 1 1 

Missed Orders 2 1 2 1 2 2 

Profit Calculation 222 602 322 602 222 222 

 

The profit calculation have been made based on the same parameters that were used in the 

same calculation for round one which are in Table 6. 

The number of products produced confirms with the physical lab average and has more 

significant variability than round one but it is not very indicative. This is due to the shortage 

of the time of the simulation. The profit calculation shows an improvement compared to the 

first round since the constant loss have stopped. 
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6.2.3 Round 3: 
As explained in section (5.1.3), the third round of the learning factory involves the use of 

conveyor belts for the transfer of products and the removal of two working stations. The line 

is converted to an unpaced synchronized assembly line that is following the pull philosophy. 

After running the simulation under these conditions for six consecutive times with a demand 

of six products in 12 minutes the following results were obtained. 

- Work-in-progress: 

Table 11 Round 3 12 minute Simulation WIP 

WIP (#) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 1 1 1 1 1 1 

2 1 1 1 1 1 1 

3 1 1 1 1 1 1 

4 1 1 1 1 1 1 

Total 4 4 4 4 4 4 

 

The WIP levels remained at a maximum of one workpiece at each station, which matches the 

results of the physical learning factory due to the one-piece flow philosophy and removal of 

buffers. The variability among the results of each run does not exist when it comes to the 

WIP levels. 

 
Graph 8 GoLEAN Round 3 12 minute Simulation WIP 
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- Station Cycle Times & Utilization: 

Table 12 Round 3 12 minute Simulation Cycle Times 

Cycle 

Time 

(Sec) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 122 130 125 128 122 122 

2 110 112 105 110 110 110 

3 100 95 98 95 100 100 

4 130 125 133 130 118 122 

 

 

Table 13 Round 3 12 minute Simulation Utilizations 

Utilization 

(%) 

Station Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

1 95 100 95 97 100 100 

2 90 88 85 87 90 90 

3 75 78 80 80 85 85 

4 100 95 100 100 95 100 

 

 
Graph 9 GoLEAN Round 3 12 minute Simulation Cycle Times 
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Graph 10 GoLEAN Round 3 12 minute Simulation Utilizations 

 

 

The station cycle times for each station are matching the numbers that were documented 

while the physical learning factory sessions were being held as well as the values that have 

been obtained from the video time study which are represented in Appendix II. The 

utilization has not been measured in the physical learning factory but its calculations are 

dependent on the station cycle times. The third station remains the bottleneck of the assembly 

line despite the overall drop in the cycle times.  

 

Concerning the time variability, it is obvious from Table 12 that the numbers of the cycle 

times in each run are variable. However, the variance is different among the six runs for each 

station since they are dependent on the results of the video time study of the process times 

where each process was fitted with a different probability distribution that includes its own 

parameters based on the data.  

The Utilization values depend on the station with the highest cycle time since the line is an 

unpaced synchronized line. As explained earlier, the line can be considered a paced 

synchronized line since the output will be dependent only on the station with the highest 

cycle time. 

  

0 20 40 60 80 100 120

Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Round 3 Simulation Utilizations

ST 4 ST 3 ST 2 ST 1



Chapter 6: Results 

 

 

Omar Elfar - May 2015   57 

 

 

- Production Values and Profit Calculation: 

Table 14 Round 3 12 minute Simulation Production & Profit 

Production 

Values (#) 

Production Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

# of parts 5 5 5 5 5 5 

Late Orders 4 2 4 4 2 3 

Missed Orders 1 1 1 1 1 1 

Profit Calculation 1046 1106 1046 1046 1106 1076 

 

The profit calculation have been made based on the same parameters that were used in the 

same calculation for round one presented in Table 6. 

The number of products produced confirms with the physical lab average and has more 

significant variability than the first two rounds. The profit calculation shows an improvement 

compared to the first two rounds since the costs of the salaries and WIP have decreased 

giving a multiplied profit. 

In order to take the testing and validation process to a higher level that will as well show the 

effectiveness of the result in reaching the project’s objectives, GoLEAN have been tested for 

longer simulation runs. Testing the simulation on longer runs is expected to show variability 

that is more significant.  This variability is based on the probability distributions of the 

process times since it will have a bigger room for propagation until the results are obtained. 

In addition, it will satisfy the criteria for the simulation software to show longer-term results, 

which is one of the main objectives of the digital learning factories. 

The new longer-term simulation was carried out under the conditions of a 6000 product 

demand and 200 working hours for the factory. These values represent a month of work with 

25 working days. The results appeared to be as follows. 
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6.3 Testing for Longer Time Horizons: 

6.3.1 Round 1: (Push production & unorganized factory) 
Table 15 GoLEAN 200 hour Simulation Round 1 Results 

- Work-in-progress: 

The work in progress using 

the push production 

philosophy appeared to be 

significant under these 

simulation conditions 

where it is all located 

before the third station, 

which is the bottleneck. 

The variability in the WIP 

results among the three 

simulation runs is obvious 

from Table 15 and ranges 

from 100 to 200 

workpieces. 

- Cycle Time & Utilization: 

The cycle time and the 

utilization variability 

among the three runs for 

each station do not have a 

significant difference with 

the shorter simulation runs 

that were performed earlier. 

This is due to the 

dependency on the values 

obtained and analysed from 

the video time study. 

However, this non-

significant, yet existing, 

variability affects the 

production values and the 

WIP due to the propagation 

on a longer simulation time that is 1000 times more than the shorter runs performed 

earlier.  

- Production Values and Profit Calculation: 

The profit calculation was carried out based on the same cost parameters of the 

previous calculations Table 6. The variability in the number of produced parts among 

the three runs is obvious and reaches an amount of 300 products, which is the same 

case for the late products. The profit calculation shows a significant loss where the 

biggest contributing factor in it is the WIP values. 

The graphical representation of the results obtained in the three simulation runs is represented 

in Graph 11. 

 

 WIP (#) 

Station Run 1 Run 2 Run 3 

1 3000 3200 3200 

2 3300 3200 3200 

3 100 200 200 

4 0 0 0 

5 0 0 0 

6 1 0 1 

Total 6401 6600 6601 

Cycle 

Time (Sec) 

Station Run 1 Run 2 Run 3 

1 140 135 135 

2 135 138 135 

3 340 345 350 

4 110 118 115 

5 130 130 135 

6 80 80 80 

Utilization 

(%) 

Station Run 1 Run 2 Run 3 

1 100 100 100 

2 100 100 100 

3 100 100 100 

4 35 35 30 

5 40 45 40 

6 25 25 25 

Production 

Values (#) 

Production Run 1 Run 2 Run 3 

# of parts 2300 2600 2400 

Late Orders 1610 1820 1680 

Missed Orders 3700 3400 3600 

Profit Calculation 491400 472600 498500 
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6.3.2 Round 2: (Pull production and 5S) 
Table 16 GoLEAN 200 hour Simulation Round 2 Results 

- Work-in-progress: 

The work in progress using 

the pull production 

philosophy is restricted to 

one workpiece per station. 

The variability in the WIP 

results among the three 

simulation runs does not 

exist since the line is 

operated as a one-piece 

flow assembly line. 

- Cycle Time & Utilization: 

The cycle time and the 

utilization variability 

among the three runs for 

each station do not have a 

significant difference with 

the shorter simulation runs 

that were performed earlier. 

This is due to the 

dependency on the values 

obtained and analysed from 

the video time study. 

However, this non-

significant, yet existing, 

variability affects the 

production values due to 

the propagation on a longer 

simulation time that is 1000 

times more than the shorter 

runs performed earlier.  

- Production Values and 

Profit Calculation: 

The profit calculation was 

carried out based on the 

same cost parameters of the 

previous calculations Table 16. The variability in the number of produced parts 

among the three runs is obvious and reaches an amount of 77 products, which is the 

same case for the late products. The profit calculation shows a significant 

improvement due to the removal of the biggest contributing factor in the cost, which 

was the WIP in the previous round. The loss that was made in round one was 

converted to a profit after applying the new conditions. 

The graphical representation of the results obtained in the three simulation runs is represented 

in Graph 12. 

  

WIP (#) 

Station Run 1 Run 2 Run 3 

1 1 1 1 

2 1 1 1 

3 1 1 1 

4 1 1 1 

5 1 1 1 

6 1 1 1 

Total 6 6 6 

        

Cycle 

Time (Sec) 

Station Run 1 Run 2 Run 3 

1 108 100 100 

2 105 101 107 

3 170 168 165 

4 128 115 120 

5 85 90 93 

6 70 60 55 

 Utilization       

Utilization 

(%) 

Station Run 1 Run 2 Run 3 

1 60 58 60 

2 60 58 65 

3 100 100 100 

4 70 65 70 

5 50 55 55 

6 40 35 35 

        

Production 

Values (#) 

Production Run 1 Run 2 Run 3 

# of parts 4287 4235 4312 

Late Orders 857 847 862 

Missed Orders 1713 1765 1688 

Profit Calculation 468740 461240 472340 
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6.3.3 Round 3: (Automation & Built in Quality) 
Table 17 GoLEAN Round 3 One-Month Simulation Results 

- Work-in-progress: 

The WIP levels remained 

at a maximum of one 

workpiece at each station, 

which matches the results 

of the physical learning 

factory due to the one-

piece flow philosophy and 

removal of buffers. The 

variability among the 

results of each run does not 

exist when it comes to the 

WIP levels. 

- Cycle Time & Utilization: 

The cycle time and the 

utilization variability 

among the three runs for 

each station do not have a 

significant difference with 

the shorter simulation runs 

that were performed 

earlier. This is due to the 

dependency on the values 

obtained and analysed from 

the video time study. 

However, this non-

significant, yet existing, 

variability affects the 

production values due to 

the propagation on a longer 

simulation time that is 1000 times more than the shorter runs performed earlier.  

- Production Values and Profit Calculation: 

The profit calculation was carried out based on the same cost parameters of the 

previous calculations that are presented in Table 6. The variability in the number of 

produced parts among the three runs is obvious and reaches an amount of 245 

products, which is the same case for the late products. The profit calculation shows a 

significant improvement due to the removal of two working stations and the 

elimination of WIP.  

The graphical representation of the results obtained in the three simulation runs is represented 

in Graph 13.  

