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ABSTRACT 

The rapid changes in the market including globalization, the requirement for personalized 
products and services by the customers, shorter product life-cycles, the exponential growth 
of technological advances, and the demographical changes, will demand organizations to 
effectively improve and design their systems in order to survive. This is the actual paradigm 
characterizing the industrial and service sectors. This scenario presents a considerable 
challenge to decision makers who will need to decide about how to design and improve a 
more than ever complex system without compromising the quality of the decision taken. 
Lean, being a widely applied management philosophy with very powerful principles, its 
methods and tools are static in nature and have some limitations when it comes to the de-
sign and improvement of complex and dynamic systems. Some authors have proposed the 
combined use of simulation with Lean in order to overcome these limitations. Furthermore, 
optimization and post-optimization tools coupled to simulation, provide knowledge about 
optimal or nearly optimal system configurations to choose from. However, even if Lean 
principles, methods and tools, as well as simulation and optimization, pursue the objective 
of supporting organizations regarding system design and improvement, a bilateral ap-
proach for their combination and its benefits have barely been addressed in the literature. 
Many studies focus only on how specific Lean tools and simulation can be combined, treat-
ing Lean purely as a toolbox and not considering how Lean can support the simulation pro-
cess. The aim of this research is to address this knowledge gap by analyzing the mutual 
benefits and presenting a framework for combining Lean, simulation and optimization to 
better support decision makers in system design and improvement where the limitations 
of Lean tools and simulation are overcome by their combination. This framework includes 
a conceptual framework explaining the relationships between the Lean philosophy, meth-
ods and tools with simulation and optimization; the purposes for this combination and step 
by step processes to achieve these purposes; the identification of the roles involved in each 
process; a maturity model providing guidelines on how to implement the framework; ex-
isting barriers for the implementation; and ethical considerations to take into account. An 
industrial handbook has also been written which explains how to deploy the framework. 
The research has been conducted in three main stages including an analysis of the literature 
and the real-world needs, the definition and formulation of the framework, and finally, its 
evaluation in real-world projects and with subject matter experts. The main contribution 
of this research is the reflection provided on the bilateral benefits of the combination, as 
well as the defined and evaluated framework, which will support decision makers take qual-
ity decisions in system design and improvement even in complex scenarios. 
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SAMMANFATTNING 

De snabba förändringarna på marknaden såsom globalisering, ökat krav på personliga pro-
dukter och tjänster från kunderna, kortare produktlivscykler, tekniska framsteg med expo-
nentiell tillväxt samt demografiska förändringar medför ökat krav på att organisationer ef-
fektivt förbättrar och utformar sina system. Detta är det nuvarande paradigmet som karak-
täriserar industri- och tjänstesektorerna. Det är ett scenario som utgör en stor utmaning 
för beslutsfattare, vilka kommer att behöva ta beslut i än mer komplexa system där det blir 
svårare att utforma och förbättra system med bibehållen kvalitet. Lean är en allmänt till-
lämpad produktionsfilosofi med kraftfulla principer, med metoder och verktyg som är sta-
tiska till sin natur vilka har begränsningar när det gäller utformning och förbättring av 
komplexa och dynamiska system. En del författare har föreslagit den kombinerade använd-
ningen av simulering med Lean för att övervinna dessa begränsningar. Dessutom erbjuder 
simulering kombinerat med optimering och postoptimeringsverktyg genererandet av kun-
skap om optimala eller nästan optimala systemkonfigurationer. Även om både Lean-prin-
ciper med dess metoder och verktyg och simulering syftar till att stödja organisationer vid 
utformning och förbättring av sina system tar litteraturen upp få fördelar med ett kombi-
nerat tillvägagångssätt. Flera studier fokuserar endast på hur specifika verktyg inom Lean 
kan kombineras med simulering men behandlar inte hur Lean som filosofi kan stödja si-
muleringsprocessen. Syftet med denna forskning är att ta itu med denna kunskapslucka 
genom att analysera fördelar med kombinationen Lean, simulering och optimering, samt 
beskriva hur dess svagheter var för sig kan överbryggas när de kombineras. Resultatet pre-
senteras i ett ramverk med beskrivning av dess genomförande, vilket syftar till att generera 
ett bättre beslutsstöd vid utformning och förbättring av komplexa och dynamiska system. 
Ramverket innefattar ett konceptuellt ramverk som förklarar relationerna mellan Lean-fi-
losofin, dess metoder och verktyg, med simulering och optimering; olika ändamål för kom-
binationen beskrivs, samt genomgång av steg för steg processer ges för att uppnå dessa 
ändamål; identifiering av de roller som är inblandade i varje process beskrivs; en mognads-
modell presenteras som ger riktlinjer för hur man implementerar ramverket; befintliga 
hinder för genomförandet och etiska överväganden att ta hänsyn till lyfts också fram. Slut-
ligen har en industriell handbok skrivits som förklarar hur man ska implementera ramver-
ket. Forskningen har genomförts i tre faser, bland annat en behovsanalys utifrån litteratu-
ren och verkliga projekt, definitionen av ramverket, och avslutningsvis utvärderas det ge-
nom verkliga projekt och med ämnesexperter. Huvudbidraget för denna forskning är re-
flektionen över det extra utbytet med kombinationen Lean, simulering och optimering med 
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dess fördelar, vilket bygger på det framtagna ramverket och dess utvärdering. Där ramver-
ket har för avsikt att stödja beslutsfattare att fatta kvalitetsbeslut vid utformning och iden-
tifiering av förbättringar i sina system även i komplexa scenarier. 
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SMO Simulation-based Multi-objective Optimization 
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VSM Value Stream Mapping 
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CHAPTER 1 

INTRODUCTION 

This chapter introduces the background and the problem being addressed in the the-
sis. Based on the description of the existing problem, the aim and the research ques-
tions to be answered are presented. Moreover, the focus of the research and its limita-
tions are defined. Finally, the outline of the thesis is presented with a summary of the 
content of each chapter. 

1.1 BACKGROUND 
Continuous evolution is one of the main characteristics for any organization to survive. 
This evolution is linked to the ability of these organizations to adapt to changes in the 
market and customer demands, but also to the technological advances which will affect 
how their management practices and processes are designed and operate. They will 
more than ever need to efficiently cope with system complexity, have the capacity for 
innovation, and flexibility (Bauernhansl et al., 2014). Organizations are therefore 
facing a new paradigm at different levels: 1) there has been a shift at technological level 
with the new advances that Industry 4.0 and Internet Of Things (IoT) are bringing 
(Sanders et al., 2016); 2) globalization is offering new opportunities but also threats to 
companies that need to now compete in a global market; and additionally, 3) 
customers are demanding more personalized and higher quality products and services, 
at lower costs and use of resources (Koren, 2010). These statements are directly appli-
cable to manufacturing organizations, where their production systems have to be de-
signed to introduce the new technological advances, but also to include the flexibility 
and efficiency that the market is demanding. Similarly, it is also applicable to service 
providers, such as healthcare organizations which still struggle to offer high-quality 
care, providing good service times, and still being resource efficient (Brandeau et al., 
2004). Therefore, the ability to better design and improve their systems to efficiently 
cope with the new arising demands and advances is crucial. Equally or even more 
crucial will be to be able to take high-quality decisions (Matheson and Matheson, 
1998) when deciding how to improve and design the production or healthcare systems. 
The traditional method for decision-making, based basically on knowledge, experi-
ence, and personal preferences of the decision maker (Lemieux-Charles and 
Champagne, 2004), as well as the analysis of historical data (Pehrsson, 2013), is very 
limited to design and improve complex systems. This complexity is characterized by 
having a large number of elements interacting, with non-linear interactions, having 
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dynamic systems where the external conditions and the system itself changes, and 
where it is very difficult or impossible to predict what will happen (Snowden and 
Boone, 2007). As defended by Ignizio (2009), when designing complex systems even 
if the decision maker is intelligent and experienced, it is almost doubtless that his/her 
intuition will be wrong, as it is impossible to consider all the variables involved in those 
complex systems and their interrelationships.  

Operations management (OM) is the field concerned with these issues and can be de-
fined as follows: 

“OM is the activity of managing the resources which produce and 
deliver products and services. It includes understanding relevant 
performance objectives, setting an operations strategy, the design 
of the operation (products, services, and processes), planning and 
controlling the operation, and the improvement of the operation 

over time” (Slack et al., 2016).  

The evolution of OM in history has moved operation capabilities from custom work to 
high-speed systems (Starr, 1996). This evolution started with the pioneers of the spe-
cialization of work activities and division of labor led by Adam Smith (Smith, 1776), to 
the scientific management by Frederick Taylor (Taylor, 1911), and later on moved to 
mass production defined by Henry Ford (Ford and Crowther, 1926). Nowadays, prob-
ably the most widely applied philosophies, methods and tools in organizations to sup-
port their way to efficiency and high organizational performance within the OM field 
are: Lean (Womack et al., 1990), Six Sigma (Harry, 1994), Total Quality Management 
(Deming, 1982), Theory of Constraints (Goldratt and Cox, 1984), and Factory Physics 
(Hopp and Spearman, 2008).  

Lean is possibly the most known and applied philosophy in different kinds of organi-
zations including industrial and manufacturing, but nowadays also extends to 
healthcare and construction sectors among others (Bhamu and Singh Sangwan, 2014). 
The word “Lean” was made popular by Womack et al. (1990) to refer to the Japanese 
manufacturing philosophy with Toyota as the leading advocate. Lean can be defined 
as: 

“A philosophy that when implemented reduces the time from  
customer order to delivery by eliminating sources of waste in the 

production flow” (Liker, 1996). 

Lean can be viewed from three perspectives: as a philosophy, as a method for planning 
and control, as well as a set of improvement tools (Slack et al., 2016). Following a Lean 
approach, the static nature of the methods and tools employed for system design (e.g., 
Value Stream Mapping-VSM), although providing a relatively good base for decision-
making, are not sufficient to represent the real-world problem with its complexities 
and support high-quality decisions. 
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Operations research (OR) is a scientific approach that has evolved for the purpose of 
supporting decision-making processes and the improvement of organizational prob-
lems applying OR methods and tools (Keshtkaran et al., 2014). OR tools model a situ-
ation or problem and try to find the optimal solution for it (Anderson et al., 2002). The 
term OR was firstly introduced in the forties in the USA (Gaither, 1973). It is also an 
independent but linked field to OM. Computation is usually required to deal effectively 
with the complex problems solved by OR, and simulation is one of the most widely 
used techniques within this field (Hillier and Lieberman, 2015). Simulation, as em-
ployed in this thesis, can be defined as: 

“The imitation of the operation of the real-world process or system 
over time” (Banks et al., 2014). 

Simulation evolved considerably in the fifties to support the analysis, improvement, 
and design of companies’ processes (Goldsman et al., 2010). In recent years it has fur-
ther developed and nowadays it is employed to support decision-making at all levels: 
strategic, tactical, and operational (Negahban and Smith, 2014). Among all the exist-
ing simulation techniques, Discrete Event Simulation (DES) is the most applied in the 
literature (Negahban and Smith, 2014, Jahangirian et al., 2010). Probably, because the 
dynamic and variable nature of real-world problems is well represented by DES 
models which are characterized by being discrete, stochastic, and dynamic. Simulation 
can offer a systemic view of the system to be designed or improved and alternative 
scenarios can be built to analyze the effects of changes before decision-making. This is 
especially important when there are non-intuitive or non-existing scenarios that would 
be very difficult or even impossible to test in reality (Miller et al., 2010), or just follow-
ing a Lean approach. Additionally, complex systems can be simulated taking into ac-
count multiple variables and their interactions and variability, which is not possible to 
do via Lean methods and tools.  