  

WIP (#) 

Station Run 1 Run 2 Run 3 

1 1 1 1 

2 1 1 1 

3 1 1 1 

4 1 1 1 

Total 4 4 4 

        

Cycle 

Time 

(Sec) 

Station Run 1 Run 2 Run 3 

1 124 122 123 

2 110 110 108 

3 100 95 95 

4 122 123 130 

        

Utilization 

(%) 

Station Run 1 Run 2 Run 3 

1 100 98 95 

2 90 90 85 

3 80 78 75 

4 95 100 100 

        

Production 

Values (#) 

Production Run 1 Run 2 Run 3 

# of parts 5751 5778 5533 

Late Orders 863 867 830 

Missed Orders 249 222 467 

Profit 

Calculation 1327860 1334490 1274350 
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6.4 Testing for Flexibility: 
In order to prove the flexibility of the digital learning factory over the conventional physical 

learning factory, two more scenarios were tested which are not available in the physical 

factory. These scenarios include the application of pull production without organizing the 

workplace through the 5S and applying the 5S only while still maintaining the push (mass) 

production mentality. Each scenario was tested for three one-month simulation runs based on 

a demand of 6000 products in 200 hours of work. The results of these simulations appeared to 

be as follows: 

Table 18 New Scenarios Results 

  Push/5S Pull/Unorganized 

WIP (#) 

Station Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

1 2600 2750 2800 1 1 1 

2 2800 2600 2800 1 1 1 

3 200 200 200 1 1 1 

4 0 0   1 1 1 

5 0 0   1 1 1 

6 1 1 1 1 1 1 

Total 5601 5551 5801 6 6 6 

Cycle Time 
(Sec) 

Station Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

1 105 101 100 135 130 135 

2 100 105 101 140 130 140 

3 170 165 172 350 355 345 

4 115 110 112 110 105 105 

5 95 85 90 130 140 130 

6 40 50 45 75 70 65 

Utilization 
(%) 

Station Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

1 100 100 100 40 38 42 

2 100 100 100 40 38 43 

3 100 100 100 100 100 100 

4 65 70 65 30 30 30 

5 55 55 55 40 40 40 

6 30 30 30 25 28 26 

Productio
n Values 

(#) 

Production Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

# of parts 4400 4600 4600 2044 2017 2090 

Late Orders 1320 1380 1380 1226 1210 1254 

Missed Orders 1600 1400 1400 3956 3983 3910 
Profit 

Calculation 
-

87700 
-

59400 
-

59400 
12122

0 
11765

0 
12728

0 
 

These two scenarios showed significant difference than the two regular scenarios of the 

physical learning factory especially when it comes to the production values and the profit 

calculation where the WIP is a main contributing factor. 
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The final test that is required in order to ensure the validity of the results is to check whether 

the production will discontinue after fulfilling the demand in case of pull production and the 

presence of enough time to process the demand. Two consecutive runs were carried out 

where one of them was in the case of pull production and the application of 5S while the 

second resembled the third round of the physical factory where the demand in the simulation 

was set to 1000 products in the 200-hour simulation time. The results appeared to be as 

follows: 

  

Table 19 Production Stop after Demand Satisfaction Check Results 

The results show that the digital 

learning factory stops the production 

after the demand has been satisfied in 

the case of pull production. This 

occurs when the simulation time is 

longer than the time needed to satisfy 

the demand.  
WIP (#) 

Station 
Round 

2 
Round 

3 

1 1 1 

2 1 1 

3 1 1 

4 1 1 

5 1  N/A 

6 1  N/A 

Total 6 4 

Cycle Time 
(Sec) 

Station 
Round 

2 
Round 

3 

1 105 120 

2 100 110 

3 175 100 

4 110 122 

5 90  N/A 

6 40  N/A 

Utilization 
(%) 

Station 
Round 

2 
Round 

3 

1 62 98 

2 57 90 

3 100 80 

4 65 100 

5 55  N/A 

6 30  N/A 

Production 
Values (#) 

Production 
Round 

2 
Round 

3 
# of parts 1000 1000 

Late Orders 200 150 

Missed Orders 0 0 
Profit 

Calculation 
-4600 161500 
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7. DISCUSSION 

The design methodology of the real time discrete event simulation software (GoLEAN) that 

is proposed in this paper is general despite being based on the specific attributes of Atlas 

Copco’s LEAN learning factory. The same methodology can be applied in order to obtain the 

same results for other models even if they have bigger scales.  

The design methodology was built based on a single product assembly line. However, the 

logic behind the building the design can be developed further in order to consider a multi-

product production line with different demand distributions for each one specifically. 

Improvements in the graphical visualization and GUI should be considered in future 

improvements. 

This study is observed to consider several measures of performance including the production 

rate, the balancing of the assembly line, the inventory including the work-in-progress, the 

utilizations of the workstations and the profit gained within every possible scenario of 

simulation. However, one of the major improvements that can be carried out on the logic 

behind GoLEAN is to consider the throughput time of the line. This can act as a significant 

measure for the performance of the line in each case. Another parameter that can be added to 

the profit and cost calculations which would act as a significant measure of performance is 

the inventory holding and handling costs since in some of the simulation scenarios the 

inventory and work-in-progress act as a major contribution to the cost of production.  

The product of this project (GoLEAN) can be regarded as satisfactory to the main objectives 

of the project. The first objective of building a digital learning factory model of the Atlas 

Copco’s physical learning factory has been very satisfied. Moreover, the designed digital 

learning factory does give more flexibility for choosing the conditions and parameters of the 

simulation in all aspects in addition to giving the freedom to choose among more scenarios 

involving different LEAN and non-LEAN production philosophies. GoLEAN can act as an 

efficient learning tool for students to show the effects of applying the LEAN philosophy with 

its various concepts. 

The second objective of making the digital learning factory able to generate the processing 

times in a manner that can be the closest to reality has been satisfied as well. GoLEAN in its 

simulation logic considers the time variability in manual operations to a huge extent. It 

generates non-deterministic process times like other discrete event simulation software, 

which are based on the probability distribution of the data gathered for process times through 

the video time study that has been carried out for the physical learning factory. The other 

alternative discrete event simulation software that were candidates for carrying out this study 

such as DELMIA and EXTEND were ruled out due to the lack of this flexibility in generating 

stochastic process times based on 39 different distributions unlike GoLEAN. The results of 

GoLEAN are verified and validated. This leads to the conclusion that it is a satisfactory 

product for this project.  

Moreover, the design methodology that has been presented can act as a guide for building a 

digital learning factory out of physical learning factory in the future. This can be done in 
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order to enjoy the luxury of the benefits gained from using digital learning factories as 

explained before in section (3.3). 
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APPENDIX 1 ASSEMBLY PROCESS ORDER BY STATION 

 
The processes marked in red are the non-value adding processes while the ones marked in 

yellow are necessary to deliver but they are non-value adding processes. The processes 

marked in green are the value adding processes. 

Round 1: 

 
  

Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

P1,P5: walk T1,T2 unpack P2,P4: walk T1,T2 unpack assy: walk T1,T2 unpack assy: walk T1, T2 unpack, discard assy:walk assy: walk

P1,P5 pick,put P2,P4 pick,put assy: pick, put assy: pick, put assy:pick, put assy: pick, put

P1,P5 screws: pick,put pre-tighten P2,P4 screws: pick,put pre-tighten P3, L1: walk T1, T2, unpack Labels pick, put banner, screws: walk Torque check M6: walk, check

P1,P5 tool, bit change: walk P2,P4 tool, bit change: walk P3, L1: pick, put L2 pretighten banner, screws: pick, put Torque check M6: pick tool

P1,P5 tighten P2,P4 tighten P3, L1 screws: walk T1, T2 L3 pretighten banner: tighten Torque check M6: walk

P1,P5 label: pick, put P2,P4 label: pick, put P3, L1 screws: pick, pretighten L4 pretighten roof, screws: walk Torque check M8: bit exchange

P1,P5 label tool, bit change P2,P4 label tool, bit change P3, L1 tool, bitchange: walk Banner Label pretighten roof, screws: pick, pretighten Torque check bottom M8: walk

P1,P5 label tighten P2,P4 label tighten P3, L1: tool, bitchange: M6 M8 L2 tighten tool, bit M6-M8 walk Torque check roof: walk

P1,P5 assembly: pick,put P2,P4 assembly: pick,put P3, L1 tighten M6 M8 L3 tighten tool, bit M6- M8: remove, put Torque check roof: pick, turn

Extra Step (Operator Based) Extra Step (Operator Based) P3, L1 tool, bitchange M8 M6 L4 tighten roof: tighten Torque check M6: walk

assy P3, L1 tool walk T3 Banner label tighten roof label: walk Torque check M6: bit exchange

assy P3, L1 tool pick put pretighten Assembly pick, put roof label: pick, put, pretighten Label check: walk

assy P3, L1 : tighten tool, bit M8-M4: walk temple to stores

L2, L3: walk T1, T2 unpack disc tool, bit M8-M4: remove, put

L2, L3: pick put roof label tighten

L2, L3 screws: walk T1 T2 tool, bit M4-M6: walk

L2, L3 screws: pick, pretighten tool, bit M4-M6: remove, put

L2, L3: tighten assembly walk

L4: walk T1,T2 unpack disc assembly: pick, put

L4: pick put

L4 screws: walk T1, T2

L4 screws: pick pretighten

L4: tighten

P3, L1 label: tool bitchange

P3, label screws: walk table

P3 label screws: pick put pretighten

L1 label screws: walk table

L1 label screws: pick put pretighten

P3 label screws: tighten

L1 label screws: tighten

assembly walk

assembly: pick put
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Round 2: 

 

Round 3: 

 
  

Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

P1,P5 pick,put P2,P4 pick,put assy: pick, put assy: pick, put assy:pick, put assy: pick, put

P1,P5 screws: pick,put pre-tighten P2,P4 screws: pick,put pre-tighten P3, L1: pick, put Labels pick, put banner, screws: pick, put Torque check M6: pick tool

P1,P5 tighten P2,P4 tighten P3, L1 screws: pick, pretighten L2 pretighten banner: tighten Torque check M8: bit exchange

P1,P5 label: pick, put P2,P4 label: pick, put P3, L1: tool, bitchange: M6 M8 L3 pretighten roof, screws: pick, pretighten Torque check roof: pick, turn

P1,P5 label tool, bit change P2,P4 label tool, bit change P3, L1 tighten M6 M8 L4 pretighten tool, bit M6- M8: remove, put Torque check M6: bit exchange

P1,P5 label tighten P2,P4 label tighten P3, L1 tool, bitchange M8 M6 Banner Label pretighten roof: tighten Label check, temple to stores

P1,P5 assembly: pick,put P2,P4 assembly: pick,put assy P3, L1 tool pick put pretighten L2 tighten roof label: pick, put, pretighten

assy P3, L1 : tighten L3 tighten tool, bit M8-M4: remove, put

L2, L3: pick put L4 tighten roof label tighten

L2, L3 screws: pick, pretighten Banner label tighten tool, bit M4-M6: remove, put

L2, L3: tighten Assembly pick, put assembly: pick, put

L4: pick put

L4 screws: pick pretighten

L4: tighten

P3, L1 label: tool bitchange

P3 label screws: pick put pretighten

L1 label screws: pick put pretighten

P3 label screws: tighten

L1 label screws: tighten

assembly: pick put

Station 1 Station 2 Station 3 Station 4

Body pick,put Place Labels Pick, put Place Label

pretighten base screws Pretighten Label screws pretighten Pretighten label Screws

tighten base screws Tighten label screws Tighten Place Banner

change tool bit Pick, put Pretighten Screws

tighten base screws pretighten Tighten Screws

Pretighten upper screws Tighten Place Roof

tighten upper screws Label pick put Pretighten Screws

Label screws pretighten Tighten roof Screws

 label screws: tighten Tighten label Screws

Check Labels
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APPENDIX 2 VIDEO TIME STUDY OF PROCESSES 

Station 1: 

 
  

Round 1

Processes

P1,P5: walk T1,T2 unpack 9.4 20.3 40 18.4 19.2 27.8 15.4 28 22.8 31.5 39.8 26.3 14.3