Typically, when it comes to the process of developing a simulation model and employ-
ing it for decision-making support, as it is not resource-wise manageable to simulate 
all the possible configurations, just a limited number of them are tested. The same 
applies to the use of Lean tools such as VSM for system design and improvement. 
Therefore, the best possible configuration will be chosen among the ones designed by 
the project team, not necessarily finding an optimal one. This is obviously a limitation 
that can be addressed by applying Simulation-Based Optimization (SBO) (April et al., 
2003), also called “intelligent simulation” (Jahangirian et al., 2010). SBO is the com-
bination of simulation with optimization algorithms, to search for optimal or nearly 
optimal system configurations. It can be defined as: 

”A technique applied to seek the “optimal” setting for a complex 
system based on one or multiple performance measures generated 

from simulation by using various searching methodologies”  
(April et al., 2004). 
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Depending on the problem under analysis, there are different optimization algorithms 
to use together with simulation (Figueira and Almada-Lobo, 2014). Meta-heuristic op-
timization, and genetic algorithms in particular, is a flexible approach to examine any 
solution space. It is also characterized by quickly achieving good results, which makes 
it very interesting to be used with simulation (Figueira and Almada-Lobo, 2014). As 
usually system design and improvement projects involve the achievement of multiple 
objectives (e.g., increase throughput while minimizing lead time, minimizing work in 
process, minimizing investment cost, etc.), then, the use of the so-called Simulation-
based Multi-objective Optimization (SMO) can be beneficial (April et al., 2003). SMO 
supports decision makers by offering trade-off solutions between conflicting objectives 
(Deb, 2001). As opposed to the improvement Kata concept defended by Rother (2010) 
and Soltero and Boutier (2012), where the improvements are taken one at a time work-
ing towards a target condition, SMO provides the possibility to test and analyze differ-
ent improvement scenarios beforehand offering the optimal set of system configura-
tions to the decision maker. However, even if the list of these configurations is useful 
for decision-making, to choose among a large number of alternatives can become an 
intimidating task (Dudas et al., 2014). Therefore, if post-optimality or knowledge dis-
covery tools, such as data mining techniques, are employed to analyze the optimization 
results, then good and bad solutions, as well as their characteristics, can be identified 
and provided for decision-making (Dudas et al., 2014).  

Robinson et al. (2012) defend that having both Lean and simulation the same motiva-
tion to support and improve organizations, it is surprising that they haven’t been com-
bined more in the literature. Many authors have defended the use of simulation tech-
niques to complement Lean and overcome the deficiencies of its specific methods and 
tools (Marvel and Standridge, 2009, Standridge and Marvel, 2006, Ferrin et al., 2005, 
Adams et al., 1999, Robinson et al., 2012, Jia and Perera, 2009, Miller et al., 2010). As 
Miller et al. (2010) pointed out, the combination of Lean with quantitative analysis 
tools will provide a highly valuable approach.  

This thesis analyzes why and how to combine Lean and SMO to be beneficial to sup-
port decision-making in system design and improvement. It proposes a framework 
with different components to facilitate its implementation in different kinds of organ-
izations which are willing to adopt this approach.  

1.2 PROBLEM DESCRIPTION 
Decision-making in any context is a challenging task, especially if the matter under 
study is a complex scenario. Different management philosophies, methods, or tools 
within OM and OR are designed to support the decision makers under these circum-
stances, including Lean and SMO. Both, in different levels of abstraction, the first be-
ing a management philosophy and the second a tool, aim to support organizations to 
perform better.  

Lean is nowadays one of the most popular management philosophies (Hines et al., 
2004, Holweg, 2007), and it will continue to be in the future industrial revolution 
(Wagner et al., 2017, Sanders et al., 2016). However, Lean methods and tools, even if 
providing a good base for system design and improvement, have some important 
drawbacks such as 1) not taking into consideration the variability of the system 
(Standridge and Marvel, 2006); 2) lack of provision of a system-wide view on how 
changes in one component affect others (Marvel and Standridge, 2009, Standridge 
and Marvel, 2006); 3) lack of dynamic behavior and capability of Lean tools to evaluate 
non-existing processes before implementation (Goienetxea Uriarte et al., 2015); and 
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consequently, 4) an inability to analyze complex systems as defined previously. In 
these cases, the traditional approaches for decision-making mainly based on 
knowledge, experience, personal preferences (Lemieux-Charles and Champagne, 
2004), and historical data (Pehrsson, 2013), are usually very limited. Therefore, the 
use of OR tools, such as SMO, in order to reduce uncertainty and provide a better sce-
nario for decision-making can be a good alternative (Parnell et al., 2013) or comple-
ment to Lean methods and tools. 

Additionally, the role of simulation and the creation of digital twins will be a must to 
support decision makers when designing and improving the organizational processes 
(Rodic, 2017, Rosen et al., 2015, Turner et al., 2016, IMTR, 2000). However, even if 
simulation is a tool that has been employed since the fifties, its use is still not so ex-
tensive (McNally and Heavey, 2004). Therefore, different authors point out that the 
integration of simulation in the Lean standards will be a key issue (Diamond et al., 
2002) and one of the biggest challenges to overcome to ensure the greater acceptance 
of simulation within industry (Fowler and Rose, 2004). Cheng et al. (2017) also discuss 
that one of the major issues that the simulation community still needs to address is its 
integration in the organizations, as “an indispensable tool that is always part of a well-
run organization”. Furthermore, the traditional simulation process does not neces-
sarily involve any consideration of the Lean principles, which can lead to the achieve-
ment of non-Lean configurations. Therefore, Robinson et al. (2012) assert that the 
combination of Lean with simulation can make Lean “more sustainable” and simula-
tion “more accessible” in organizations. Consequently, an analysis of the potential ben-
efits of their combination and how they can be combined is necessary. Furthermore, 
because simulation is not an optimization tool, SMO can be employed to effectively 
provide the optimal (or nearly optimal) trade-offs between conflicting objectives and 
contribute to the decision quality as defended by Matheson and Matheson (1998). 

There are different approaches for combining Lean and simulation such as the ones 
presented by Jia (2010), Robinson et al. (2012), or El-Haik and Al-Aomar (2006). The 
comprehensive literature review conducted as part of this research study points out 
that the main focus of the combination between Lean and simulation is mainly method 
and tool oriented, omitting the importance of Lean’s philosophical background. It is 
also focused on how simulation can support Lean but not vice versa. Additionally, the 
analysis of the needs in real-world cases points out the existing demand for a standard 
which will support organizations to employ simulation as a tool within the Lean stand-
ards, as well as Lean principles, methods and tools in combination with simulation to 
support better decision-making in system design and improvement. Many organiza-
tions could gain from an approach which describes how they may be applied in com-
bination, complementing each other and overcoming their deficiencies towards creat-
ing value for decision makers. A framework that offers the knowledge about when, how 
and who should employ this combination and not just focused on specific tools, is 
lacking in the current research literature to support organizations in this matter. 
Furthermore, there is a lack of evidence that the existing approaches in the literature 
have been implemented and validated in more than one specific case. This thesis aims 
to address these knowledge gaps. 

The research community working in the areas of OM and OR, focused on decision-
making in system design and improvement, and especially those working with Lean 
and/or SMO may be interested in this thesis and its results.  

Decision makers (production managers, logistic department managers, quality and 
improvement department managers, etc.), simulation engineers, production engi-
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neers or technicians working with production system design and continuous improve-
ment, as well as Lean managers in these organizations, and consultancy companies 
specialized both in Lean and simulation techniques are the ones who may be interested 
in the outcomes of this thesis.  

1.3 RESEARCH AIM AND OBJECTIVES 
Taking into account the problem description, the aim of this thesis is: 

To define and evaluate a new framework that is based on a combination of 
Lean and Simulation-based Multi-objective Optimization to support deci-

sion-making in system design and improvement 

In this thesis, framework refers to a structure of different elements, to be provided to 
organizations, which will answer how to bring together Lean, simulation, and optimi-
zation and will provide the details to implement and deploy it.  

The aim can be divided into the following research objectives (O): 

• O1: Analyze through extensively reviewing research literature and leading real-world pro-
jects, if Lean and SMO can benefit from being combined.  

• O2: Define a framework that combines Lean and SMO to support decision-making in sys-
tem design and improvement. 

• O3: Evaluate the framework in real-world case studies and with subject matter experts. 

1.4 RESEARCH QUESTIONS 
According to the problem description and the aim and objectives of the thesis, the fol-
lowing research questions (RQ) were defined for the research study:  

• RQ1: What are the potential benefits of combining Lean and SMO? 

• RQ2: How to define a framework where Lean and SMO are combined to support decision-
making in system design and improvement? 

• RQ3: To what degree has the usefulness and usability of the framework been perceived by 
subject matter experts and when applied in real-world cases respectively? 

The following Table 1.1 summarizes the relationship between the objectives and re-
search questions of the thesis. 

Table 1.1: Link between objectives and research questions. 

Objective 
Research  
question 

O1 RQ1 

O2 RQ2 

O3 RQ3 

1.5 RESEARCH FOCUS AND DELIMITATIONS 
The research presented in this thesis has focused on the analysis of the benefits from 
combining Lean and SMO and in the definition and evaluation of a framework that 
combines them to support decision-making on system design and improvement.  
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The research project has been delimited in the following way: 

Type of organization 
Although the framework has been designed to be generic in its application to different 
kinds of organizations (different domains, sizes, services or products offered), the case 
studies analyzed in this research are mainly manufacturing and healthcare organiza-
tions. All of them are large-in-size, mainly because it was very difficult to find SMEs 
which employed Lean and had the willingness or capacity to start implementing SMO. 
The main reason, as might be anticipated, may be because Lean is not that extended 
among SMEs (Shah and Ward, 2003, Pearce et al., 2018, McGovern et al., 2017, Knol 
et al., 2018), and neither is the use of simulation (Ivers et al., 2016). 

Development area 
The areas that are featured within this thesis are related to OM, OR, and business an-
alytics. From an OM perspective, Lean, decision theory and complexity science have 
been analyzed. From an OR and business analytics perspective, SMO and post-opti-
mization tools have been analyzed. The thesis is focused on the analysis of why and 
how these could best be combined. 

Geographical area 
The research has been conducted in Sweden and the case studies analyzed are Swedish 
organizations, although some of them are international companies. 

Technical domain 
Among all the existing management philosophies and methods, Lean has been chosen 
to conduct the research in this thesis for being one of the most popular and extended 
management philosophies (Hines et al., 2004, Holweg, 2007) in different application 
domains. Even though there are extended versions of the Lean philosophy, such as 
Lean-Six Sigma or Lean-Agile, the Lean (alone) approach has been chosen for 
conducting this research. 

Although the word simulation is employed in many different domains to refer to many 
different things, the simulation approach where the research has been based is DES. 
At the same time, the optimization technique chosen has been SMO based on me-
taheuristics, and more specifically, the chosen algorithms when conducting the case 
studies belong to evolutionary algorithms. Therefore, when referring to simulation 
and optimization in the context of this thesis and the published papers, the author 
refers to these specific techniques, unless the contrary is stated. 

Scientific approach within the discipline of informatics 
Socio-technical and computational aspects are the ones analyzed in this thesis. The 
computational part is related to the technical area of the thesis, where SMO and post-
optimality analysis are included. The socio-technical approach is more oriented to the 
Lean perspective and the organizational impact of the presented approach. 

Lean and SMO combination to support decision-making in system design and im-
provement 
This thesis proposes a framework where Lean and SMO are combined to provide a 
more accurate decision-making scenario in system design and improvement. How-
ever, as this thesis is within the field of Informatics, this framework has been designed 
based mainly on an SMO perspective and just focused on system design and improve-
ment. Lean, being a philosophy which includes principles, methods, and tools, is in a 
higher level of abstraction and completeness. The aim has been to analyze the mutual 
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benefits of including SMO as a Lean tool and taking into account the Lean principles, 
methods, and tools as a complement to the SMO process.  

Furthermore, different purposes have been identified for the combination: the educa-
tional purpose, facilitation purpose and the evaluation purpose. The educational 
purpose has been identified and explained. However, the focus of the research and its 
evaluation has mainly been on the facilitation and especially on the evaluation pur-
poses because they are the ones defining how to support decision makers in system 
design and improvement. The further enhancement of the educational purpose is 
included as future research in Chapter 7. 

 

These delimitations have influenced the content of the research study.  

1.6 RESEARCH AREA 
This research study involves 3 key elements, as shown in Figure 1.1: 1) the organiza-
tion, including its culture and management philosophy; 2) the technology employed 
to support decision-making in system design and improvement in the organization; 
and 3) the people working in the organization which will make use of that technology 
and develop the organization. Management philosophies such as Lean, as well as in-
formation systems techniques, such as SMO and data mining, follow the aim of sup-
porting the organizations to efficiently design and improve their systems. Therefore, 
it is of great interest to investigate how to manage information technology tools and 
the use of information technology for managerial and organizational purposes (Zmud, 
1997). That is, how to manage the SMO process taking into account the Lean philoso-
phy, as well as, how to use SMO to complement the Lean toolbox with the aim to sup-
port decision-making when designing and improving systems. 

 

Figure 1.1: Key elements in the research study 

The research conducted and presented in this thesis can be classified into the areas of 
OM and OR. Both are independent but interrelated fields of endeavor (Fuller and 
Mansour, 2003). OM has historically been associated to production systems in factory 
environments; however, nowadays it has grown to also include service organizations 
and the study of their operations (Fuller and Mansour, 2003, Starr, 1996). The same 
has happened to OR, which is applied in diverse areas such as manufacturing, 
healthcare, construction, telecommunications, etc.(Hillier and Lieberman, 2015). At 
the conceptual level, OM and OR differ substantially, OM being more management 
and activity-oriented, while OR is more technique and mathematically-oriented 



CHAPTER 1  INTRODUCTION  

 

9 

(Fuller and Mansour, 2003). Simulation and optimization techniques based on me-
taheuristics, such as genetic algorithms, are considered as OR tools (Hillier and 
Lieberman, 2015). This field has also been strengthened recently with a new approach 
called analytics, which is the scientific process of the transformation of data into 
knowledge for decision-making purposes (Hillier and Lieberman, 2015). Descriptive 
analytics such as data mining, predictive analytics performed for example via simula-
tion, as well as, prescriptive analytics based on optimization techniques are also dealt 
within OR. Although data mining techniques are not so common within OR, recently 
they have also been included in the OR toolbox (Hillier and Lieberman, 2015). An ad-
ditional concept included within OR is the decision analysis, which consists of how 
value can be created to ease the decision-making process (Parnell et al., 2013). 
Mortenson et al. (2015) also present this link, where analytics is the interrelation of 
decision-making, quantitative methods (OR), and technologies. 

Lean philosophy is a management philosophy within OM. Simulation, optimization, 
and post-optimization techniques such as data mining, are related to the fields of OR 
and business analytics. How these can be combined to support the decision-making 
process for system design and improvement are concepts included in this thesis in the 
resulting framework and the research papers presented. 

Figure 1.2 illustrates the relationship between the fields of OM, OR, and analytics re-
lated to this thesis. 

 

Figure 1.2: A taxonomy of disciplines related to the research presented in this thesis.  

1.7 THESIS STRUCTURE 
The thesis is divided into seven different chapters, the list of references, four appen-
dices, and the publications. A brief summary of the content of each chapter is provided 
in the following paragraphs. 

  



CHAPTER 1  INTRODUCTION 

 

10 

Chapter 1: Introduction 
The first chapter introduces the thesis to readers. An introduction to the background 
and problem description which served as a motivation to conduct this thesis are 
provided. The research aims and objectives, as well as the research questions, are 
presented. Additionally, the research focus and delimitation are also explained in this 
chapter. The research area with the most important disciplines related to this thesis is 
summarized. Furthermore, the thesis structure including a summary of each of the 
chapters of the thesis is provided. 

Chapter 2: Theoretical background 
The second chapter provides a summary of the technical areas studied for the devel-
opment of this thesis. A summary of the findings from the literature review is also 
presented. 

Chapter 3: Research approach 
The third chapter presents the details of the research process and methodology chosen 
to conduct this research project. How the research has been evaluated, as well as the 
expected research outputs and the ethical considerations taken into account, are also 
explained. 

Chapter 4: Results 
This chapter describes the main results of the thesis, explaining the link between the 
research questions and the contribution offered by the included papers in the thesis. 

Chapter 5: Discussion 
In this chapter, an interpretation of the obtained results, as well as some of the limita-
tions of the research are discussed.  

Chapter 6: Conclusions 
The main conclusions of the thesis are analyzed and presented in this chapter. These 
will be related to how the thesis has fulfilled the aim, as well as which are the main 
contributions of the thesis.  

Chapter 7: Future research 
New research possibilities and recommendations are identified in this chapter based 
on the findings and experience adopted through the thesis development process. The 
areas that still remain underdeveloped in the thesis are also described to inspire other 
researchers to further develop them.  

References 
A list of references employed in the thesis is provided under this chapter. 

Appendices 
Appendix I: Interview questionnaire and summary of the answers  

This first appendix presents the questions and a summary of the answers of the inter-
views performed in the initial stage of the thesis with the aim to gain knowledge about 
how Lean and simulation are employed in real-world cases and the interest in their 
combination.  
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Appendix II: Lean and SMO framework processes  

The second appendix presents in detail the processes defined as a result of this thesis 
where the combination of Lean and SMO are presented for educational, facilitation, 
and evaluation purposes. Each process is composed of its aim, required skills and 
equipment, people involved, input, outputs, process steps, and recommendations.  

Appendix III: Survey about usability  

The third appendix presents the survey questions to measure the usability and a 
statistical analysis of the answers obtained divided by users and decision makers. Ad-
ditionally, the comments provided by the participants in the open questions are also 
presented here. 

Appendix IV: Survey about perceived usefulness  

This fourth appendix presents the survey questions employed to measure the per-
ceived usefulness of the concept of combining Lean and SMO and the defined frame-
work. It also presents a statistical analysis of the answers obtained and a list of com-
ments provided by the participants in the open questions.  

Publications 
The eight publications included in this thesis are attached in this last section. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

The following sections briefly introduce the most important areas, theories, methods, 
and tools which have been analyzed and employed in this research study. The aim is 
not to provide a complete review of these, but rather to highlight the most important 
aspects related to this thesis and the theoretical knowledge base to support the re-
search. 

2.1 WHY TO DESIGN AND IMPROVE SYSTEMS IN AN 
ORGANIZATION? 

The word design is “to conceive the looks, arrangement, and workings of something 
before it is constructed”, while improvement refers to “make something better” 
(Oxford dictionary, 2017). They differ in the extent of the change and activities per-
formed (Van Gigch, 1991) and the achieved results (Suh, 1990). According to Van 
Gigch (1991), improvement refers to updating the existing system to an expected better 
condition and design involves questioning the actual system and employing creativity 
to create a new one. 

OM is the field concerned with managing the resources which produce and deliver 
products and services. It involves the knowledge about performance objectives, the 
definition of the strategy, system design (including products, services, processes, and 
their interactions), plan and control, and its improvement (Slack et al., 2016). So an 
important focus of OM is on system design and improvement. 

The system approach is employed when the analysis is on the total flow (Starr, 1996) 
and its relationship to the parts (Müller-Merbach, 1994). A definition of system is pro-
vided by Forrester (1990) as: 

“A grouping of parts that operate together for a common purpose… 
it may include people as well as physical parts” (Forrester, 1990). 

Similarly, Bellgran and Säfsten (2010) focused on the definition of what systems are 
in the production environment and stated that “a system is a collection of different 



CHAPTER 2  THEORETICAL  BACKGROUND 

 

16 

components, such as for example people and machines, which are interrelated in an 
organized way and work together towards a purposeful goal”. The case studies part of 
this research focused on the design or improvement of healthcare and manufacturing 
systems.  

According to Bellgran and Säfsten (2010), even if different authors propose different 
processes to design a system, the steps to take in the design process are similar in all 
of them. Wu (1994) proposes a general design framework where the main steps to take 
are: 1) analysis of the situation; 2) setting of objectives; 3) conceptual modeling; 4) 
evaluation of concepts; 5) decision; 6) detailed design; 7) evaluation of concepts; and 
8) final decision. The implementation phase can also be added as the last step to these 
phases. The current situation is analyzed before setting the objectives, then the differ-
ent alternatives are discussed, and the chosen alternative is designed in detail before 
the final decision and implementation. The design process is a method comprising dif-
ferent steps employed to support the transformation from an idea or need to the defi-
nition of the new system design. Far from sequential, it is an iterative process (Slack 
et al., 2016). The main steps of the defined process in this thesis are similar to this 
approach (see Appendix II-Evaluation and facilitation processes).  

Similarly, there are different approaches to support the improvement process (Slack 
et al., 2016, Singh and Singh, 2015). The approach analyzed in this thesis is based on 
the improvement Kata approach for continuous improvement, which is based on a trial 
and error approach (Rother, 2010). There are different types of improvement as shown 
in Figure 2.1: radical or breakthrough improvements and continuous or incremental 
(Slack et al., 2016). While the first one is focused on big changes, the second one im-
plies small continuous improvement steps. The framework defined in this thesis has 
considered both types of improvements. 

 

Figure 2.1: Improvement patterns and their impact on the performance of organizations vs. time, based on Slack et al. 
(2016).  

Related to system design and improvement, a distinction between exploitation and 
exploration can be made (Slack et al., 2016). Exploitation can be defined as the activity 
of enhancing the existing systems within an organization which is mainly coupled to 
continuous improvement activities. Exploration is the activity of exploring new possi-
bilities, including radical improvements or new system design (Slack et al., 2016). 
While the benefits of exploitation activities are immediate and usually predictable, the 
activities conducted for exploration are based on a long-term, are more difficult, and 
include a high level of uncertainty and variability. The framework designed in this the-
sis is applicable to both exploitation and exploration type of projects, where different 
methods and tools could be employed depending on the project at hand (e.g. just Lean 
tools, just simulation, or a combination of them). 

While design and improvement activities have always been crucial to ensure the de-
velopment of the organizations, it will probably be even more crucial in the future. 
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Technology has brought opportunities to improve operations practice but has also dis-
rupted the existing market (Slack et al., 2016). There has been a technological shift 
with the introduction of Industry 4.o and internet of things (Sanders et al., 2016). Con-
verting the businesses to digitalization, creating virtual twins of the organization, to 
employ big data analysis for marketing purposes, etc. are not new concepts anymore. 
On the other hand, globalization is changing how the organizations operate in the mar-
ket (Koren, 2010). This means increased cost-based competition, an increment in the 
choice and variety for the customers and more legal regulations. Additionally, custom-
ers are demanding more personalized and higher quality products and services, at 
lower costs and use of resources (Koren, 2010).  

Therefore, how the organizations react and adapt to these, will include many changes 
on how the systems are designed and operate: 1) the implementation of information 
and internet-based technologies; 2) the efforts to effectively manage the supply chain 
and promote the development of the suppliers; 3) to include the customer preferences 
within the product and service development; 4) the mass customization or mass per-
sonalization of the products and services offered by these organizations; 5) to include 
flexible, modular, and reconfigurable systems; 6) to include fast time-to-market meth-
ods; and 7) to develop and maintain Lean and green processes (Slack et al., 2010, 
Koren, 2010). 

A huge organizational transformation has been performed in the last century, how-
ever, as explained above, even greater changes are expected in the future. As a result, 
product and process innovation, the introduction of new technologies, new compe-
tences on employees, as well as the implementation of new or updated management 
and engineering practices are needed. Therefore, the ability to better design and im-
prove systems to efficiently cope with the rising new demands and advances is and will 
be crucial.  

There are different OM philosophies, methods and tools to support organizations for 
these purposes, and Lean is the one analyzed in this thesis. 

2.2 WHAT IS LEAN?  
This section introduces the Lean philosophy, principles, methods and tools and the 
cultural aspects which characterize Lean. Additionally, a brief description of existing 
criticism of this philosophy is also addressed, and the integration of other manage-
ment philosophies and methods with Lean is also identified. 

2.2.1 AN INTRODUCTION TO THE PHILOSOPHY, PRINCIPLES, 
METHODS, AND TOOLS 

One of the most widely applied management philosophies currently within OM is 
probably Lean (Hines et al., 2004, Holweg, 2007). There are many definitions of what 
Lean is and it is not. A complete review is provided by Bhamu and Singh Sangwan 
(2014) and Modig and Åhlström (2016). According to Liker (1996), Lean is a philoso-
phy that eliminates waste in the production flow to reduce the time from customer 
order to delivery. Or as defined by Modig and Åhlström (2016), it is “an operations 
strategy that prioritizes flow efficiency over resource efficiency”. All these definitions 
convey that Lean is about continuously improving the organization, eliminating 
sources of variation and waste to meet customer demands. 

Lean can be viewed as a philosophy, as a method for planning and control, and as a set 
of improvement tools (Slack et al., 2016). Similarly, Modig and Åhlström (2016) define 
it as an operations strategy including values, principles, methods, tools, and activities. 
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As considered in this thesis, Lean is a management philosophy, which includes values, 
principles, and a group of methods and tools to support organizations to eliminate the 
sources of variation, the existing waste, and improve the working conditions. It is a 
philosophy, which has a strong focus on the empowerment of people to drive change 
and continuous improvement of the organizations to guarantee better long-term per-
formance. 

Lean is also known among others as the Toyota Production System, Lean Production 
or Lean Manufacturing (see Modig and Åhlström (2016) or Mirdad and Eseonu (2015) 
for a complete list of nomenclature). It is a philosophy which made Toyota one of the 
most successful car manufacturers in the world. Although firstly implemented just to 
improve manufacturing systems, nowadays Lean is applied in many other domains 
such as healthcare and construction (Bhamu and Singh Sangwan, 2014).  