P1,P5 pick,put 14.1 15.4 5.1 14.5 11 11.3 21.1 19.5 4.5 2 7.2 2.9 12.7

P1,P5 screws: pick,put pre-tighten 13.6 15 5.7 19.7 8.6 13.6 4.7 8.9 9 3.7 11.2 10.2 7.1

P1,P5 tool, bit change: walk 7.2 10.3 5 16.4 7.1 9.3 8 6.4 5.4 23.2 36 4.1 3.4

P1,P5 tighten 15.1 21.5 10.4 12 5.4 17.6 11.8 4.1 14.3 15.4 12.5 5.8 5.3

P1,P5 label: pick, put 14.2 6.1 17.4 17.3 3.9 24.8 35.8 5.7 6.8 15.9 11.5 6.7 6.6

P1,P5 label tool, bit change 18 5.5 17.7 9.3 24.2 11.4 33.9 36.6 19.9 33.9 4.7 9 14.6

P1,P5 label tighten 16.6 13.4 4.1 6.1 4.8 4.6 1.4 3 10.7 5.3 11 4.8 11.9

P1,P5 assembly: pick,put 19.3 7.2 11.2 20.3 12.3 2.3 6.9 11 17.4 5.5 6 8.4 2.6

Extra Step (Operator Based) 0 0 0 0 0 0 0 0 5.3 12 2.8 22.3 9.2

Sum 127.5 114.7 116.6 134 96.5 122.7 139 123.2 116.1 148.4 142.7 100.5 87.7

Round 2

Processes

P1,P5 pick,put 2.7 6.6 10 14.2 7.7 6.9 5.8 5.4 8.3 7.6 6.9 3.8 4.1 5.8

P1,P5 screws: pick,put pre-tighten 2.7 8.7 19.9 4.5 9.7 21.6 8.1 10.5 5.5 8.8 8.4 7.9 5.5 13.3

P1,P5 tighten 13.9 6.7 9.5 4.8 6.8 14.4 5.5 8.6 4.9 4.5 16.2 6.3 4.8 4.9

P1,P5 label: pick, put 10 28.3 6.4 8.2 5.7 32.1 23.3 36.6 15.7 24 9.3 11.2 8.5 4.7

P1,P5 label tool, bit change 6.2 19.8 26.9 5.1 4.7 19.9 11.9 4.6 12.1 32.6 16.9 9.3 6.1 18.3

P1,P5 label tighten 18.8 5.6 12.3 26.6 30 15.2 5.9 9.4 4.8 5.8 3 13.8 19.1 3.3

P1,P5 assembly: pick,put 13.2 8 15 13.8 13.6 42 8.6 8.7 9.2 12.5 12.1 11.6 11.6 6

Sum 67.5 83.7 100 77.2 78.2 152.1 69.1 83.8 60.5 95.8 72.8 63.9 59.7 56.3

Round 3

Processes

Body pick,put 9.1 13.7 9.9 7.2 15.5 13.7 12.4 16

pretighten base screws 47.9 17.7 15.7 19.9 27.1 30.1 32.5 26.8

tighten base screws 23.9 24.3 39.3 33 28.4 28.4 21.4 27

change tool bit 24.4 4.7 6.1 7.7 7.4 4.1 3.3 6.7

tighten base screws 13 75.2 19.7 24.6 19.5 17.8 18.1 16.3

Pretighten upper screws 13.6 7.2 10.1 12.7 14.2 8.9 5.9 8.5

tighten upper screws 15.8 17 12.2 17.3 11 6.4 12.5 34.3

Sum 147.7 159.8 113 122.4 123.1 109.4 106.1 135.6

CT6 CT7 CT8

CT10 CT11 CT12 CT13 CT14

CT1 CT2 CT3 CT4 CT5

CT13

CT1 CT2 CT3 CT4 CT5 CT6 CT7 CT8 CT9

CT7 CT8 CT9 CT10 CT11 CT12CT1 CT2 CT3 CT4 CT5 CT6
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Station 2: 

 
  

Round 1

Processes

P2,P4: walk T1,T2 unpack 9.4 20.3 40 18.4 19.2 27.8 15.4 28 22.8 31.5 39.8 26.3 14.3

P2,P4 pick,put 14.1 15.4 5.1 14.5 11 11.3 21.1 19.5 4.5 2 7.2 2.9 12.7

P2,P4 screws: pick,put pre-tighten 13.6 15 5.7 19.7 8.6 13.6 4.7 8.9 9 3.7 11.2 10.2 7.1

P2,P4 tool, bit change: walk 7.2 10.3 5 16.4 7.1 9.3 8 6.4 5.4 23.2 36 4.1 3.4

P2,P4 tighten 15.1 21.5 10.4 12 5.4 17.6 11.8 4.1 14.3 15.4 12.5 5.8 5.3

P2,P4 label: pick, put 14.2 6.1 17.4 17.3 3.9 24.8 35.8 5.7 6.8 15.9 11.5 6.7 6.6

P2,P4 label tool, bit change 18 5.5 17.7 9.3 24.2 11.4 33.9 36.6 19.9 33.9 4.7 9 14.6

P2,P4 label tighten 16.6 13.4 4.1 6.1 4.8 4.6 1.4 3 10.7 5.3 11 4.8 11.9

P2,P4 assembly: pick,put 19.3 7.2 11.2 20.3 12.3 2.3 6.9 11 17.4 5.5 6 8.4 2.6

Extra Step (Operator Based) 0 0 0 0 0 0 0 0 5.3 12 2.8 22.3 9.2

Sum 127.5 114.7 116.6 134 96.5 122.7 139 123.2 116.1 148.4 142.7 100.5 87.7

Round 2

Processes

P2,P4 pick,put 2.7 6.6 10 14.2 7.7 6.9 5.8 5.4 8.3 7.6 6.9 3.8 4.1 5.8

P2,P4 screws: pick,put pre-tighten 2.7 8.7 19.9 4.5 9.7 21.6 8.1 10.5 5.5 8.8 8.4 7.9 5.5 13.3

P2,P4 tighten 13.9 6.7 9.5 4.8 6.8 14.4 5.5 8.6 4.9 4.5 16.2 6.3 4.8 4.9

P2,P4 label: pick, put 10 28.3 6.4 8.2 5.7 32.1 23.3 36.6 15.7 24 9.3 11.2 8.5 4.7

P2,P4 label tool, bit change 6.2 19.8 26.9 5.1 4.7 19.9 11.9 4.6 12.1 32.6 16.9 9.3 6.1 18.3

P2,P4 label tighten 18.8 5.6 12.3 26.6 30 15.2 5.9 9.4 4.8 5.8 3 13.8 19.1 3.3

P2,P4 assembly: pick,put 13.2 8 15 13.8 13.6 42 8.6 8.7 9.2 12.5 12.1 11.6 11.6 6

Sum 67.5 83.7 100 77.2 78.2 152.1 69.1 83.8 60.5 95.8 72.8 63.9 59.7 56.3

Round 3

Processes

Place Labels 14.9 8.3 8.1 3.9 2.6 17.3 12.3 7.6 7.6 9.9 13.9 15.9 4.5

Pretighten Label screws 70.5 62.2 58.8 46 33.9 80.3 68.4 23.3 63.8 62.6 61.3 52 53.6

Tighten label screws 38.5 36.6 32.3 32.8 50.3 51.2 40.8 29.6 41.7 46.9 44 38.5 35.4

Sum 123.9 107.1 99.2 82.7 86.8 148.8 121.5 60.5 113.1 119.4 119.2 106.4 93.5

CT12 CT13CT6 CT7 CT8 CT9 CT10 CT11

CT10 CT11 CT12 CT13 CT14

CT1 CT2 CT3 CT4 CT5

CT13

CT1 CT2 CT3 CT4 CT5 CT6 CT7 CT8 CT9

CT7 CT8 CT9 CT10 CT11 CT12CT1 CT2 CT3 CT4 CT5 CT6
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Station 3: 

 
 

  

Round 1

Processes

assy: walk T1,T2 unpack 8 7.4 10.6 5.4 11.4 6 7.6 11.2 11.8

assy: pick, put 8.2 3.3 4.5 8.8 9.5 9.4 13.8 8 5.8

P3, L1: walk T1, T2, unpack 11.8 3.6 10 3.9 3.4 1.3 4.4 11.9 13.4

P3, L1: pick, put 14.8 16.1 6.7 4 7.7 4.2 5.7 12.1 8.5

P3, L1 screws: walk T1, T2 14.1 13 22.4 8.2 17.7 4.9 11.1 10.7 4.2

P3, L1 screws: pick, pretighten 9.2 3.6 23.1 12 13.5 12.3 5.3 12.2 18.7

P3, L1 tool, bitchange: walk 7.8 4.5 11.2 4.1 5 7.9 3 15.3 5.4

P3, L1: tool, bitchange: M6 M8 3.2 3.5 16.4 5.2 4.3 5.2 5.7 14.9 3.7

P3, L1 tighten M6 M8 4.7 6.8 7.2 6.2 7.5 3 5.1 3.8 4.1

P3, L1 tool, bitchange M8 M6 13.4 18.6 32.7 13.7 4.7 2.5 12.1 5.2 4.2

assy P3, L1 tool walk T3 6.9 17.2 3.3 31.4 15.3 15.1 3.2 22.9 3.5

assy P3, L1 tool pick put pretighten 7.2 10.6 23.3 4.5 4.4 28.8 7.2 7.8 16.2

assy P3, L1 : tighten 9 6.3 21.6 23.8 12.6 4 21 4 47.5

L2, L3: walk T1, T2 unpack disc 11.1 5.9 20.3 7.7 8 22.5 13.9 2.6 32.3

L2, L3: pick put 2.4 4.8 9.1 19.1 10.9 11.8 4.3 23.1 5.5

L2, L3 screws: walk T1 T2 8.4 11.1 41.9 6 4.6 3.7 15.2 1.5 12.1

L2, L3 screws: pick, pretighten 4.6 6.3 11.2 15.3 8.1 8.5 38.6 24.8 35

L2, L3: tighten 2.1 9.8 10.5 7.9 9 8.5 9.3 6.9 8.5

L4: walk T1,T2 unpack disc 5.3 9.5 6.2 28.5 8.6 7.1 8.3 7.6 9.2

L4: pick put 7.1 6.1 12.7 10.5 30.3 7.5 2.6 8.6 9.5

L4 screws: walk T1, T2 14.3 39 5.1 14.3 7.7 13.3 13.4 12.4 9.8

L4 screws: pick pretighten 3.7 7.6 21.3 8.8 6.5 1.5 6.5 8.8 14.5

L4: tighten 6.6 7.5 20.1 8.9 4.9 8.6 12 4 7.9

P3, L1 label: tool bitchange 3.1 13.6 1.9 5.5 4 2 3.8 4.9 11.4

P3, label screws: walk table 8.3 12 17.9 9.6 11.7 5.5 4.8 8 9

P3 label screws: pick put pretighten 15.5 3.1 6.7 8.4 5.6 8.1 6.2 9.4 13

L1 label screws: walk table 7.5 6.7 8.9 7.1 3.5 7.1 4.8 10.4 7.9

L1 label screws: pick put pretighten 2.6 10.7 11.3 6 8.2 3.2 4.7 4.4 3.4

P3 label screws: tighten 13.1 3.6 4.1 7 5.7 4.9 11.3 6.7 7.5

L1 label screws: tighten 7 4 4.3 6.8 9.4 11 6.5 5.9 7.2

assembly walk 5.4 3 1.7 4.3 6.6 3.9 2.8 7 6.2

assembly: pick put 3.2 2 2 3.6 2.4 6.5 4.4 5.7 3.8

Sum 249.6 280.8 410.2 316.5 272.7 249.8 278.6 302.7 360.7

Round 2

Processes

assy: pick, put 2.1 3.1 3.7 3.8 3.9 11.9 6.1 8.6 3.3 7.9 4.3 5.3 8.6 5.3 2 1.5

P3, L1: pick, put 12.6 6 7.6 2.7 11.2 10.2 6.3 12.1 4.3 10.5 3.5 10.4 4.3 8.2 5.7 4.1