The term “Lean” was first employed by Krafcik (1988) and later on popularized by 
Womack et al. (1990) in their book “The Machine that Changed the World” to describe 
the Toyota Production System as “Lean manufacturing”. Toyota developed the Toyota 
Production System (TPS) after the Second World War in Japan. At that time, big com-
petitors such as Ford or General Motors were using mass production and economies 
of scale to produce as many cars and as cheap as possible. But the market conditions 
for Toyota were different, they had a very small market in Japan, low customer de-
mand per model, few resources and capital, and a devastated country after the war. 
Due to these conditions, there was a need to produce different cars in the same pro-
duction lines at low cost and high-quality. Therefore, flexibility and operational excel-
lence became one of the key issues for Toyota and they focused their effort on waste 
elimination in every step of the company’s processes (Liker, 2004). This waste is de-
fined as all the activities that don’t add any value to the customer (internal or external) 
and therefore have to be eliminated from the organizations (Liker, 1996, Bicheno and 
Holweg, 2009, Bhasin and Burcher, 2006, Bhamu and Singh Sangwan, 2014). The 
major types of waste or non-value adding activities, as defined initially by Ohno 
(1988), are overproduction, waiting time, unnecessary transport, overprocessing or 
incorrect processing, excess inventory, unnecessary movements, and defects. An ad-
ditional waste has been identified by other authors being the unused employee crea-
tivity (Liker and Meier, 2006, Liker, 2004, Bicheno and Holweg, 2009, Petersson et 
al., 2009). 

However, Toyota managers discuss frequently the need to reduce the waste coming 
from the so-called three M’’s, which are Muda, Muri, and Mura. Muda refers to the 
wastes defined above, while Muri is overburdening people and machines beyond their 
limits, and Mura is to have unevenness or lack of consistency in the system due to 
variation (Liker, 2004, Hines et al., 2008). Mura and Muri may be the root causes for 
Muda, so just focusing on eliminating Muda is not sufficient (Liker, 2004, Hines et al., 
2008). This is in line with the definition of Lean provided by Radnor et al. (2012) that 
Lean is “a management practice based on the philosophy of continuously improving 
processes by either increasing customer value or reducing non-value adding activities 
(Muda), process variation (Mura), and poor working conditions (Muri)”. The three of 
them are related to each other, being the root cause of waste (Slack et al., 2016). 
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Figure 2.2: Mura, Muri, and Muda. 

While the philosophy and principles behind Lean are the driving force in an improve-
ment process, there are different methods and tools which support this process. A 
complete review of these is provided by Bhamu and Singh Sangwan (2014), Anand and 
Kodali (2010), or Bicheno and Holweg (2009). According to Bicheno and Holweg 
(2009), probably the most known are the following: 5S, Kanban, Value Stream Map-
ping (VSM), JIT, Standardized work, Poka-Yoke, line balancing techniques, Total Pro-
ductive Maintenance (TPM), Single-Minute Exchange of Die (SMED), visual controls, 
and Kaizen. According to the review performed by Bhamu and Singh Sangwan (2014), 
VSM has the most appearances in the literature followed by Kanban/Pull production, 
JIT, and 5S. At a more strategic level, there is also Hoshin Kanri which refers to policy 
deployment or aligning vision, goals, and operative plans for continuous improvement 
(Liker and Convis, 2012).  

The most popular Lean method to visualize, analyze, and design organizational sys-
tems is VSM (Bicheno and Holweg, 2009, Gurumurthy and Kodali, 2011). It is consid-
ered to be a simple tool to use and very valuable to get a snapshot of the current pro-
duction situation on the shop-floor and/or to define improvement steps for a possible 
future system design (Lian and Van Landeghem, 2007). However, different authors 
have identified some drawbacks of VSM (Anand and Kodali, 2009, Pehrsson, 2013, 
Lian and Van Landeghem, 2007, Marvel and Standridge, 2009), being these: 1) only 
the flow of one product can be analyzed at a time; 2) it is a “paper and pencil” method 
representing a simplification of the real process in one specific moment in the shop 
floor; 3) it is a method to analyze and design current and future states, but does not 
allow for any future state evaluation before implementation; 4) it highlights possibili-
ties for improvement without proposing any solution; 5) the static nature of the 
method makes it impossible to represent the uncertainty, variability, and the dynamic 
nature of the production system; 6) it lacks the ability to map complex systems and 
the interactions between its components; and 7) when building the future VSM, an 
assumption is taken based on the estimates of the impact of possible improvements, 
but it is difficult how it will be translated into reality. To overcome these issues, some 
authors have pointed out the combined use of VSM with simulation (Lian and Van 
Landeghem, 2007, Detty and Yingling, 2000, Abdulmalek and Rajgopal, 2007, Anand 
and Kodali, 2009, McDonald et al., 2002, Comm and Mathaisel, 2005). For a more 
detailed discussion see Paper VI. 

It is important to highlight that some Lean tools provide an immediate system im-
provement (e.g., 5S) and a good base for system design, but the biggest benefits of any 
implemented Lean tool reside in the long-term (Hines et al., 2008). One of the major 
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reasons for Lean implementation failures is when companies focus on just implement-
ing a bunch of tools and believe that punctual process improvements will last. If the 
concept of continuous improvement is not in the culture of the company and only 
punctual actions are taken, the company will probably end up in the initial system 
condition before any Lean tool was applied. It is therefore extremely relevant for com-
panies that are trying to become Lean to focus on a long-term basis and not just in the 
implementation of tools. Additionally, it is important to state that “Lean should be 
seen as a direction, rather than as a state to be reached after a certain time” (Karlsson 
and Åhlström, 1996).  

This long-term philosophy is the most important of the fourteen Lean principles de-
fined by Liker (2004), being the rest: 2) to create continuous process flow; 3) the use 
of pull systems versus the traditional push systems; 4) to level out the workload 
(Heijunka); 5) create a culture to stop and fix the problems; 6) standardize the tasks 
in the organization; 7) use visual control to visualize the problems; 8) use reliable tech-
nology to support the people and organizational processes; 9) grow leaders convinced 
with the philosophy and are able to teach it to others; 10) develop the people in the 
organization; 11) support the improvement of partners and suppliers; 12) thoroughly 
understand the problems by going and seeing by yourself (Genchi Genbutsu); 13) 
make decisions slowly by consensus, implement them rapidly; 14) become a learning 
organization through reflection (Hansei) and continuous improvement (Kaizen). 
Some other principles, more or less providing the same message (although the authors 
may disagree in specific principles), have been defined by Womack et al. (1990), 
Karlsson and Åhlström (1996), Bhasin and Burcher (2006), Koenigsaecker (2013), and 
Anand and Kodali (2010). These principles have to be taken into account in all the 
projects developed in the organization, including system design and improvement 
projects. This thesis proposes that these Lean principles have to be taken into account 
even when conducting projects with SMO (for more details see Paper VIII). 

2.2.2 LEAN KATA 
If there is something that characterizes and makes Toyota unique, it is their way of 
doing things, their behavior in the daily process improvement work, and their ap-
proach to develop people. These aspects are not very visible in the description of the 
tools but instead are in the core of the Lean culture. This behavior is defined by Rother 
(2010) as Kata, meaning “a method or routine that if practiced, its pattern becomes a 
habit”. This thesis has employed two important concepts within Toyota Kata as de-
fined by Rother (2010): the Improvement Kata and the Coaching Kata. Other authors 
define five more types of Kata, including the nested job instruction Kata, problem-
solving Kata, job relations Kata, job safety Kata, and the job methods Kata (Soltero 
and Boutier, 2012).  

The improvement Kata can be defined as the “repeating routine which helps compa-
nies to improve, adapt, and evolve” (Rother, 2010). While the coaching Kata is, there-
fore, “the repeating routine by which leaders and managers teach the improvement 
Kata in the organization” (Rother, 2010). Its ultimate goal is to develop the people in 
the organization. The challenge resides then in accomplishing a systematic and sus-
tainable improvement and evolution in the company by applying these behavioral rou-
tines.  

The improvement Kata is a routine without a predefined outcome, where the employ-
ees experimentally or by trial and error improve their processes towards a target con-
dition (Dombrowski and Mielke, 2014). It employs short-cycle improvements and sin-
gle factor experiments to support the identification of cause and effect relationships 
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(Dombrowski and Mielke, 2014, Rother, 2013). There are four basic steps to perform 
in the improvement Kata: 1) understand the direction of the company, defining a chal-
lenge aligned with the vision and developing individual process improvement efforts 
to achieve it; 2) grasping the current condition of the process to improve; 3) establish-
ing the next target condition taking into account the challenge (outside the current 
knowledge threshold); 4) Applying Plan Do Check Act (PDCA) experiments (one step 
at a time) towards unknown zone to achieve the target condition (Rother, 2010). Once 
the target condition is achieved, it will be defined as the new current condition and the 
process starts again defining a new target condition. Repeating this working pattern 
overtime will ultimately lead the organization to reach the challenge. The terms em-
ployed by the Kata approach have been included in the framework result of this thesis 
with the objective to use the same terminology. 

Besides all the benefits that this methodology offers to the ones participating in the 
process, it also has some drawbacks such as not allowing to explore and test different 
scenarios and possible obstacles in advance (Pehrsson, 2013). Therefore, in this thesis 
SMO is proposed as a complement or alternative to the trial and error approach pro-
posed in Kata, where this trial and error can be done in the simulation model or by the 
optimization algorithm without disturbing the real system.  

 
Figure 2.3: The improvement Kata towards a challenge and a long-term vision, based on Rother (2013). 

2.2.3 LEAN CULTURE 
Culture is defined by the Oxford dictionary as: 

“The ideas, customs, and social behavior of a particular people or 
society.”(Oxford dictionary, 2017) 

The culture of the organization is, therefore, the group of ideas, customs, and behavior 
of the workers of that organization. This culture is built over the years, due to the type 
of leadership, management system and structures of the organization (Zarbo, 2012) 
and the influence of the environment (working environment, country, market condi-
tions, etc.). Many companies that presume having applied Lean, live just in a world of 
Lean tools. However, there are some organizations that have started to believe in the 
core principles of Lean, understanding that the focus on the tools is a dead end (Liker, 
2009). These principles, even if easy to understand, are difficult to implement and 
sustain in the long-term. According to Zarbo (2012) citing Liker, 90% of organizations 
implementing Lean fail. This is also supported by Mirdad and Eseonu (2015) and 
Bhasin and Burcher (2006). So to be able to work according to those principles is going 
to define the failure or success of the Lean journey in the organization. The culture is, 
therefore, an outcome and an enabler for changing the structure and processes of the 
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organizations which will allow the staff to work differently (Zarbo, 2012, Liker, 2004). 
To support these changes will be the responsibility of the leaders.  

However, before any change is made in an organization, there are always reluctant 
people, those that will be against any effort to change the traditional, already existing 
organizational culture. According to Koenigsaecker (2013), Toyota has identified these 
reluctant people as the antibodies (usually highly experienced people in the organiza-
tion). Opposite to these are the change agents who are willing to promote the change. 
And the rest are categorized as people that are in the average zone, waiting for leaders 
to take actions and see what happens. These people can either go with the change 
agents or the antibodies if not led correctly.  

 

Figure 2.4: Normal distribution bell showing people’s different attitudes towards change, based on Koenigsaecker 
(2013). 

Each organization has its own characteristics, culture and specific internal and exter-
nal conditions which will influence in the way Lean should be implemented. There are 
multiple frameworks available in the literature that are trying to establish a step by 
step process for Lean implementation, including the tools that should be implemented 
in each of the steps. Some of these frameworks are presented by Liker and Meier 
(2006), Koenigsaecker (2013), also by Bicheno and Holweg (2009), Chay et al. (2015) 
and a different framework is presented by Anand and Kodali (2010). While these may 
be used as references, they are not a universal rule as all the Lean transformation pro-
cesses are probably different. The transformation journey towards becoming Lean will 
require commitment and hard work to see some positive effects in the short-term and 
an extremely positive impact in the long-term. So the Lean success will be obtained by 
achieving and sustaining the benefits that Lean is providing, beyond the initial out-
comes (Mirdad and Eseonu, 2015).  

The new framework defined and evaluated in this thesis has taken into account the 
importance of the Lean culture and how it can affect even the SMO process. Addition-
ally, the proposed framework is also a new way of working to be implemented in the 
organizations, and therefore, the attitude of the people towards changing their habits 
may be a barrier to overcome (see Paper I or VIII for more details). 

2.2.4 SOME CRITICISM OF LEAN 
Despite Toyota’s success story and the wide use and implementation of Lean in many 
different organizations, different authors still raise some criticism. Hines et al. (2004) 
present a review of the main critiques being: 1) having a lack of contingency; 2) being 
exploitative and introducing a high pressure to the people in the organization; 3) a lack 
of having a strategic perspective; and 4) limitation to cope with the variability of the 
system. From the author’s point of view, the second and third critiques are a conse-
quence of not understanding correctly the Lean philosophy and applying its principles 
and values in the wrong way, as also discussed by Hines et al. (2004). To focus the 
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efforts on the long-term is one of the fourteen Lean principles as defined by Liker 
(2004), and so is the need to respect the people and develop them. Specifically, Muri 
tries to avoid overburdening people, and therefore it seems that this critique is based 
on a wrong understanding of the philosophy.  

The first critique related to the lack of contingency of Lean is also tackled by Anand 
and Kodali (2009) and the lack of a systemic view which is also pointed out by Hines 
et al. (2004), has been one of the limitations identified in this thesis to be resolved by 
its combination with SMO. Finally, the last critique related to not being able to cope 
with the variability of the system and the variability in demand is also a limitation 
pointed out in this thesis, and where SMO can be employed to overcome it. These cri-
tiques to Lean and some other limitations of their tools and methods, especially the 
ones that can be overcome by its combined use with SMO, are discussed in detail in 
Paper I and more so in Paper VIII.  

2.2.5 INTEGRATING LEAN WITH OTHER METHODS OR PHILOSO-
PHIES 

To combine and integrate different methods or philosophies is not new. Even Lean 
was inspired by the principles and tools included in Total Quality Management by 
Deming (Liker, 2004, Womack et al., 1990) and by Henry Ford’s ideas on improving 
the flow (Goldratt, 2006). Although in this thesis Lean is combined with SMO, there 
are also different existing methods or philosophies that have been employed together 
with Lean in the literature. A list of them is provided by Bhamu and Singh Sangwan 
(2014) and also by Hines et al. (2004), including Theory of Constraints, Six Sigma 
(Lean Sigma or Lean-Six Sigma), agility (leagile), Statistical Process Control, infor-
mation technology and communication systems (e.g., ERP and MRP), and sustaina-
bility concepts (Lean and green).  

Probably the most known combination is the combination of Lean and Six Sigma. Hav-
ing Lean and Six Sigma the origin in TQM, Lean Sigma or Lean-Six Sigma (LSS) has 
been used in combination in many organizations (Shah et al., 2008). While Lean pro-
vides a strong philosophical background, the strategic view, and the value focus, Six 
Sigma provides tools to solve specific problems that have been identified (El-Haik and 
Al-Aomar, 2006). And as Lean tools have a weakness when handling variation and it 
is less strong in detail problem solving (as opposed to detecting problems), Six Sigma 
can complement the toolkit of Lean by offering a variability reduction method (Kumar 
et al., 2006, Furterer and Elshennawy, 2005). Some other differences between Lean 
and Six Sigma include the focus of Six Sigma in statistical methods, while Lean is fo-
cused on analyzing the flow. Additionally, Six Sigma is focused on parameter design 
while Lean is more about the improvement of process structure, flow, and effective-
ness (El-Haik and Al-Aomar, 2006). This combined approach has been employed in a 
wide range of projects, at various levels (Assarlind et al., 2012, Gupta et al., 2012, 
Hilton and Sohal, 2012). But there is also some criticism regarding this combination. 
Usually, when these two are combined it is on a tool level. According to Liker (2004), 
if the company wants to become a Lean learning company, the tools will not be the key 
to achieving that goal. These tools, even if powerful, are just a small part of Lean, and 
are mainly supporting short-term improvements. Additionally, the Six Sigma method 
of having some workers get some training and make them green or black belts suppos-
ing they have become experts, “is a little bit simplistic, may be elitist, and emphasizes 
the tool orientation approach” (Liker, 2004). Six Sigma has also forgotten the cultural 
aspects of continuous improvement, focusing more on the scientific approach than on 
the people involved (Pepper and Spedding, 2010). Some companies have removed this 
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Six Sigma weakness and emphasized the importance of teamwork and involvement of 
all the staff as stated in Lean.  

According to Bicheno and Holweg (2009), some reasons not to combine Lean and Six 
Sigma are related with 1) a preference of Lean for Poka-Yoke; 2) the Lean need for 
immediately surfacing the problems; 3) the lack of systems approach on Six Sigma; 4) 
to have mainly a financial focus on Six Sigma; 5) and the belief of Six Sigma practition-
ers that the quality problems reside in the design. So if wanted to apply this approach, 
companies may be aware that Lean should be applied first, with the strategic focus and 
the principles of Lean in mind, and then in order to solve operational problems the use 
of tools corresponding to Lean or Six Sigma may be considered according to the needs 
(Pepper and Spedding, 2010). Correlation and design of experiments (DOE) are the 
statistical tools employed by Six Sigma to explore new systems and solutions, as well 
as how changes in input variables of a process impact on the outputs. However, as 
statistically powerful as it is to use DOE, it is very weak compared to the capability of 
simulation (Ferrin et al., 2002). Simulation provides a more robust solution that in-
creases the confidence to support decision-making and additionally, different analysis 
can be done at the same time (e.g., measuring financial, operational and customer re-
lated indicators) (Ferrin et al., 2002). As stated by Ferrin et al. (2002) “simulation is 
the best tool, possibly the only analysis tool, capable of delivering Six Sigma accuracy 
of the to-be process…. and to evaluate the value of possible improvements”.  

Some of the criticism related to the Six Sigma approach and explained in the previous 
paragraphs may be applicable to simulation, as for example the elitist approach, the 
lack of teamwork capability, etc. However, the framework presented as a result of this 
thesis wants to overcome them by offering a holistic approach not just focused on tools 
and providing a participative approach to the traditional expert mode process for con-
ducting simulation projects. 

2.3 AN INTRODUCTION TO SIMULATION AND DISCRETE 
EVENT SIMULATION 

2.3.1 WHAT IS SIMULATION? 
Simulation is considered one of the key techniques of OR, ranking very high among 
the most employed ones (Hillier and Lieberman, 2015). Its flexibility, power, and in-
tuitiveness make it very popular among researchers and practitioners. Simulation, as 
employed in this thesis, can be defined as “the imitation of the operation of a real-
world process or system over time” (Banks et al., 2014). It is a simplified representa-
tion of the real-world where the different elements of the real-world problem are in-
stantiated in a simulation software with the purpose of analyzing and predicting the 
effects that changes in the real system may have, without actually disturbing it. It is 
usually applied when experimentation in the real system is either expensive, involves 
much uncertainty, or is impossible (Borshchev and Filippov, 2004). Within infor-
mation technology, simulation is the third paradigm or pillar of science where together 
with logic and experimentation, is the way to attain knowledge (Hey et al., 2009). 

According to Goldsman et al. (2010) the evolution of simulation can be divided into 
three different eras: 1) simulation was employed in a pre-computer era (1777-1945) 
with the aim of supporting or confirming mathematical proofs; 2) the so-called form-
ative period (1945-1970), where the creation of the first general-purpose electronic 
computer and the use of Monte Carlo methods in these computers accelerated the 
growth of the field of simulation; and 3) the expansion period (1970-1982), where the 
use of simulation was enhanced significantly. Especially after the late 1950s simulation 
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has developed with the aim of becoming a tool for analyzing, designing and improving 
companies’ processes or systems while supporting the decision-making process 
(Robinson, 2005). In the last decades, simulation has evolved significantly and its ap-
plications have grown considerably within different business areas. Apart from its 
main use in manufacturing, simulation has been employed in healthcare, logistics, 
marketing, supply chain, military, and construction, among others (Negahban and 
Smith, 2014, Banks et al., 2014). According to Brailsford et al. (2009), simulation is 
one of the most popular operational research tools even on healthcare projects.  

There are different types of models that can be employed to represent real-world sys-
tems: physical (e.g., physical prototypes) or mathematical models (symbolic notation 
and equations). Simulation can be classified as a particular type of mathematical 
model. This model is solved by numerical methods employing computational proce-
dures, rather than analytical or deductive mathematical methods (e.g., differential cal-
culus) (Banks et al., 2014). The same authors provide a basic taxonomy of the different 
types of simulation models which include: 1) according to the state changes over time, 
they can be discrete, continuous, or hybrid; 2) according to the nature of the model 
evolvement with time, they can be static or dynamic; and 3) depending on the ran-
domness and uncertainty in the process, they can be classified as deterministic or sto-
chastic. This thesis will focus on the use of Discrete Event Simulation (DES) which 
according to this classification is described as discrete (state variables change at a dis-
crete set of points in time), dynamic (representation of the system that changes over 
time), and stochastic (including input and output random variables). These three fea-
tures of DES are usually present in many real-world problems and that is probably 
why DES is the most applied simulation technique in the literature (Negahban and 
Smith, 2014, Jahangirian et al., 2010).  

2.3.2 AN INTRODUCTION TO DISCRETE EVENT SIMULATION 
DES can be defined as: 

“The modeling of systems in which the state variable changes only 
at a discrete set of points in time” (Banks et al., 2014). 

As model and system are two key words in this definition, model can be defined as “the 
representation of a group of objects or ideas in some form other than of the entity 
itself”, and system “a group or collection of interrelated elements that cooperate to 
accomplish some stated objective” (Shannon, 1998). This last definition of system is 
similar to the one provided in a previous section by Forrester (1990). 

Banks et al. (2014) and Chung (2004) define the purposes of DES (from now on sim-
ulation) consisting of: 1) the understanding and gaining knowledge about complex sys-
tems and their interactions; 2) to design and improve operating and existing systems; 
3) to experiment without disturbing the actual systems (especially interesting for crit-
ical or sensitive systems); 4) to test new concepts (for non-existing systems); 5) to ed-
ucate and train people without disturbing the real-world system; 6) to visualize 
through animation a system operation so that the plan can be understood; and finally, 
7) to verify analytic solutions. 

Related to these purposes, Banks et al. (2014), Chung (2004), Shannon (1998), and 
El-Haik and Al-Aomar (2006) identify the main advantages of simulation being: 1) 
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compressed experimentation time and the possibility to build hypotheses and what-if 
scenarios without disturbing the real-world system; 2) the possibility to analyze in 
slow motion the events under analysis; 3) possibility to analyze investments before 
acquisition; 4) eased analysis of complex systems; 5) visualized new designs and im-
provements to ease understanding and decision-making; and 6) gained understanding 
about how and why the system operates in a certain way. Yücesan and Fowler (2000) 
identify additional benefits being: 7) the capability of physical scalability of simulation 
models permitting to study larger or smaller versions of the system; 8) repeatability, 
to study different systems in the same environment or an individual system in differ-
ent environments; and 9) the possibility to control what is happening in the simulated 
environment. This will lead in a manufacturing context to risk reduction, improved 
understanding, operating cost reduction, lead time reduction, faster plant changes, 
capital cost reduction, and improved customer service (Hollocks, 1992). These are 
even applicable to other contexts such as healthcare (Robinson et al., 2012). 

Even if simulation offers a broad variety of advantages for system design and improve-
ment, to support decision-making in the previous, and even for education purposes, 
there are still some disadvantages that have to be taken into account (Banks et al., 
2014, Chung, 2004, El-Haik and Al-Aomar, 2006, Shannon, 1998), such as: 1) the 
need for special training and expertise (more or less demanding depending on the soft-
ware); 2) difficulties in interpreting simulation results, especially in complex systems 
with many random variables where statistical analysis is required; 3) the impossibility 
to provide easy answers to complex problems; 4) the model building and results anal-
ysis may be expensive and time-consuming; 5) misuse of simulation to answer analyt-
ical problems; 6) tendency to build overcomplicated models; 7) high dependability on 
input data, assumptions, and logical design which if inaccurate, compromise the sim-
ulation results; and 8) simulation alone does not solve problems, it provides the in-
sight to solve them. 