P3, L1 screws: pick, pretighten 5 4.6 5.3 2.4 5.6 8.2 6.8 4.7 7.3 6.3 13 7.9 11.5 3.4 12.5 15.4

P3, L1: tool, bitchange: M6 M8 8.6 5.2 3.1 3.5 3.5 33 5.6 5.7 6.6 5.2 5.6 4.7 5.1 3.2 3.1 5.4

P3, L1 tighten M6 M8 4.1 5 2.9 4.7 4.3 8.2 11.2 12.5 3.6 4.6 7.3 2 6.6 4.1 3.1 2.5

P3, L1 tool, bitchange M8 M6 4.7 2.3 3.3 2.6 6.3 4.8 11.4 4.8 3.8 15.1 2.6 9.1 7.3 4.4 4.2 3.6

assy P3, L1 tool pick put pretighten 7.6 3.7 7.2 9.9 7.7 4.9 4.4 14.3 3.8 8.5 9.3 12.4 11 2.2 3.9 3.4

assy P3, L1 : tighten 10.8 5.8 9.7 7.4 8.7 36.9 4.6 10.1 15.4 10.5 7.7 9.7 6.4 6.3 9.7 17.6

L2, L3: pick put 6.1 4.8 7.4 11.2 7 10.7 9.1 10.6 10.4 5.2 6.6 9.9 10.1 12.2 9.3 6.5

L2, L3 screws: pick, pretighten 8.2 6.1 9.6 11.6 7.3 13.9 13.7 8.5 16.7 6.9 4.4 7 6.5 38 8.3 7.9

L2, L3: tighten 7.2 5.9 4.4 7.5 8.3 13.2 13 7.4 25.9 5.2 8.5 5.1 6.7 5 7.1 6.9

L4: pick put 3.8 6.8 5.5 7.2 3.8 7.8 8.1 5.5 13.4 5.8 3.8 4.4 6.1 5.7 5.1 6.9

L4 screws: pick pretighten 5.1 6.4 4.5 4.6 5.9 8.7 8.2 7.3 6.4 6.8 6.8 9.2 8.9 6.2 5.3 4.9

L4: tighten 7.9 4.8 4.4 4.5 6.7 7.7 5.7 7 16 5.4 7.6 8.3 6.4 5.6 6.4 5.5

P3, L1 label: tool bitchange 6.3 6.7 5.1 5 10.9 8.3 6.2 4.6 7.9 11.1 6.4 9.3 10.7 5.7 4.6 5.4

P3 label screws: pick put pretighten 10.4 3.4 5.5 4 18.6 10.4 6.1 12.3 8.2 6.6 15 4.7 7.9 5.5 5.6 8.6

L1 label screws: pick put pretighten 3.3 5.2 4.7 10.7 5.6 18.1 12.5 22.2 27.9 6.9 12.8 7.8 6 6.4 9.1 26.1

P3 label screws: tighten 6 6.2 10.7 5.5 11.3 11.4 25 8.7 5.9 3.9 3.9 10 4.5 14.5 8.6 2.4

L1 label screws: tighten 12.6 25.6 11.8 11.5 4.7 17.4 9.8 5.5 11 5.9 11.8 5.4 12.9 23.8 13.7 10

assembly: pick put 5.1 18.2 5.5 5.6 1.9 8.7 6.4 4.1 3.7 2.4 2.4 3 8.8 9.2 9.6 5.9

Sum 137.5 135.8 121.9 125.9 143.2 254.4 180.2 176.5 201.5 140.7 143.3 145.6 156.3 174.9 136.9 150.5

Round 3

Processes

Pick, put 11.1 7.4 7.1 5.6 4.1 6.1 5.9 5.1 7.9 11.3 5.4 7.0 13.6 6.2 6.4 6.9 5.5 6.3 5.7 9.3 4.3 4.5 4.8 3.7 4.1 6.0 3.3

pretighten 4.2 3.6 3.5 4.3 9.1 8.7 9.6 6.8 4.7 4.2 5.1 3.4 5.0 2.5 3.1 3.3 3.0 4.2 4.0 4.1 3.6 4.6 3.2 4.7 2.8 2.2 2.2

Tighten 8.6 8.0 7.1 7.9 8.9 9.2 10.9 10.9 9.1 7.4 8.2 5.9 8.6 9.0 13.0 22.4 11.6 6.4 7.4 6.2 7.0 7.3 7.1 7.4 7.0 6.7 7.0

Pick, put 6.7 4.3 3.7 19.3 3.9 6.9 4.2 3.9 4.9 4.4 3.7 3.3 5.7 5.0 4.7 4.4 5.3 2.6 3.1 4.5 3.2 4.1 4.4 3.1 5.0 3.8 4.1

pretighten 3.8 4.7 3.5 0.6 4.6 5.7 5.5 6.4 3.4 4.9 4.7 3.9 3.1 3.7 1.7 1.1 4.2 3.2 3.9 3.2 4.3 2.9 2.7 3.8 1.8 1.7 1.2

Tighten 7.8 8.0 8.3 6.9 6.8 6.7 7.1 8.1 7.5 7.9 5.8 5.4 8.8 22.7 11.0 8.9 9.5 8.1 6.9 7.6 4.7 5.3 7.6 6.1 6.5 6.0 6.0

Label pick put 15.6 13.4 17.4 21.9 8.0 9.1 7.0 8.6 10.7 10.7 12.7 9.0 12.8 12.0 11.1 9.7 7.8 9.8 7.9 9.4 12.5 8.7 5.3 7.1 6.4 6.0 5.6

Label screws pretighten 21.8 40.2 29.1 26.2 30.0 48.1 34.6 32.2 41.8 28.9 35.6 30.0 28.6 26.6 32.0 27.3 21.0 33.5 29.4 33.7 27.0 18.3 26.1 26.7 23.8 29.3 21.6

 label screws: tighten 19.0 17.4 18.2 15.1 16.6 15.0 14.0 13.5 14.9 16.2 12.7 13.4 15.8 14.1 12.7 14.4 12.8 11.3 13.7 14.0 12.6 15.9 13.4 17.2 12.2 13.3 13.0

Sum 98.7 107.1 97.7 107.6 92.0 115.5 98.8 95.4 104.8 96.0 94.0 81.4 102.1 101.8 95.7 98.2 80.8 85.4 82.0 92.1 79.4 71.6 74.5 79.8 69.6 74.8 64.1

CT26 CT27CT20 CT21 CT22 CT23 CT24 CT25CT14 CT15 CT16 CT17 CT18 CT19CT8 CT9 CT10 CT11 CT12 CT13

CT14 CT15 CT16

CT1 CT2 CT3 CT4 CT5 CT6 CT7

CT8 CT9 CT10 CT11 CT12 CT13

CT7 CT8 CT9

CT1 CT2 CT3 CT4 CT5 CT6 CT7

CT1 CT2 CT3 CT4 CT5 CT6



Chapter 9: Appendices 

 

 

Omar Elfar - May 2015   77 

 

 

Station 4: 

 
  

Round 1

Processes

assy: walk T1, T2 unpack, discard 5.8 11.6 9.3 10.7 1.8 2.9 4.9 2.2 23.1 13.6

assy: pick, put 2.9 2.7 6.3 2.6 6.2 7.9 6.1 9.7 6.5 4

Labels pick, put 6.9 19 28.4 27.9 5.9 11.6 11.5 22.9 13.1 12.8

L2 pretighten 20.9 12.3 8.5 11.7 3.6 4.9 4.7 10.5 9.9 15.3

L3 pretighten 9 16.4 21.2 8 7.6 5.9 4.9 18.7 5.4 10.8

L4 pretighten 17.9 8.3 11.8 6.4 3.7 10.5 5.1 7 26.2 19.2

Banner Label pretighten 9.4 4.1 7.1 5.4 9.7 4.9 5.2 17.5 13.7 22.3

L2 tighten 9.8 6.1 8.7 6.8 7.1 4.3 4.9 6.6 32.3 5.3

L3 tighten 4.6 4.6 4.6 19.9 3.8 4.8 3.8 7.5 6.2 6.1

L4 tighten 5.3 4.5 5.7 6.3 3.8 2 5.7 9.9 3.8 4.5

Banner label tighten 5.1 6 2.6 2.3 6.4 3.3 5.3 13 5.6 4.6

Assembly pick, put 6.6 4.9 3.2 1.8 3.1 3.9 4.9 4.2 4.3 6

Sum 104.2 100.5 117.4 109.8 62.7 66.9 67 129.7 150.1 124.5

Round 2

Processes

assy: pick, put 2.8 2.4 2.8 3.1 6.3 2.6 3.2 14.1 2.7 3.8 9.2 9.3 4.5 4 5 9.2

Labels pick, put 16.5 12.5 14.8 3.2 8.2 8.6 10.4 4.2 11 2.5 6.4 8.9 8.2 6.8 5.2 3.8

L2 pretighten 13.8 7.7 7.7 11.6 20.6 11.4 6.2 5 16.2 7.9 6.5 5.7 15.4 10.5 14.8 12.2

L3 pretighten 8.1 8.2 6.7 8.7 8.6 11.8 8.9 5.5 9.7 10.9 6.4 10.1 14.5 14.9 13.3 13.5

L4 pretighten 16.1 12.2 19.2 16.8 10.4 6.8 5.9 6.4 10.3 4.2 6.7 5.4 19.9 18.6 21 15.4

Banner Label pretighten 5.3 12.2 7.4 23.9 5.5 7.1 15.5 9.7 5.9 4.5 12.2 6.5 13.4 21.1 10.7 11

L2 tighten 4.1 5.4 7.8 4.3 4.8 7.3 7.6 5.9 5.1 4.4 4.7 4 6.1 4.7 6.7 4.6

L3 tighten 3.8 4.3 3.7 3.7 5.6 5 4.4 4.6 4.3 4.8 4.1 4.8 5.8 3.6 3.6 3.8

L4 tighten 4.5 4.7 4.5 3.8 5 5.8 4.9 4.9 4.9 7.6 4.2 3.4 4.7 4.2 5.4 4.5

Banner label tighten 2.8 4.3 4.3 4.2 2.7 5.5 7.6 5.4 3.7 3.4 3.5 5.4 4.1 5.6 5.2 4.4

Assembly pick, put 5 4.6 5 3.1 2.6 4.2 3.6 3.4 4.8 6.7 4.6 3.1 6.3 3.5 5.2 4.6

Sum 82.8 78.5 83.9 86.4 80.3 76.1 78.2 69.1 78.6 60.7 68.5 66.6 102.9 97.5 96.1 87