However, some of the disadvantages mentioned above will be overcome by future de-
velopments and the new incoming industrial revolution, the so-called Industry 4.0. 
Different authors have identified some of these developments (Rodic, 2017, Turner et 
al., 2016, IMTR, 2000, Robinson, 2005) for being:1) the connectivity and integration 
of simulation with other data (internal and external) and other information systems 
(e.g., MRP, ERP) will increase data accuracy and availability to create simulation mod-
els; 2) the possibility to easily develop multi-level simulation models; 3) the possibility 
to build emergent simulation models that will be smart, self-correcting, and learning 
systems that will adapt their behavior to changes in the conditions and past experi-
ences; 4) the model development cycle will be reduced considerably to near to real-
time simulation; 5) evolutionary databases will be coupled to simulation; 6) the spe-
cialized training and knowledge required to build simulation models will no longer be 
required; and 7) supportive analytical tools will be available and connected to simula-
tion tools to ease decision-making. Other authors discussing the needs or issues to be 
addressed in the future by simulation software include the need for a more inclusive 
link between Lean and simulation, where simulation needs to become a natural activ-
ity within system design and improvement projects (Diamond et al., 2002). Similarly, 
Fowler and Rose (2004) have also identified its acceptance within industry as one of 
the biggest challenges of simulation. The author asserts that simulation should be pre-
sented as a complementary tool to Lean to support system improvement. Modeling 
and simulation have also been envisioned as key technologies to transform companies 
“into Lean, dynamic, responsive entities that thrive on challenge and change” (IMTR, 
2000).  
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Nevertheless, simulation is not always the best support tool for decision makers in 
system design and improvement. Banks and Gibson (1997) identify ten rules where 
simulation is not appropriate, including: 1) when the problem can be solved by com-
mon sense; 2) when the problem can be solved analytically; 3) when the cost of build-
ing the simulation model is higher than experimenting directly; 4) when the costs ex-
ceed the savings; 5) when there are no resources to build the simulation model; 6) 
when the available time to get results is too tight; 7) when there is lack of data and 
estimations; 8) when the model cannot be validated or verified because of lack of time 
or personnel; 9) when the decision makers have unreasonable expectations; and 10) 
when the system behavior is too complex to simulate. In these cases, the use of Lean 
tools may be a good alternative (See Paper VIII for more details). 

According to El-Haik and Al-Aomar (2006), there are three categories of simulation 
studies: the ones addressing system design, problem-solving, and continuous im-
provement. The first category includes the design of new concepts, new facilities or 
new processes, as well as assessing and validating these designs or comparing different 
design alternatives. The second category is problem-solving, which is focused on the 
use of simulation to diagnose operational problems, test what-if scenarios to solve 
them and validate the proposed solutions. Continuous improvement employs simula-
tion to detect improvement opportunities and for testing and validating improvement 
plans. They also present a more generic systematic simulation approach which can be 
included in any engineering project and where these three categories are included. 
This systematic simulation approach follows the following steps (El-Haik and Al-
Aomar, 2006): 1) define the problem or opportunity; 2) define the solution alterna-
tives; 3) evaluate the solution alternatives; 4) select the best solution alternative; and 
5) implement the selected solution. The framework defined as a result of this research 
has also followed a similar approach, where the evaluation process has identified a 
number of steps applicable to any project related to the three categories mentioned 
above (see Paper IX and Appendix II). In this thesis when referring to those categories, 
the term employed has been system design and improvement, where problem-solving 
can lead to a new system design or the improvement of the system (radical or contin-
uous improvement). 

When focusing just on the development of the DES model, there are specific steps that 
need to be performed. Different authors propose different methods and a review of 
some of them is presented by Montevechi et al. (2016). Probably the most popular ones 
are those presented by Banks et al. (2014), Law (2007), or Shannon (1998). They fol-
low basically similar steps with no representative differences among them. The process 
defined by Banks et al. (2014) includes the following steps: 1) problem formulation, 
where the project characteristics are analyzed and understood; 2) setting of objectives 
and overall project plan, which defines the questions to be answered by the model; 3) 
model conceptualization, where the real-world characteristics are usually simplified 
to be represented in a conceptual model; 4) data collection from the real-world system 
to introduce in the simulation model, if data is lacking then assumptions should be 
taken; 5) model translation, where the conceptual model is translated into a program 
that the simulation software is able to understand and process; 6) verification and 
validation, critical stages where the correct introduction of the input parameters as 
well as the logical structure of the model are verified, and the performance of the real-
system and the model performance are compared via the analysis of specific perfor-
mance measures to validate the model; 7) experimental design, to define what to ex-
periment in the model based on the knowledge acquired in the previous stages and the 
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objectives to achieve; 8) production runs and analysis, an iterative process where ex-
periments are defined, ran, and their results are analyzed; 9) documentation and re-
porting of how the program operates and the process or work that has been done dur-
ing the simulation project; 10) implementation of the simulation results in the real-
world, which can lead to new projects and/or new simulation models. 

The following flowchart in Figure 2.5 shows graphically the phases described previ-
ously: 
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Figure 2.5: Traditional steps in a simulation study (Banks et al., 2014). 

The SMO process defined as part of this thesis and detailed in Appendix II is inspired 
by this process presented by Banks et al. (2014) and existing SMO processes of the 
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organizations analyzed during the research study. Compared to the steps presented by 
Banks et al. (2014), the proposed SMO process in this thesis has been extended to in-
clude the inputs from Lean principles, methods and tools, as well as optimization and 
post-optimization stages. 

At least three elements are required to run a DES model: the simulation engineer or 
programmer, a computer, and a software or simulation language. The simulation en-
gineer is the one following the above-mentioned steps to build, verify, and validate the 
simulation model with the available software which is run on the computer. The same 
person is responsible for running the tests and experiments that will hopefully lead to 
new system configurations or improvements. The computer offers the needed hard-
ware and the simulation software and programming language provide the setting to 
develop the model. 

However, there are many authors that assert that this is not a process to be developed 
just by the simulation engineer. As pointed out by Shannon (1998), if a simulation 
model has to be built, it is required that a team of people including the ones who know 
about the system under analysis, the ones who will be its users, as well as the ones who 
have the knowledge to formulate, model, and program should work hand in hand. This 
perspective has been taken into account in the framework defined.  

Some organizations may have this knowledge in different departments (e.g., Lean de-
partment, production department, research department, etc.), some others in the 
same department or even centralized in the same person. However, the most common 
scenario is the one where the knowledge about simulation is not available, and in these 
cases, external support may be necessary, at least until acquiring the required 
knowledge (Jia, 2010). Eldabi and Paul (2001) have also pointed out the importance 
of involving the stakeholders in the simulation process, describing the different types 
of stakeholders as: 1) problem owners, who are the decision makers/managers having 
a high interest in the results; 2) experts, having knowledge about the system; and 3) 
actual users, who build the model and analyze its results. Some other authors also de-
fend the facilitated modeling approach as opposed to the expert modeling approach 
where simulation engineers are the only ones involved in building the model 
(Robinson et al., 2014, Franco and Montibeller, 2010, Monks et al., 2016). The facili-
tated modeling approach has been taken into account in the framework defined in-
cluding different types of roles participating in the design and improvement projects. 

Depending on the purpose of the project and the level of detail needed to be able to 
take a decision, more aggregated versus detailed level models could be developed. This 
will usually influence the amount of data, time, and specific software required to build 
the model.  

2.4 INTRODUCING SIMULATION-BASED OPTIMIZATION 
AND POST-OPTIMIZATION 

The following sections introduce the basic concepts of simulation-based optimization, 
simulation-based multi-objective optimization, and post-optimization analysis. 

2.4.1 WHAT IS SIMULATION-BASED OPTIMIZATION? 
In the previous section, the scenarios where simulation is recommended have been 
explained. These include supporting decision-making in complex problems. These 
complex problems usually involve the requirement to achieve different objectives at 
the same time, many of them being conflicting objectives. In a manufacturing context, 
these objectives may include increasing the throughput, reducing the work in process, 



CHAPTER 2  THEORETICAL  BACKGROUND 

 

30 

reducing the lead times, increasing station availability, reducing the required re-
sources and/or investment, etc. Similarly, in a healthcare context, these may include 
reducing waiting times for patients, reducing the required resources (personnel, 
rooms, etc.), reducing the variability in the treatment times, etc. 

Simulation offers the possibility to build different scenarios. This process of building 
and analyzing the outputs of these scenarios is very enriching and offers a good insight 
into the system performance and improvement possibilities. However, to build many 
what-if scenarios is extremely costly both in time and resources, and still, the optimal 
system configuration is not guaranteed. Therefore, its combination with optimization 
is an alternative (April et al., 2004). Optimization is a technique focused on finding 
optimal or nearly optimal solutions to given problems. It can be defined as follows: 

“A procedure of finding and comparing feasible solutions until no 
better solution can be found”. (Deb, 2001) 

Although the definition above suggests finding absolute optimum values, Deb (2001) 
highlight that to seek optimum values should be done just until it is neither practically 
possible or meaningful to continue searching for better alternatives. Therefore, when 
referring to optimal solutions in this thesis and in the published papers, the author 
refers to nearly optimal solutions. 

If the problem under analysis involves just one objective, then it is called single-objec-
tive optimization. However, most real-world problems involve multiple objectives 
(Deb, 2001), and in this case, it is called Multi-Objective Optimization (MOO). The 
optimization algorithms will aim at maximizing or minimizing the objective values, 
depending on the project under study. When the objectives conflict with each other 
then optimization does not provide a single optimal solution but a list of trade-off sys-
tem configurations where a compromise among all the objectives is reached. There will 
be a number of solutions which are all optimal, but none of them will be the best with 
respect to all the objectives (Deb, 2001). The concept of domination of solutions is also 
explained by Deb (2001) to illustrate the different kind of solutions obtained in an 
optimization problem. The trade-off solutions, also called the Pareto-optimal solu-
tions, are the ones not dominated by other solutions, therefore representing the best 
solutions found by optimization. The curve formed by joining these solutions is called 
the Pareto Front (Deb, 2001) or the efficient frontier in Slack et al. (2016). The rest of 
the solutions found will be in the non-dominant region. Figure 2.6 represents this de-
scription graphically, where two objective functions are defined. To maximize f1 (e.g., 
throughput) and minimize f2 (e.g., investment cost). The figure shows the optimal so-
lutions in blue, including two particular solutions A and B. The non-dominant solu-
tions are visualized with red circles, including a particular dominated solution C. So-
lutions A and C have the same value for f1, however as the optimization algorithm is 
also trying to minimize f2 then A becomes a better solution than C. Similarly, even if B 
and C have the same value in f2, B is superior to solution C in the value of f1 that the 
optimization is trying to maximize, so B becomes a better solution than C. Between A 
and B the decision maker will have to choose the best possible configuration according 
to the requirements of the project and the available resources. 
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Figure 2.6: Pareto front versus non-dominant solutions in MOO. 

In a MOO problem, the objective functions compose a multidimensional objective 
space. For each solution in the decision space (a different configuration of the decision 
variables) there will be a specific solution in the objective space. This is represented in 
Figure 2.7. Following the same example, the objective functions are f1 (maximization 
of throughput) and f2 (minimization of investment cost). The decision variables are y1 

(e.g., the availability of machine 1), and y2 (e.g., the needed buffer capacity). Point A in 
the decision space represents a specific system configuration where y1 adopts a specific 
value (e.g., availability = 95%) and y2 another specific value (e.g., buffer = 100 units). 
B and C are additional system configurations where the variables y1 and y2 adopt dif-
ferent values. D is the solution on the objective space composed by the values obtained 
in the objective functions f1 (e.g., throughput= 72 units/hour) and f2 (e.g., investment 
cost: 150.000 €) when the decision variables have the system configuration pointed in 
A. The system configuration in B produces a solution in the objective space E that is 
dominated by other solutions in the Pareto front that are better on both objective func-
tions.  

 

Figure 2.7: Decision space and objective space in MOO. Based on Zitzler et al. (2003). 

The description above presents very simple examples. To understand how MOO has 
been applied in more complex real-world cases, the reader is referred to Papers I, II, 
III, and VI. 

Simulation and optimization have been considered as two different or even alternative 
approaches in the OR field. However, the latest advances in computational power have 
promoted the development of new methods combining simulation and optimization 
(Figueira and Almada-Lobo, 2014), i.e. the so-called Simulation-based Optimization 
(SBO), intelligent simulation (Jahangirian et al., 2010), or the new simulation tech-
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nology (Law and McComas, 2002). The advantage of combining them resides in em-
ploying the detailed level of simulation to represent complex problems with the capa-
bility of optimization to find optimal solutions (Figueira and Almada-Lobo, 2014). 
SMO is the combination of simulation with MOO. 

There are many possible combinations of simulation with optimization (Figueira and 
Almada-Lobo, 2014). Reviews of simulation based-optimization methods and their 
applications are also provided by different authors (Tekin and Sabuncuoglu, 2004, 
Wang and Shi, 2013, April et al., 2003). Among all these combinations, the approach 
employed in this thesis when defining the framework and even when conducting the 
case studies has been the use of DES with metaheuristics. Metaheuristics have become 
one of the most important techniques in OR practice (Hillier and Lieberman, 2015). 
Metaheuristics are especially useful to explore any solution, even large or infinite, and 
provide at the same time high-quality solutions quickly, that is why they are so com-
monly employed together with simulation (Figueira and Almada-Lobo, 2014). There 
are different types of metaheuristics algorithms, the ones employed when running the 
optimization in the case studies part of this thesis are the population-based genetic 
algorithms. Concretely, the NSGA-II or Fast Elitist Non-Dominated Sorting Genetic 
Algorithm developed by Deb et al. (2002) was employed for providing good approxi-
mations to the Pareto front. To choose this algorithm or any other does not have an 
impact when following the framework proposed in this thesis. However, the above text 
describes what has been the purpose of choosing this approach in the projects under-
taken. 

Some of the main advantages of employing SMO when compared to the use of simu-
lation alone include: 1) the information that can be extracted for decision-making pur-
poses and the reduced time required for it (when compared to a simulation approach 
alone) can be extremely valuable, especially in complex problems involving many con-
flicting objectives; 2) optimal or nearly-optimal system configurations can be found; 
3) even if the simulation model has been verified and validated, sometimes the analysis 
of the optimization results may indicate failures in the simulation model (Pehrsson, 
2013); and finally, 4) the algorithms provide the possibility to conduct an intelligent 
search of the solution space without the intervention of the simulation engineer 
(Robinson, 2005). 

Some of the main disadvantages of optimization may be: 1) the high computational 
capacity required to run optimization problems may require an initial investment in 
computer equipment; 2) depending on the complexity of the problem and the compu-
tational capacity, it may take considerable time to get the results; and 3) special train-
ing and expertise are required to run the optimization problem and understand its 
results; 4) incorrect formulation of the optimization problem will lead to erroneous 
conclusions; 5) the solutions will be optimal or nearly-optimal only in respect to the 
simulation model developed, and will therefore be an approximation to reality (the 
optimal solution for the model will not necessarily be the optimal for the real-world, 
however, if the model is correctly validated it should be a good approximation)(Hillier 
and Lieberman, 2015); and 6) depending on the amount of time allocated for optimi-
zation, optimal or nearly-optimal solutions are found, however, as the outputs of the 
simulation model are stochastic, exact predictions cannot be provided (Robinson, 
2005). It has to be considered that simulation and optimization are powerful tools that 
do not solve problems by themselves. They point out what and how much a specific 
decision variable should be improved (e.g., the need to reduce cycle times, increase 
availability, etc.) and offer detailed information to decision makers who consequently 
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will decide, together with the project team, which approach to select to design or im-
prove the system. 

Figure 2.8 shows the main steps in an SMO project. Once the simulation model is built 
and the outputs of the model are analyzed, the objective functions (expressed in terms 
of the simulation outputs) are defined and introduced in the optimization, as well as 
the decision variables (simulation model inputs), which are subject to constraints (al-
lowable range for the inputs). The aim is to find the optimal value for the decision 
variables within the defined constraints that satisfies the objective functions. It is an 
iterative process where the evaluation of these variables is done in the simulation, 
which returns the objective values to the optimization. After each run and based on 
the results, the algorithm decides what combination of model inputs to use for the next 
run. The optimization engine will then identify different system configurations, some 
of them being dominant and some others being dominated, based on the performance 
of the solution alternatives being evaluated. Composing, therefore, the Pareto front of 
solutions. These solutions will be the interesting ones for decision-making purposes. 

 

Figure 2.8: Simulation-based optimization to support decision-making. 

According to Deb (2001), there are two steps to follow in a MOO problem: 1) to find 
the multiple trade-off solutions; and 2) to choose one of those solutions using the 
knowledge and information acquired from the optimization. Deb (2001) also points 
out that there are two objectives in a MOO problem: 1) to find a set of solutions as close 
to the Pareto Front as possible; and 2) to find a diverse set of solutions (spaced solu-
tions in the Pareto-optimal region).  

Traditionally the decisions are taken based on available historical data, experience, 
and knowledge of the project team and the decision maker. However, this approach 
will offer more insight and information to the decision makers to take more informed 
decisions.  

2.4.2 POST-OPTIMIZATION ANALYSIS 
Post-optimality analysis refers to the analysis performed after finding optimal solu-
tions, and it is considered an important part of OR studies (Hillier and Lieberman, 
2015). The concept of Innovization, innovation through optimization, was firstly in-
troduced by Deb and Srinivasan (2006) where the combination of MOO with post-
optimality techniques was presented with the aim of extracting knowledge from opti-
mal solutions. Ng et al. (2009) later introduced the concept of Simulation-based In-
novization which employs SMO to generate the optimal solutions and post-optimality 
analysis via data mining to extract knowledge about the differences between good and 
bad solutions, the characteristics of the optimal solutions provided by the optimiza-
tion, or the relationship between decision variables and objectives. This is especially 
useful when there is an extensive amount of results provided by SMO.  
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As data mining techniques can be employed to extract knowledge from the optimiza-
tion results, this step has also been included in the SMO process defined as part of the 
framework (See Appendix II and Paper VIII). Data mining has recently been included 
within the OR toolbox (Hillier and Lieberman, 2015) and can be defined as: 

“The analysis of often large observational data sets to find unsus-
pected relationships and to summarize the data in novel ways that 

are both understandable and useful to the data owner”  
(Hand et al., 2001). 

A list of different techniques to extract knowledge from the optimization results is pro-
vided by Bandaru et al. (2017a) and Bandaru et al. (2017b). Some cases where this 
approach has been employed to analyze optimization results from manufacturing case 
studies are presented by different authors (Dudas et al., 2014, Dudas et al., 2011, Ng 
et al., 2009, Pehrsson et al., 2013, Liebscher et al., 2009). This approach has also been 
employed in the healthcare study presented in Paper II. 

Figure 2.9 illustrates the steps, input, and outputs of a Simulation-based Innovization 
process to support decision-making. For further details, the reader is referred to Paper 
II. 

 

Figure 2.9: The decision-making process with SMO and post-optimality analysis (Goienetxea Uriarte et al., 2017). 

A specific method combining SMO and post-optimality analysis is the one proposed 
by Pehrsson (2013), the so-called SCORE (Simulation-based Constraint Removal). 
This method is focused on finding the bottlenecks or constraints of the system with 
the aim to enhance system performance (Pehrsson et al., 2016). It aims to find the 
most beneficial improvement opportunities through the use of SMO. The usual con-
figuration for a problem to be solved with SCORE is to maximize the performance of 
the system and minimize the required effort (e.g., number of improvements to be per-
formed), although it also supports some other optimization configurations (e.g., in-
cluding cycle times or work in process). A post-optimality analysis is then employed to 
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analyze the frequency of appearance of the different constraints among the best solu-
tions of the optimization. Those with higher frequency are likely to be the constraints 
of the system (Pehrsson, 2013), and it provides high-quality information about the 
critical improvements to be made that will impact the most in the objectives. It is a 
very valuable approach for system improvement. This technique has been employed 
in the projects presented in Papers I and VI. In the SMO process defined as part of the 
framework, the SCORE method is an alternative that can be chosen when deciding 
how to run the optimization.  

2.5 HOW TO SUPPORT DECISION-MAKING? 
A decision is about choosing between different alternatives to produce a satisfactory 
outcome (Yates et al., 2003). As defined by Mintzberg et al. (1976) a “decision is a 
commitment to action” while a decision process “ is a set of actions and dynamic fac-
tors that begins with the identification of a stimulus for action and ends with the spe-
cific commitment to action”. Howard (1966) on the other hand, defines it as “an irrev-
ocable allocation of resources” because once that the decision is taken, it is very costly 
to go back to the initial situation. Decision theory is the interdisciplinary field that 
studies the decision-making processes. There are different frameworks to describe the 
steps involved in any decision-making process. Mintzberg et al. (1976) present a gen-
eral model with two main steps that should be present in any decision process: the 
recognition of the situation and the evaluation and selection of a solution. This model 
also included three phases, i.e. identification, development, and selection; and seven 
routines: 1) recognition, where the need for a decision is identified; 2) diagnosis or 
investigation of the recognized situation; 3) search alternatives of ready-made solu-
tions; 4) design new solutions or improve the already existing ones; 5) screen solutions 
to eliminate the infeasible ones; 6) evaluation-choice of the alternative; and 7) author-
ization (if needed), where the decision is presented for approval to different authority 
levels in the organization. Bellgran and Säfsten (2010) link this model to system de-
velopment projects and add implementation as the last step. In this thesis, the main 
phases of the decision-making process as described by Mintzberg et al. (1976) have 
been taken into account in the defined evaluation and facilitation process, including 
implementation and the evaluation of the implementation as the last steps. However, 
a Lean terminology based on the Kata approach (Rother, 2010) has been employed to 
name the phases. These are detailed in Paper VIII and Appendix II. 

The decisions can be classified in different levels according to their time horizon and 
expected impact at strategic, tactical and operational levels (Parnell et al., 2013). The 
framework defined as a result of this thesis is generic enough to be applicable to pro-
jects in any of those levels. The methods and tools to be employed (e.g., Lean methods 
and tools and SMO) in each step will need to be chosen according to the project at 
hand and its requirements. Usually, SMO will be more useful in those decisions in-
volving system structural design and improvement (e.g., elements in the system, lay-
out, or representation), system logical design and improvement (e.g., flow logic, se-
quence of operations, priority schemes, or scheduling rules), or parametric design or 
improvement (e.g., number of operators, cycle times, or buffer capacities) (El-Haik 
and Al-Aomar, 2006).  

The output of different Lean methods and tools and SMO provide knowledge to deci-
sion makers before a decision is taken. Decision analysis was first introduced by 
Howard (1966) as a procedure that balances the factors influencing a decision. A com-
plete definition is later provided by Parnell et al. (2013):  
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“Decision analysis is a philosophy and a socio-technical process to 
create value for decision makers and stakeholders facing difficult 
decisions involving multiple stakeholders, multiple (possibly con-
flicting) objectives, complex alternatives, important uncertainties, 

and significant consequences.” (Parnell et al., 2013) 

Parnell et al. (2013) asserted that decision makers should agree on the best answer, 
being this the one providing the best value to the organization, the so-called “decision 
quality”. A good decision and a good outcome may or not may be connected. However, 
a good outcome is always preferable to a good decision with a bad outcome (Howard, 
1966). Anyway, it is supposed that good decisions will be more likely to produce good 
results, so it is important to focus on pursuing good decisions. For a decision to have 
high-quality and be considered as a good decision, Matheson and Matheson (1998) 
define six essential elements: frame, alternatives, information, values, logical reason-
ing, and commitment to action. The frame relates to the purpose of the project, in-
volving the required people and addressing the right problem. Different alternatives 
must be designed which will create value in the organization. Additionally, the needed 
meaningful and reliable information has to be collected and the missing information 
can be estimated in order to take a good decision. Trade-offs between conflicting ob-
jectives and the value of each possible configuration have to be presented to the deci-
sion maker where their preferences have been taken into account. The reasoning pro-
cess to make the decision has to make sense and be logical to end up with a good deci-
sion. Furthermore, even if there is an intention to implement the decision taken, a 
commitment to action and a clear plan for implementation are required. A good deci-
sion is characterized by being good at each one of these elements, being as good as the 
weakest element (Matheson and Matheson, 1998, Parnell et al., 2013). Similarly, 
Hammond et al. (1999) present the ProACT method for decision-making, defining 
eight elements of smart choices: problem, objectives, alternatives, consequences, 
trade-offs, uncertainty, risk tolerance, and linked decisions. While the first five ele-
ments can be easily related to the elements presented by Matheson and Matheson 
(1998) (except the commitment to action that is missing), they also include uncer-
tainty, risk tolerance, and linked decisions. Uncertainty must be confronted analyzing 
the different available options and this uncertainty also involves the need for aware-
ness about the risks involved taking the decision. Additionally, decisions taken today 
affect actions in the future and the goals defined in strategic plans or vision of the or-
ganization affect the decisions that have to be taken today. So when taking a decision, 
their link over time has to be considered. The approach defined in this thesis tries to 
provide a better frame, alternatives, information, and value than employing Lean or 
SMO alone. It provides a knowledge-based grounding to the reasoning process and 
commitment to action, and as a consequence, it supports a good decision as defended 
by Matheson and Matheson (1998).  

Decisions can be taken in different ways: based on intuition or “gut feeling” or based 
on deliberative decision-making (Parnell et al., 2013). For simple decisions, where the 
decision maker is familiar with the problem under analysis, has tackled similar prob-
lems previously, and has no vested interests in the decision to take, then the traditional 
intuition-based approach may be a good solution (Kahneman and Klein, 2009, 
Campbell and Whitehead, 2010). However, in more complex and uncertain scenarios, 
to trust just the experience and intuition of the decision makers, doesn’t seem the right 
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approach (Ignizio, 2009). In these cases, a more complete analysis can be more ap-
propriate. Snowden and Boone (2007) define four different contexts for decision-mak-
ing: simple, complicated, complex, and chaotic contexts.  