Round 3

Processes

Place Label 2.8 3.7 27.2 10.4 7.6 13.9 3.5 20.6 8.7 3.6 28.2 20.1 29.1 14.2 18.4 21.1

Pretighten label Screws 13.6 32.1 4.4 10.9 17.0 10.8 9.0 6.0 9.2 21.5 14.6 34.9 18.0 14.0 13.7 15.7

Place Banner 11.8 7.0 6.8 4.2 5.3 6.7 11.7 3.0 11.2 3.2 6.6 6.4 7.8 8.0 7.4 7.0

Pretighten Screws 7.2 7.1 10.9 14.2 6.0 11.4 9.4 9.2 7.6 6.7 9.0 5.1 14.8 8.5 9.7 11.4

Tighten Screws 7.2 7.3 5.1 5.3 9.0 15.2 14.2 13.7 7.0 8.5 10.7 8.5 9.7 9.7 9.1 8.4

Place Roof 7.3 5.1 9.2 5.2 6.8 16.2 9.5 7.3 7.0 3.8 5.3 4.5 8.1 5.3 5.9 6.0

Pretighten Screws 12.2 7.5 18.2 8.3 3.7 9.0 16.2 16.5 6.4 8.6 6.6 12.8 14.9 17.9 15.4 12.2

Tighten roof Screws 5.0 8.8 4.7 10.7 6.0 11.6 2.5 14.1 18.9 7.6 7.4 7.7 17.1 10.6 8.4 9.5

Tighten label Screws 4.4 10.7 8.1 3.7 14.8 14.8 3.3 3.9 16.2 13.6 12.6 12.2 20.0 14.2 14.0 19.0

Check Labels 9.7 12.7 3.7 5.9 6.4 4.6 12.0 12.3 12.8 8.4 12.6 11.7 5.6 6.4 5.9 5.0

Sum 81.1 102.1 98.0 78.8 82.7 114.3 91.3 106.7 105.1 85.6 113.8 123.8 145.1 108.9 107.8 115.1

CT13 CT14 CT15 CT16CT7 CT8 CT9 CT10 CT11 CT12

CT13 CT14 CT15 CT16

CT1 CT2 CT3 CT4 CT5 CT6

CT7 CT8 CT9 CT10 CT11 CT12

CT7 CT8 CT9 CT10

CT1 CT2 CT3 CT4 CT5 CT6

CT1 CT2 CT3 CT4 CT5 CT6
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Station 5: 

 
 

  

Round 1

Processes

assy:walk 2.4 1.2 1.2 1.7 1.8 6.2 2.3 3.1 1.3

assy:pick, put 5.1 1.6 2.3 3.8 5.4 2.7 4.3 1.9 3

banner, screws: walk 4.7 2.1 3.5 2 2 7.3 10.2 3.9 14.2

banner, screws: pick, put 6.3 1.5 1.7 12.9 5.7 4.1 5.3 5.3 2.9

banner: tighten 5.2 4.8 4.7 4.4 4.2 6.3 7.9 3.2 2.3

roof, screws: walk 2.4 5.8 6.2 5.6 3.9 7.5 6.9 6 3.6

roof, screws: pick, pretighten 6 3.9 5.9 3.7 2.4 8 4.4 7.2 2.4

tool, bit M6-M8 walk 2.3 3.2 2.2 1.4 2.1 11.5 11.6 6.6 4.8

tool, bit M6- M8: remove, put 2.2 3.6 3.9 5.4 4.2 4.2 3.9 4.6 2.6

roof: tighten 3.3 3 2.1 5.8 5.5 2.4 3.5 6.9 2.3

roof label: walk 2.4 3.8 5.7 5.6 3.4 13.5 6.2 11.7 11.7

roof label: pick, put, pretighten 3.4 7.2 4 7.3 3.8 7.3 6.9 18.2 3.1

tool, bit M8-M4: walk 7.7 5.4 6.7 7.2 3.5 5.4 4.8 12.9 43.2

tool, bit M8-M4: remove, put 8.1 27.2 3 15.4 6.1 6.1 12.5 2.8 14.5

roof label tighten 2.4 6.5 10 3.7 6.1 2.8 25.8 2.6 2.8

tool, bit M4-M6: walk 35.7 18.3 8.5 4.6 14 8.7 2.4 3.9 1.9

tool, bit M4-M6: remove, put 35.3 3.5 7.3 3.3 5.7 6.6 3.7 5.5 3.9

assembly walk 2.7 11.1 2.3 1.8 1.7 7.8 2.8 2.2 3.5

assembly: pick, put 2.3 3.6 3.8 2 2.6 8.6 1.4 2.6 2.7

Sum 139.9 117.3 85 97.6 84.1 127 126.8 111.1 126.7

Round 2

Processes

assy:pick, put 5.3 5.2 5.5 4.4 2.0 2.2 4.2 8.0 4.5 2.7 2.7 3.1 5.2 4.5 3.1

banner, screws: pick, put 3.0 3.2 4.0 3.2 4.5 7.6 4.9 5.2 9.3 7.2 10.4 7.0 5.5 6.8 19.3

banner: tighten 9.0 4.7 9.5 20.0 9.1 6.8 32.1 6.1 5.0 5.9 7.7 5.6 5.4 7.5 11.4

roof, screws: pick, pretighten 2.9 12.6 3.9 19.6 6.0 4.5 3.7 5.5 3.2 6.8 3.8 5.9 3.8 14.6 5.0

tool, bit M6- M8: remove, put 32.0 4.0 3.8 9.0 3.4 7.5 4.9 4.7 3.4 6.4 4.0 5.3 7.4 8.0 14.8

roof: tighten 3.2 3.7 3.5 2.6 2.9 1.8 6.1 2.9 3.8 6.4 3.9 5.4 5.6 3.9 7.4

roof label: pick, put, pretighten 3.2 8.9 4.3 6.5 11.6 3.0 3.7 15.3 3.5 24.8 6.5 4.3 5.4 6.4 8.7

tool, bit M8-M4: remove, put 5.0 15.4 5.3 5.9 6.9 3.8 16.9 4.3 3.8 6.0 4.9 4.9 6.4 14.0 5.8

roof label tighten 7.5 3.1 3.7 18.2 17.6 11.8 3.1 7.3 10.7 6.5 6.7 5.8 7.7 9.6 12.2

tool, bit M4-M6: remove, put 29.0 8.2 18.9 3.5 12.2 5.7 5.2 6.3 6.7 13.4 18.1 11.0 5.1 7.0 7.6

assembly: pick, put 13.2 2.2 2.2 6.6 3.3 1.9 2.7 8.5 4.7 7.0 8.8 7.0 8.0 2.6 3.9

Sum 113.4 71.0 64.7 99.6 79.5 56.7 87.4 74.1 58.7 93.1 77.5 65.3 65.4 85.0 99.1

CT14 CT15CT8 CT9 CT10 CT11 CT12 CT13

CT7 CT8 CT9

CT1 CT2 CT3 CT4 CT5 CT6 CT7

CT1 CT2 CT3 CT4 CT5 CT6
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Station 6: 

 
  

Round 1

Processes

assy: walk 1.6 2.5 1.9 1.9 7.1 1.4 1 6.2 6.9 2

assy: pick, put 2.5 1.6 1.5 1.4 1 2.6 2.1 1.9 1.6 1.6

Torque check M6: walk, check 4.4 2.3 2.7 3 2.6 1.8 2.5 3 1.5 2.6

Torque check M6: pick tool 5.7 9.2 11.1 11.9 4.4 4.9 2.5 6.1 3.9 3.2

Torque check M6: walk 1.7 7.2 8.3 4.2 2.4 11.2 5 10.9 4.3 6.3

Torque check M8: bit exchange 5.7 2.9 4.1 11.5 1.6 3.8 7.9 3.8 4 6

Torque check bottom M8: walk 2.3 1.8 1.6 4.7 7.9 1.7 4.5 1.8 4.8 3.6

Torque check roof: walk 1.5 11.4 7.3 1.9 6.4 7.1 2.6 3.4 3.9 2.2

Torque check roof: pick, turn 8 3.1 3.8 8.9 2 1.8 8.6 1.9 7.5 6.7

Torque check M6: walk 7.4 2.9 2.2 4.1 4.4 2.8 2.5 3.2 2.8 3.9

Torque check M6: bit exchange 7.6 3.6 3.7 2.5 2 3.5 4.8 2.7 3.7 2

Label check: walk 24 14.8 13.7 9.5 14.7 12.6 13.5 8.3 12.1 7

temple to stores 9.2 3.4 2.5 2.8 1.6 2.5 1.5 1.6 1.4 3.2

Sum 81.6 66.7 64.4 68.3 58.1 57.7 59 54.8 58.4 50.3

Round 2

Processes

assy: pick, put 2.2 4.2 3 3.2 1.3 2.9 3.8 1.4 2.3 1.5 1.6 1 1.6 1.9 5.8

Torque check M6: pick tool 9.8 9.5 8 7.6 9.4 10.3 5.7 3 5.1 4.7 8 7.9 8 6.8 4.7

Torque check M8: bit exchange 2.5 7.6 3.5 2.7 2.4 3.4 7.4 8.1 4.2 3.6 7.4 5.2 5.7 4.9 4.1

Torque check roof: pick, turn 6.4 6.2 6.8 8 6.3 6.1 3.3 2.2 5.5 7.4 3.3 5.1 3.2 3 4.1

Torque check M6: bit exchange 7.5 9.9 6.2 5.8 5.5 4.2 5.8 7.8 8.9 9.4 7.1 5.6 5.2 6.2 5.4

Label check, temple to stores 17.7 13.9 18.5 15.5 16 13.2 10.1 13.6 11.5 13.7 12.4 14.1 16.6 10.7 10.3

Sum 46.1 51.3 46 42.8 40.9 40.1 36.1 36.1 37.5 40.3 39.8 38.9 40.3 33.5 34.4

CT13 CT14 CT15CT7 CT8 CT9 CT10 CT11 CT12

CT7 CT8 CT9 CT10

CT1 CT2 CT3 CT4 CT5 CT6

CT1 CT2 CT3 CT4 CT5 CT6
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APPENDIX 3 EASYFIT STATISTICAL ANALYSIS 

Station 1: 

 

Round 1

Processes

P1,P5: walk T1,T2 unpack Gen Extreme Value 24.092 96.161 9.8062 GenExtremeMean(-0.12037; 8.7355; 19.989) k, sigma, mew

P1,P5 pick,put Error 10.869 38.029 6.1668 ErrorMean(6.6455; 6.1668; 10.869) k, sigma, mew

P1,P5 screws: pick,put pre-tighten Erlang 10.542 23.251 4.8219 ErlangMean(3; 2.7839; 2.1904) m, beta, gamma

P1,P5 tool, bit change: walk Gen Extreme Value 10.908 874.05 29.564 GenExtremeMean(0.47699; 3.2946; 6.0981) k, sigma, mew

P1,P5 tighten Gen Pareto 11.631 28.979 5.3833 GenParetoMean(-0.90635; 17.211; 2.6025) k, sigma, mew

P1,P5 label: pick, put Gen Pareto 13.285 99.958 9.9979 GenParetoMean(-4.1964E-4; 10.006; 3.2825) k, sigma, mew

P1,P5 label tool, bit change Gen Pareto 18.362 128.09 11.318 GenParetoMean(-0.47537; 23.322; 2.5541) k, sigma, mew

P1,P5 label tighten Gen Pareto 7.5154 23.178 4.8144 GenParetoMean(-0.30456; 7.967; 1.4083) k, sigma, mew

P1,P5 assembly: pick,put Log Pearson 3 10.212 41.713 6.4586 LogPearson3Mean(12.245; -0.19707; 4.5262) alpha, beta, gamma

Extra Step (Operator Based) Gamma 10.32 57.337 7.5721 GammaMean(1.8575; 5.5559) alpha, beta, gamma

Sum Burr 121.26 318.9 17.858 BurrMean(6.9228; 8.5411; 159.43) k, alpha, beta

Round 2

Processes

P1,P5 pick,put Dagum 6.8275 7.662 2.768 DagumMean(0.67085; 5.3695; 7.2358) k, alpha, beta

P1,P5 screws: pick,put pre-tighten Chi Squared 9.2826 20 4.4721 ChiSqrMean(10; -0.71743) v, gamma

P1,P5 tighten Fatigue Life 7.9104 25.44 5.0438 FatigueLifeMean(1.5813; 1.5703; 4.3767) alpha, beta, gamma

P1,P5 label: pick, put Kumaraswamy 15.4 90.564 9.5165 KumaraswamyMean(0.59319; 1.284; 4.7; 39.725) alpha1, alpha2, a, b

P1,P5 label tool, bit change Beta 13.886 78.074 8.8359 BetaMean(0.40651; 0.81928; 4.6; 32.6) alpha1, alpha2, a, b

P1,P5 label tighten Kumaraswamy 11.252 57.375 7.5746 KumaraswamyMean(0.57069; 1.3053; 3.0; 31.232) alpha1, alpha2, a, b

P1,P5 assembly: pick,put Chi Squared 12.21 20 4.4721 ChiSqrMean(10; 2.2104) v, gamma

Sum Log Pearson3 80.335 690.7 26.281 LogPearson3Mean(2.2381; 0.17406; 3.9582) alpha, beta, gamma

Round 3

Processes

Body pick,put Gen Extreme Value 12.187 11.609 3.4072 GenExtremeMean(-0.5417; 3.6979; 11.425) k, sigma, mew

pretighten base screws Gen Gamma 27.237 86.256 9.2874 GenGammaMean(1.052; 7.7725; 3.8897) k, alpha, beta

tighten base screws Log Logistic 28.745 71.03 8.4279 LogLogisticMean(2.9532; 8.3234; 18.616) alpha, beta, gamma

change tool bit Chi Squared 6.3282 8 2.8284 ChiSqrMean(4; 2.3282) v, gamma

tighten base screws Weibull 18.368 19.917 4.4629 WeibullMean(4.6867; 20.08) alpha, beta, gamma

Pretighten upper screws Uniform 10.137 9.4084 3.0673 UniformMean(4.8248; 15.45) a, b

tighten upper screws Burr 15.873 75.378 8.682 BurrMean(0.64614; 5.9073; 14.918; -2.5755) k, alpha, beta, gamma

Sum Gen Extreme Value 127.14 481.17 21.936 GenExtremeMean(0.08865; 14.99; 117.05) k, sigma, mew

ParametersDistribution Mean Variance STDEV ID

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters
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Station 2: 

 

Round 1

Processes

P2,P4: walk T1,T2 unpack Gen Extreme Value 24.092 96.161 9.8062 GenExtremeMean(-0.12037; 8.7355; 19.989) k, sigma, mew

P2,P4 pick,put Error 10.869 38.029 6.1668 ErrorMean(6.6455; 6.1668; 10.869) k, sigma, mew

P2,P4 screws: pick,put pre-tighten Erlang 10.542 23.251 4.8219 ErlangMean(3; 2.7839; 2.1904) m, beta, gamma

P2,P4 tool, bit change: walk Gen Extreme Value 10.908 874.05 29.564 GenExtremeMean(0.47699; 3.2946; 6.0981) k, sigma, mew

P2,P4 tighten Gen Pareto 11.631 28.979 5.3833 GenParetoMean(-0.90635; 17.211; 2.6025) k, sigma, mew

P2,P4 label: pick, put Gen Pareto 13.285 99.958 9.9979 GenParetoMean(-4.1964E-4; 10.006; 3.2825) k, sigma, mew

P2,P4 label tool, bit change Gen Pareto 18.362 128.09 11.318 GenParetoMean(-0.47537; 23.322; 2.5541) k, sigma, mew

P2,P4 label tighten Gen Pareto 7.5154 23.178 4.8144 GenParetoMean(-0.30456; 7.967; 1.4083) k, sigma, mew

P2,P4 assembly: pick,put Log Pearson 3 10.212 41.713 6.4586 LogPearson3Mean(12.245; -0.19707; 4.5262) alpha, beta, gamma

Extra Step (Operator Based) Gamma 10.32 57.337 7.5721 GammaMean(1.8575; 5.5559) alpha, beta, gamma

Sum Burr 121.26 318.9 17.858 BurrMean(6.9228; 8.5411; 159.43) k, alpha, beta

Round 2

Processes

P2,P4 pick,put Dagum 6.8275 7.662 2.768 DagumMean(0.67085; 5.3695; 7.2358) k, alpha, beta

P2,P4 screws: pick,put pre-tighten Chi Squared 9.2826 20 4.4721 ChiSqrMean(10; -0.71743) v, gamma

P2,P4 tighten Fatigue Life 7.9104 25.44 5.0438 FatigueLifeMean(1.5813; 1.5703; 4.3767) alpha, beta, gamma

P2,P4 label: pick, put Kumaraswamy 15.4 90.564 9.5165 KumaraswamyMean(0.59319; 1.284; 4.7; 39.725) alpha1, alpha2, a, b

P2,P4 label tool, bit change Beta 13.886 78.074 8.8359 BetaMean(0.40651; 0.81928; 4.6; 32.6) alpha1, alpha2, a, b

P2,P4 label tighten Kumaraswamy 11.252 57.375 7.5746 KumaraswamyMean(0.57069; 1.3053; 3.0; 31.232) alpha1, alpha2, a, b

P2,P4 assembly: pick,put Chi Squared 12.21 20 4.4721 ChiSqrMean(10; 2.2104) v, gamma

Sum Log Pearson3 80.335 690.7 26.281 LogPearson3Mean(2.2381; 0.17406; 3.9582) alpha, beta, gamma

Round 3

Processes

Place Labels Rayleigh 9.7601 20.82 4.5629 RayleighMean(6.9648; 1.031) sigma, gamma

Pretighten Label screws Weibull 56.713 213.16 14.6 WeibullMean(21.569; 259.88; -196.74) alpha, beta, gamma

Tighten label screws Gen Extreme Value 39.892 51.621 7.1848 GenExtremeMean(-0.14001; 6.5142; 36.934) k, sigma, mew

Sum Dagum 106.27 452.31 21.268 DagumMean(0.34671; 14.936; 122.2) k, alpha, beta, gamma

ParametersDistribution Mean Variance STDEV ID

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters
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Station 3: 

 

Round 1

Processes

assy: walk T1,T2 unpack Beta 8.8222 6.0245 2.4545 BetaMean(0.36978; 0.32176; 5.4; 11.8) alpha1, alpha2, a, b

assy: pick, put Logistic 7.9222 9.7069 3.1156 LogisticMean(1.7177; 7.9222) sigma, mew

P3, L1: walk T1, T2, unpack Gen Pareto 7.0778 21.979 4.6882 GenParetoMean(-0.61823; 11.345; 0.06674) k, sigma, mew

P3, L1: pick, put Gen Extreme Value 8.8667 25.195 5.0195 GenExtremeMean(0.06514; 3.564; 6.5651) k, sigma, mew

P3, L1 screws: walk T1, T2 Logistic 11.811 34.241 5.8516 LogisticMean(3.2262; 11.811) sigma, mew

P3, L1 screws: pick, pretighten Laplace 12.211 36.671 6.0557 LaplaceMean(0.23354; 12.211) lamda, mew

P3, L1 tool, bitchange: walk Erlang 7.1333 17.084 4.1333 ErlangMean(1; 4.1333; 3.0) m, beta, gamma

P3, L1: tool, bitchange: M6 M8 Fatigue Life 6.8379 32.219 5.6762 FatigueLifeMean(1.7345; 1.4999; 3.0818) alpha, beta, gamma

P3, L1 tighten M6 M8 Error 5.3778 2.6044 1.6138 ErrorMean(100.0; 1.6138; 5.3778) k, sigma, mew

P3, L1 tool, bitchange M8 M6 Reciprocal 11.746 68.761 8.2922 ReciprocalMean(2.5; 32.7) a, b

assy P3, L1 tool walk T3 Error 13.2 97.642 9.8814 ErrorMean(2.5365; 9.8814; 13.2) k, sigma, mew

assy P3, L1 tool pick put pretighten Gen Extreme Value 12.222 149.68 12.234 GenExtremeMean(0.3157; 4.7506; 7.3523) k, sigma, mew

assy P3, L1 : tighten Gen Gamma 16.844 164.83 12.838 GenGammaMean(1.0671; 1.5131; 11.628) k, alpha, beta, gamma

L2, L3: walk T1, T2 unpack disc Log Pearson 3 14.246 111.75 10.571 LogPearson3Mean(19.358; -0.17603; 5.7954) alpha, beta, gamma

L2, L3: pick put Erlang 9.8087 48.106 6.9358 ErlangMean(2; 4.9044) m, beta, gamma

L2, L3 screws: walk T1 T2 Burr 12.228 1584.3 39.803 BurrMean(1.0835; 1.92; 8.3516) k, alpha, beta, gamma

L2, L3 screws: pick, pretighten Gen Gamma 17.323 266.13 16.313 GenGammaMean(0.93914; 0.6906; 18.154; 4.6) k, alpha, beta, gamma

L2, L3: tighten Dagum 8.0776 4.6206 2.1495 DagumMean(0.16083; 2181.1; 730.53; -720.45) k, alpha, beta, gamma

L4: walk T1,T2 unpack disc Weibull 7.6977 3.4044 1.8451 WeibullMean(4.7571; 8.4079) alpha, beta, gamma

L4: pick put Burr 10.489 66.528 8.1565 BurrMean(0.51906; 6.2897; 10.712; -3.9248) k, alpha, beta, gamma

L4 screws: walk T1, T2 Gen Extreme Value 14.367 167.42 12.939 GenExtremeMean(0.36145; 4.1455; 9.6988) k, sigma, mew

L4 screws: pick pretighten Log Logistic 9.0087 48.662 6.9758 LogLogisticMean(3.5427; 9.8505; -2.262) alpha, beta, gamma

L4: tighten Chi Squared 8.3828 12 3.4641 ChiSqrMean(6; 2.3828) v, gamma

P3, L1 label: tool bitchange Log Pearson 3 5.8361 32.991 5.7438 LogPearson3Mean(17.35; 0.16365; -1.3364) alpha, beta, gamma