“In the face of greater complexity today, intuition, intellect, and 
charisma are no longer enough. Leaders need tools and ap-

proaches to guide their firms through less familiar waters. In the 
complex environment of the current business world, leaders often 
will be called upon to act against their instincts. They will need to 

know when to share power and when to wield it alone, when to 
look to the wisdom of the group and when to take their own coun-
sel. A deep understanding of the context, the ability to embrace the 
complexity and paradox, and a willingness to flexibly change the 

leadership style will be required for leaders who want to make 
things happen in a time of increasing uncertainty”  

(Snowden and Boone, 2007). 

The improvement of organizational processes may be defined as simple, complicated 
or complex while the design of new systems may vary from simple to complicated, 
complex, or even chaotic depending on the project. Decisions in simple contexts are 
the decisions taken on a daily basis, probably at tactical and operational levels and 
involving a clear cause-effect relationship (Snowden and Boone, 2007). When multi-
ple variables, multiple interactions between these variables, multiple resources, and 
dynamic and stochastic behavior of the system and its environment are involved, they 
can be considered as complex according to Snowden and Boone (2007). Most im-
portant decisions, requiring considerable investments and changes in organizations 
can be considered as this type. These complex scenarios are very common in organi-
zations, making decision-making especially challenging. In these cases, the use of OR 
tools (such as SMO) to support the decision-making process in order to reduce uncer-
tainty, is a good alternative (Parnell et al., 2013). This means that the traditional ap-
proach for decision-making based on knowledge, experience, and personal prefer-
ences of the decision maker (Lemieux-Charles and Champagne, 2004), as well as the 
analysis of historical data (Pehrsson, 2013), is very limited to design and improve com-
plex systems. It is, therefore, the motivation in this thesis to bring together Lean and 
SMO. 

There is also a paradigm that advocates for the use of evidence when making decisions, 
the so-called evidence-based management (Rousseau, 2006). This paradigm is char-
acterized by: 1) acquiring information about the cause and effect interactions; 2) un-
derstanding the variations in the system affecting the outcomes; 3) generating a cul-
ture of research collaboration and evidence-based decision-making; 4) being part of 
information-sharing networks; 5) employing decision support tools to ease the deci-
sion-making process and promoting the evidence-based decision versus intuition; and 
6) promoting access to knowledge and its utilization in the organization (Rousseau, 
2006). Within this paradigm, a decision based on the available research results and 
the use of quantitative tools to support decision-making is defended in addition to the 
more qualitative or intuitive one. According to different authors, the paradigm is 
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changing from a traditional preference-based towards evidence-based decision-mak-
ing (Rousseau, 2006, Lemieux-Charles and Champagne, 2004, Walshe and Rundall, 
2001). This particular paradigm, although has its roots in the healthcare environment 
and in the evidence-based medicine, applies even to other type of businesses (Pfeffer 
and Sutton, 2006).  

However, there is also some criticism to the use of OR tools for decision support, where 
different authors point out that the creativity and autonomy are lost by applying evi-
dence and analysis to the decision-making processes (Meindl et al., 1985) or improve-
ment processes (Petersson et al., 2009). Usually, these tools are employed by expert 
staff (internal or external to the organization) that only interact with the decision 
maker at the beginning and end of the project. In these cases, it is very difficult for the 
decision maker to understand the results and to trust them (Parnell et al., 2013). 

Anyway, it seems that quality or good decisions based on knowledge will lead to better 
and more efficient system design and improvements, and in consequence, to better 
organizational performance. Therefore, to be able to have methods and standards that 
support high-quality decision-making is very valuable. This concept is known as or-
ganizational decision quality (Spetzler, 2007). As defined by Spetzler (2007), there are 
five criteria that describe if an organization has reached the status of organizational 
decision quality: 1) if the organization continuously makes high-quality decisions ac-
cording to the elements described by Matheson and Matheson (1998); 2) if the organ-
ization has tools, techniques and processes and staff members with the competences 
to use them to support the decision-making processes; 3) if the competences of the 
decision makers allow them to participate in the decision-making process effectively; 
4) if the organization understands the meaning of high-quality decisions and works 
towards them; and 5) if the organization continuously tries to improve the decision 
competencies. While the Lean methods and tools available are closer to a traditional 
intuitive approach for decision-making, SMO supports a more scientific one which can 
provide quality decisions. The framework provided in this thesis will support mainly 
the first and second criteria. 

The future evolution of how to support decision-making with different tools and meth-
ods is described by Turner et al. (2016). The authors reflect how the advances towards 
smart factories will impact the decision-making processes as shown in Figure 2.10. 
According to Turner et al. (2016), in a traditional factory, Lean tools, statistical analy-
sis, and paper-based tools play an important role providing guidelines and tools for 
system improvement and to facilitate decision-making. According to the same authors, 
the next step in the evolution of companies is the creation of virtual factories or digital 
twins of the real factory to move to the next step of computer-assisted decision-mak-
ing. A virtual factory can be defined as “an integrated simulation model of major sub-
systems in a factory that considers the factory as a whole and provides an advanced 
decision support capability”(Jain et al., 2001). The last and future step identified in 
the evolution of companies is towards becoming smart companies, where semi-auton-
omous decision-making will be possible. In this scenario there is real-time available 
data and simulation has evolved towards immersive simulation tools (including virtual 
reality and augmented reality).  
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Figure 2.10: Relationship between factory and decision-making evolution and the tools to support the different stages, 
based on Turner et al. (2016). 

It seems that the use of simulation to support decision-making will continue and 
evolve in the future. Additionally, as discussed in Wagner et al. (2017) the use of Lean 
principles in the future will still be actual in the organizations. Furthermore, when an-
alyzing the elements of a good decision defined by Matheson and Matheson (1998) and 
Hammond et al. (1999), it seems that the characteristics of SMO of describing the 
problem, finding the right objectives, considering conflicting objectives, and analyzing 
the consequences correspond very well with many of these (Pehrsson, 2013). 
Knowledge about uncertainty and risk tolerance can be obtained via post-optimality 
analysis (Pehrsson, 2013), and linked decisions and commitment to action have to be 
considered in every decision. Furthermore, the combination of Lean tools and SMO 
while taking into account the Lean principles will definitely support the achievement 
of organizational decision quality as defined by Spetzler (2007).  

An additional reflection on practical versus scientific decision-making is provided by 
one of the pioneers of OR in England who differentiated optimizing vs. satisficing and 
affirmed that “optimizing is the science of the ultimate; satisficing is the art of the fea-
sible”(Eilon, 1972). Satisficing was introduced by Simon (1956) as a combination of 
“satisfactory” and “optimizing”, to describe a tendency of managers to select a good 
enough solution to the problem under analysis. Therefore, as mentioned in previous 
sections, depending on the problem under analysis, different tools may need to be em-
ployed (just Lean tools, just simulation or SMO, or a combination of both) to support 
decision makers in system design and improvement. Additionally, the drawback of op-
timization of not always achieving optimal results, but nearly-optimal ones, may be a 
good enough approach for decision-making purposes and to “satisfice” the require-
ments of the decision makers.  

2.6 COMBINING LEAN,  SIMULATION AND OPTIMIZATION.  
WHAT HAS BEEN DONE? 

This section provides the main conclusions drawn from the comprehensive review on 
the combination of Lean and SMO presented in Paper VII, as well as the analysis of 
the benefits for the combination presented in Paper VIII (for more details the reader 
is referred to Papers VII and VIII).  

Paper VII presented an analysis of the literature in four stages:  
1. Analysis of the evolution of the combination of Lean and simulation in the literature. 
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2. Analysis of review articles or surveys on the combination of Lean and simulation. 

3. Analysis of the literature on frameworks, methodology or methods of combining Lean 
and simulation (DES). 

4. Analysis of the research perspectives and challenges.  

Optimization was not included as a keyword because an initial search showed that the 
number of papers found was limited, and therefore, not to exclude important papers 
that could be of interest for the review. Among those papers finally selected, the rele-
vant information such as a comparison of different methods, as well as identified gaps, 
trends, research perspectives, and challenges, were extracted to be considered as an 
input to this thesis.  

Lean has previously been employed in combination with other methods and philoso-
phies. Bhamu and Singh Sangwan (2014) present a list of papers addressing these 
combinations and these have also been explained in the previous Chapter 2.2.5. On 
the other hand, Pidd (2012) analyzes how simulation can be combined with other 
methods and tools. The author identifies three different types of method mixing ap-
proaches: 1) close integration, where both elements interact with each other; 2) loose 
coupling, where two different approaches are developed in parallel and periodically 
may exchange data; and 3) precursor, where one approach is a predecessor to the next. 
The combination of simulation and optimization, as addressed in this thesis, is related 
to the close integration, where the simulation model generates values for the optimi-
zation and the optimization feeds variables for the simulation model. Additionally, the 
analysis of the optimization results may also lead to adaptations in the simulation 
model. The combination of Lean methods and tools with SMO may be seen, depending 
on the case or problem under study, as a close integration (e.g., current state VSM as 
an input to simulation and simulation as an input to the future state VSM), as a loose 
coupling (e.g., current state VSM and current state simulation model developed in par-
allel), or as a precursor (e.g., current state VSM as a precursor to simulation). 

To analyze how many times Lean and simulation have been combined in the literature, 
a first search was performed introducing the keywords “Lean” and “simulation” in the 
Scopus citation database. The search was limited to the appearance of these keywords 
within the title, abstract, and keywords. Figure 2.11 illustrates the evolution of this 
combination of terms over time. Similarly, Figure 2.12 illustrates the number of papers 
combining the keywords “Lean”, “simulation”, and “optimization”. Both figures show 
a considerable increment in the number of papers published with this combination of 
terms, which indicates a continuously growing interest in the area. This growth has 
been exceptional in the period between 2000 and 2015 where the number of articles 
published on Lean and simulation quadrupled. The number of papers introducing 
some kind of optimization technique in this combination is also steadily increasing, 
however with a slower take up. 
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Figure 2.11: Number of publications per year on "Lean" 
and "simulation". 

 
Figure 2.12: Number of publications per year on 
"Lean", "simulation" and “optimization”. 

After the exclusion of the non-relevant terms and subject areas (e.g., Lean diet, Lean 
combustion, etc.), a text mining analysis was performed in the remaining papers using 
a software called VOSViewer developed by van Eck and Waltman (2010). Figure 2.13 
shows the results.  

 

Figure 2.13: Text mining results and clustering of the most repeated terms for the selected papers that combine “Lean” 
and “simulation”. 

Simulation was the word that appeared most often in the search. It is linked to other 
keywords such as “management”, “performance”, “efficiency”, or “improvement”, re-
lated to the functionality of simulation to support decision-making. The term Lean was 
identified using different combinations of words such as “Lean principle”, “Lean phi-
losophy”, “Lean production”, or “Lean manufacturing system”. This is not rare, taking 
into account that there is not a standard way of addressing the concept of Lean, its 
principles, or tools in the literature, as also discussed by Mirdad and Eseonu (2015). 
The Lean tools that most appeared in the shown terms were the ones related to current 
and future state “value stream mapping” (VSM), “Kanban”, “CONWIP” and “inventory 
control” as also reported by other authors (Tokola et al., 2015, Gurumurthy and Kodali, 
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2011). The performance indicators mostly repeated in the papers were “lead time”, 
“throughput”, “cycle time”, “buffer”, “waste”, “worker”, “customer satisfaction”, “plan-
ning”, “quality”, and “cost” among others.  

Four different clusters of papers were identified according to the area of application: 
the industrial, education, healthcare, and construction clusters. The majority of papers 
within the industrial cluster presented production cases, but also assembly lines and 
supply chain cases were identified. The education cluster included papers related to 
the use of simulation to teach Lean concepts. Simulation, in this case, may refer to 
simulation models, such as the application of a DES model, but also to the utilization 
of simulation games which are not necessarily computer-based simulation games. The 
construction cluster gathered papers related to the “Lean construction” concept and 
the use of simulation to test future scenarios. The healthcare cluster complied 
healthcare papers mainly related to hospital flow improvement and resource alloca-
tion.  

Simulation methods such as DES (the most common) and System Dynamics (SD) were 
identified. The term optimization (pointed by an arrow in Figure 2.13), appeared in 
some selected papers. Even the term genetic algorithm, related to the optimization 
method, appeared in the text mining results. 

This generic analysis of the papers about the combination of “Lean” and “simulation” 
showed that the trend in recent years regarding the amount of scientific literature pub-
lished has been very positive and it is believed that it will continue this way in the 
upcoming years.  

There are plenty of articles published on how specific