P3, label screws: walk table Gen Gamma 9.6522 13.043 3.6116 GenGammaMean(1.0443; 6.5503; 1.6007) k, alpha, beta, gamma

P3 label screws: pick put pretighten Log Logistic 8.556 17.957 4.2376 LogLogisticMean(4.6531; 9.0979; -1.2717) alpha, beta, gamma

L1 label screws: walk table Laplace 7.1 4.1675 2.0414 LaplaceMean(0.69275; 7.1) lamda, mew

L1 label screws: pick put pretighten Gen Extreme Value 6.0556 14.279 3.7787 GenExtremeMean(0.13009; 2.3975; 4.3204) k, sigma, mew

P3 label screws: tighten Gen Extreme Value 7.1 13.809 3.716 GenExtremeMean(0.15423; 2.2479; 5.4015) k, sigma, mew

L1 label screws: tighten Gumbel Max 6.9 4.9375 2.222 GumbelMaxMean(1.7325; 5.9) sigma, mew

assembly walk Error 4.5444 3.4653 1.8615 ErrorMean(100.0; 1.8615; 4.5444) k, sigma, mew

assembly: pick put Gen Extreme Value 3.7333 3.1099 1.7635 GenExtremeMean(0.04187; 1.2973; 2.9286) k, sigma, mew

Sum Gen Extreme Value 302.4 4462.4 66.801 GenExtremeMean(0.23945; 33.046; 273.19) k, sigma, mew

Round 2

Processes

assy: pick, put Log Pearson 3 5.1516 9.7164 3.1171 LogPearson3Mean(280.71; -0.03448; 11.154) alpha, beta, gamma

P3, L1: pick, put Beta 7.4813 10.938 3.3072 BetaMean(0.5977; 0.6399; 2.7; 12.6) alpha1, alpha2, a, b

P3, L1 screws: pick, pretighten Log Pearson 3 7.561 15.65 3.956 LogPearson3Mean(293.36; -0.02956; 10.57) alpha, beta, gamma

P3, L1: tool, bitchange: M6 M8 Weibull 4.9625 2.7759 1.6661 WeibullMean(3.2772; 5.5342) alpha, beta, gamma

P3, L1 tighten M6 M8 Burr 5.6572 37.707 6.1406 BurrMean(0.51645; 4.707; 3.599) k, alpha, beta, gamma

P3, L1 tool, bitchange M8 M6 Burr 6.0767 557.18 23.605 BurrMean(0.34625; 5.8782; 3.2155) k, alpha, beta, gamma

assy P3, L1 tool pick put pretighten Kumaraswamy 7.1145 11.731 3.425 KumaraswamyMean(0.86005; 1.3024; 2.2; 14.656) alpha1, alpha2, a, b

assy P3, L1 : tighten Burr 11.13 117.3 10.83 BurrMean(0.38848; 6.3983; 6.9701) k, alpha, beta, gamma

L2, L3: pick put Kumaraswamy 8.6436 4.6423 2.1546 KumaraswamyMean(1.0181; 0.93808; 4.785; 12.2) alpha1, alpha2, a, b

L2, L3 screws: pick, pretighten Log Pearson 3 11.148 132.83 11.525 LogPearson3Mean(2.0525; 0.35323; 1.5168) alpha, beta, gamma

L2, L3: tighten Log Logistic 7.6726 11.844 3.4415 LogLogisticMean(4.5066; 7.0661) alpha, beta, gamma

L4: pick put LogNormal 6.2081 4.1493 2.037 LognormalMean(0.31976; 1.7747) sigma, mew, gamma

L4 screws: pick pretighten Gen Extreme Value 6.575 2.6178 1.6179 GenExtremeMean(-0.10569; 1.4214; 5.8902) k, sigma, mew

L4: tighten Burr 6.8618 7.9187 2.814 BurrMean(0.35369; 10.839; 5.2352) k, alpha, beta, gamma

P3, L1 label: tool bitchange Gen Pareto 7.1375 5.6827 2.3838 GenParetoMean(-0.2705; 3.7597; 4.1783) k, sigma, mew

P3 label screws: pick put pretighten Log Gamma 8.4124 23.523 4.8501 LogGammaMean(17.959; 0.11183) alpha, beta

L1 label screws: pick put pretighten Fatigue Life 11.57 74.019 8.6034 FatigueLifeMean(0.89767; 6.7647; 2.0792) alpha, beta, gamma

P3 label screws: tighten Gamma 8.6562 29.736 5.4531 GammaMean(1.4006; 4.6077; 2.2026) alpha, beta, gamma

L1 label screws: tighten Dagum 12.193 42.597 6.5266 DagumMean(0.70179; 4.1882; 12.566) k, alpha, beta, gamma

assembly: pick put Fatigue Life 6.2831 15.333 3.9158 FatigueLifeMean(0.61067; 5.2957) alpha, beta, gamma

Sum Burr 158.09 1331.8 36.494 BurrMean(0.20695; 27.149; 131.12) k, alpha, beta, gamma

Round 3

Processes

Pick, put Burr 6.5039 8.0322 2.8341 BurrMean(0.57756; 6.8179; 5.2246) k, alpha, beta, gamma

pretighten Burr 4.4746 6.2134 2.4927 BurrMean(0.47754; 6.8301; 3.2932) k, alpha, beta, gamma

Tighten Log Logistic 8.8002 32.654 5.7144 LogLogisticMean(2.2367; 2.2279; 5.6273) alpha, beta, gamma

Pick, put Burr 4.7525 6.342 2.5183 BurrMean(0.62987; 4.2321; 1.9873; 1.8915) k, alpha, beta, gamma

pretighten Gen Extreme Value 3.4889 2.1764 1.4753 GenExtremeMean(-0.38519; 1.5466; 3.0399) k, sigma, mew

Tighten Weibull 7.2642 2.2117 1.4872 WeibullMean(5.652; 7.8564) alpha, beta, gamma

Label pick put Pearson 5 10.231 14.315 3.7835 Pearson5Mean(9.3124; 85.045) alpha, beta, gamma

Label screws pretighten Burr 29.78 43.99 6.6325 BurrMean(0.88468; 8.9305; 28.434) k, alpha, beta, gamma

 label screws: tighten Gen Extreme Value 14.533 4.2161 2.0533 GenExtremeMean(0.00919; 1.5816; 13.606) k, sigma, mew

Sum Gen Extreme Value 90.404 181.44 13.47 GenExtremeMean(-0.4159; 14.261; 86.512) k, sigma, mew

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters
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Station 4: 

 

Round 1

Processes

assy: walk T1, T2 unpack, discard Gumbel Max 8.3917 35.964 5.997 GumbelMaxMean(4.6759; 5.6927) sigma, mew

assy: pick, put Gen Pareto 5.225 5.6431 2.3755 GenParetoMean(-0.69784; 6.2427; 1.5482) k, sigma, mew

Labels pick, put LogNormal 15.372 67.316 8.2046 LognormalMean(0.50067; 2.6072) sigma, mew, gamma

L2 pretighten Nakagami 9.6572 25.713 5.0708 NakagamiMean(0.99153; 118.97) m, omega

L3 pretighten Frechet 10.956 297.12 17.237 FrechetMean(2.2361; 6.8118) alpha, beta, gamma

L4 pretighten Log-Gamma 11.573 79.368 8.9089 LogGammaMean(15.373; 0.14725) alpha, beta

Banner Label pretighten Weibull 10.174 61.118 7.8178 WeibullMean(0.78477; 5.2862; 4.1) alpha, beta, gamma

L2 tighten Chi Squared 7.6946 8 2.8284 ChiSqrMean(4; 3.6946) v, gamma

L3 tighten Log-Logistic 5.3148 2.8388 1.6849 LogLogisticMean(6.0571; 5.0796) alpha, beta, gamma

L4 tighten Laplace 4.8917 4.3681 2.09 LaplaceMean(0.67666; 4.8917) lamda, mew

Banner label tighten LogNormal 5.1778 6.1561 2.4811 LognormalMean(0.45465; 1.541) sigma, mew, gamma

Assembly pick, put Triangular 4.0259 1.9161 1.3842 TriangularMean(4.3; 0.50649; 7.2712) m, a, b

Sum Gen Extreme Value 97.017 1273.7 35.689 GenExtremeMean(-0.53008; 38.684; 88.812) k, sigma, mew

Round 2

Processes

assy: pick, put Kumaraswamy 5.6205 11.578 3.4026 KumaraswamyMean(0.46964; 1.3479; 2.4; 15.762) alpha1, alpha2, a, b

Labels pick, put Burr 8.231 15.353 3.9183 BurrMean(438.54; 2.2226; 143.4) k, alpha, beta, gamma

L2 pretighten Gen Pareto 10.825 21.087 4.592 GenParetoMean(-0.50267; 9.7715; 4.3222) k, sigma, mew

L3 pretighten Gen Extreme Value 9.9875 9.3386 3.0559 GenExtremeMean(-0.11633; 2.7121; 8.7046) k, sigma, mew

L4 pretighten Beta 12.206 34.875 5.9055 BetaMean(0.4855; 0.53326; 4.2; 21.0) alpha1, alpha2, a, b

Banner Label pretighten Pert 10.731 27.73 5.2659 PertMean(4.5; 4.5; 41.884) m, a, b

L2 tighten Exponential 5.4687 2.1572 1.4688 ExpMean(0.68085; 4.0) lamda, gamma

L3 tighten Gen Pareto 4.3687 0.51776 0.71956 GenParetoMean(-0.307; 1.1948; 3.4546) k, sigma, mew

L4 tighten Burr 4.8114 0.73089 0.85492 BurrMean(0.65504; 11.264; 3.7177; 0.74917) k, alpha, beta, gamma

Banner label tighten Erlang 4.4714 1.538 1.2402 ErlangMean(13; 0.34396) m, beta, gamma

Assembly pick, put Error 4.3937 1.31 1.1445 ErrorMean(2.2524; 1.1445; 4.3937) k, sigma, mew

Sum Burr 80.79 136.85 11.698 BurrMean(1.3843; 11.19; 83.59) k, alpha, beta, gamma

Round 3

Processes

Place Label Gen Pareto 14.569 89.381 9.4542 GenParetoMean(-0.74004; 25.907; -0.31997) K, sigma, mew

Pretighten label Screws Chi Square 2P 14.514 48 6.9282 ChiSqrMean(24; -9.4858) v, gamma

Place Banner Hypersecant 7.1313 7.0743 2.6598 HypersecantMean(2.6598; 7.1313) sigma, mew

Pretighten Screws Log Pearson 3 9.2897 7.9155 2.8134 LogPearson3Mean(24536.0; -0.00189; 48.676) alpha, beta, gamma

Tighten Screws Burr 9.3222 10.215 3.1961 BurrMean(0.88439; 6.0713; 8.5658) k, alpha, beta, gamma

Place Roof Burr 4P 7.0455 10.058 3.1715 BurrMean(1.5808; 2.111; 3.8796; 3.3897) k, alpha, beta, gamma

Pretighten Screws Error 11.65 20.919 4.5737 ErrorMean(100.0; 4.5737; 11.65) K, sigma, mew

Tighten roof Screws Dagum 9.4923 23.097 4.8059 DagumMean(0.60031; 4.5547; 10.418) k, alpha, beta, gamma

Tighten label Screws Gen Extreme Value 11.594 30.816 5.5512 GenExtremeMean(-0.47094; 5.9594; 10.147) K, sigma, mew

Check Labels Beta 8.4813 11.504 3.3918 BetaMean(0.41765; 0.37725; 3.7; 12.8) alpha1, alpha2, a, b

Sum Error 103.76 307.02 17.522 ErrorMean(1.5611; 17.522; 103.76) K, sigma, mew

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters
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Station 5: 

 

Round 1

Processes

assy:walk Log-Pearson 3 2.4368 5.3259 2.3078 LogPearson3Mean(3.1368; 0.30054; -0.23053) alpha,beta, gamma

assy:pick, put Gen Extreme Value 3.3444 2.221 1.4903 GenExtremeMean(-0.10585; 1.3095; 2.7137) K, sigma, mew

banner, screws: walk Gen Extreme Value 5.5444 40.97 6.4008 GenExtremeMean(0.348; 2.181; 3.1565) K, sigma, mew

banner, screws: pick, put Chi Squared 5 10 3.1623 ChiSqrMean(5) v, gamma

banner: tighten Dagum 4.7852 2.5798 1.6062 DagumMean(0.60834; 6.6017; 5.2092) k, alpha, beta

roof, screws: walk Triangular 5.4198 2.1636 1.4709 TriangularMean(7.5; 1.2594; 7.5) m, a, b

roof, screws: pick, pretighten Gen Pareto 4.8778 4.4221 2.1029 GenParetoMean(-0.68242; 5.4406; 1.644) K, sigma, mew

tool, bit M6-M8 walk LogNormal 3P 5.7432 78.212 8.8438 LognormalMean(1.2548; 0.72114; 1.2236) sigma, mew, gamma

tool, bit M6- M8: remove, put Dagum 3.8433 0.81729 0.90404 DagumMean(0.30892; 13.518; 4.5832) k, alpha, beta

roof: tighten Weibull 3P 4.5465 16.217 0.88573 WeibullMean(0.63309; 1.7376; 2.1) alpha,beta, gamma

roof label: walk Gen Pareto 7.1111 18.298 4.2776 GenParetoMean(-0.36928; 7.723; 1.4709) K, sigma, mew

roof label: pick, put, pretighten Pearson 6 6.7548 20.014 4.4737 Pearson6Mean(173.76; 4.3234; 0.1292) alpha1, alpha2, beta

tool, bit M8-M4: walk Log Logistic 7.2385 22.519 4.7454 LogLogisticMean(3.4087; 6.2564) alpha, beta, gamma

tool, bit M8-M4: remove, put Gamma 10.633 60.345 7.7682 GammaMean(1.8737; 5.6751) alpha, beta

roof label tighten Fatigue Life 3P 6.8143 62.856 7.9282 FatigueLifeMean(2.4162; 1.1391; 2.3501) alpha, beta, gamma

tool, bit M4-M6: walk Kumaraswamy 11.57 115 10.724 KumaraswamyMean(0.40134; 1.1993; 1.9; 42.512) alpha1, alpha2, a, b

tool, bit M4-M6: remove, put Gamma 7.2888 38.028 6.1667 GammaMean(0.41839; 9.5337; 3.3) alpha, beta, gamma

assembly walk Gen Pareto 3.9889 111.47 10.558 GenParetoMean(0.47216; 1.315; 1.4977) K, sigma, mew

assembly: pick, put Log-Gamma 3.3673 6.8097 2.6095 LogGammaMean(4.3748; 0.24216) alpha, beta

Sum Gen Extreme Value 112.83 448.01 21.166 GenExtremeMean(-0.56207; 23.013; 108.32) K, sigma, mew

Round 2

Processes

assy:pick, put Nakagami 4.1337 2.6832 1.6381 NakagamiMean(1.6912; 19.771) m, omega

banner, screws: pick, put LogNormal 6.6596 11.924 3.4532 LognormalMean(0.48798; 1.777) alpha, mew, gamma

banner: tighten LogNormal 3P 10.089 120.07 10.958 LognormalMean(1.2594; 0.92249; 4.5296) alpha, mew, gamma

roof, screws: pick, pretighten Inv Gaussian 6.7867 31.13 5.5794 InvGaussianMean(2.4976; 4.2681; 2.5185) lamda, mew, gamma

tool, bit M6- M8: remove, put Log Pearson 3 8.3091 482.78 21.972 LogPearson3Mean(1.8257; 0.45189; 1.0196) alpha, beta, gamma

roof: tighten Log Gamma 4.2584 3.7678 1.9411 LogGammaMean(12.585; 0.10875) alpha, beta

roof label: pick, put, pretighten Gen Extreme Value 7.74 98.067 9.9029 GenExtremeMean(0.41089; 2.3929; 4.7424) k, sigma, mew

tool, bit M8-M4: remove, put Gen Extreme Value 7.2867 69.228 8.3204 GenExtremeMean(0.4333; 1.6865; 5.0648) k, sigma, mew

roof label tighten Log Pearson 3 8.8682 24.94 4.994 LogPearson3Mean(96.198; -0.05649; 7.469) alpha, beta, gamma

tool, bit M4-M6: remove, put Dagum 11.336 467.96 21.632 DagumMean(26.934; 2.1661; 1.5093) k, alpha, beta, gamma

assembly: pick, put Nakagami 5.4607 10.516 3.2428 NakagamiMean(0.78633; 40.335) m, omega

Sum Burr 79.235 305.69 17.484 BurrMean(235.23; 1.3659; 1397.2; 55.703) k, alpha, beta, gamma

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters
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Station 6: 

 

Round 1

Processes

assy: walk Gamma 3.4064 9.3999 3.0659 GammaMean(0.61602; 3.9063; 1.0) alpha, beta, gamma

assy: pick, put Log Gamma 1.7967 0.39095 0.62526 LogGammaMean(3.5991; 0.15025) alpha, beta

Torque check M6: walk, check Dagum 2.6264 0.50524 0.7108 DagumMean(0.71205; 7.6925; 2.7418) k, alpha, beta, gamma

Torque check M6: pick tool Gen Pareto 6.29 12.568 3.5452 GenParetoMean(-0.21605; 5.1591; 2.0475) k, sigma, mew

Torque check M6: walk Log Logistic 6.3697 15.908 3.9885 LogLogisticMean(4.5629; 8.3333; -2.6603) alpha, beta, gamma

Torque check M8: bit exchange LogNormal 5.1461 8.1315 2.8516 LognormalMean(0.51747; 1.5043) sigma, mew, gamma

Torque check bottom M8: walk Beta 3.47 4.1735 2.0429 BetaMean(0.29236; 0.6926; 1.6; 7.9) alpha1, alpha2, a, b

Torque check roof: walk Reciprocal 4.8813 7.6573 2.7672 ReciprocalMean(1.5; 11.4) a, b

Torque check roof: pick, turn Beta 5.23 8.8535 2.9755 BetaMean(0.20379; 0.21804; 1.8; 8.9) alpha1, alpha2, a, b

Torque check M6: walk Pearson 5 3.6739 4.2801 2.0688 Pearson5Mean(2.9949; 4.1167; 1.6103) alpha, beta, gamma

Torque check M6: bit exchange Pearson 5 3.5991 2.4099 1.5524 Pearson5Mean(7.375; 22.944) alpha, beta, gamma

Label check: walk Dagum 13.006 19.981 4.47 DagumMean(0.83204; 5.8812; 12.997) k, alpha, beta, gamma

temple to stores Log-Gamma 3.0777 13.319 3.6495 LogGammaMean(2.6335; 0.34745) alpha, beta

Sum Log-Pearson 3 61.994 80.104 8.9501 LogPearson3Mean(5.8032; 0.05622; 3.7912) alpha, beta, gamma

Round 2

Processes

assy: pick, put Pert 2.4835 1.5697 1.2529 PertMean(1.0031; 0.99969; 9.8889) m, a, b

Torque check M6: pick tool Weibull 7.2587 4.3168 2.0777 WeibullMean(9.8178; 17.854; -9.7137) alpha, beta, gamma

Torque check M8: bit exchange Log-Logistic 5.3626 45.202 6.7232 LogLogisticMean(2.2124; 2.4552; 1.8362) alpha, beta, gamma

Torque check roof: pick, turn Beta 5.1267 3.285 1.8125 BetaMean(0.78714; 0.7728; 2.2; 8.0) alpha1, alpha2, a, b

Torque check M6: bit exchange Burr 6.763 4.7448 2.1783 BurrMean(0.37317; 12.269; 5.4519) k, alpha, beta, gamma

Label check, temple to stores Log-Pearson 3 13.871 7.0141 2.6484 LogPearson3Mean(488.82; -0.00863; 6.8315) alpha, beta, gamma

Sum Erlang 39.747 22.569 4.7507 ErlangMean(70; 0.56782) m, beta, gamma

Distribution Mean Variance STDEV ID Parameters

Distribution Mean Variance STDEV ID Parameters
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APPENDIX 4 GOLEAN RESULTS OF THE 12 MINUTE 

SIMULATION RUNS 

Round 1: 
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APPENDIX 5 GOLEAN USER GUIDE 

 

- The First Step 

after opening GoLEAN 

is to input the 

simulation conditions 

and parameters.  

- In the first page, 

the user is allowed to 

choose from the 

options in three drop 

down menus which are 

located on the top left 

of the page: 

1. The first one 

includes choosing 

between a manual 

assembly line and an 

automated assembly line. 

2. The second one includes the choice between push or pull production. 

3. The third menu allows the choice between an unorganized workplace and 

applying 5S concepts. 

- Below these menus, the user is allowed to insert the demand and the time of 

simulation in two separate labeled boxes. 

- After inserting the parameters and choosing the conditions, the user should click on 

OK to move to the next step that include the visualization of the simulation. 

 

  



Hybrid Learning Factories: A Case Study 

 

 

96  Omar Elfar - May 2015 

 

 

- In the second step of the 

UX, the user watches the 

visualization to get the sense 

of the production and the 

effect of the chosen 

conditions. 

- The dynamic visualization 

includes the worktables, the 

workpieces and finished 

products, and the personnel 

including operators and 

logistics. 

- All these elements are 

dynamic according to the 

real time production 

simulation of the factory. 

- In the top left corner, 

there is an icon which 

indicates whether the production is a pull or push production.  

  
- The third and final step of the UX presents the results. 

- On the top left quarter of the page, a graph showing the WIP levels at each station 

exists 

- On the bottom left quarter, a graph showing the stations’ cycle times is presented with 

a horizontal line representing the takt time where any cycle time that is greater than 

the takt time is represented in red color rather than the regular blue color. 

- On the top right quarter, there is a graph to present the utilization percentage of each 

station. 
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- On the bottom right quarter, the conditions and parameters of the simulation are 

presented in addition to the number of products finished, the number of late products 

and missed orders. 

- Below this, there are several input boxes where each one represents a cost parameter. 

While inputting the cost parameters, the profit calculation is conducted on the spot.  

- The Results page can be kept open despite reopening GoLEAN again to run a new 

simulation in order to allow the user to compare the results of several simulations 

instantly.  

 

Here you can also examine the other two factory organizations in the visualizations where 

the figures represent the factory with 5S applied and with automation respectively: 

 

  
 

 

 


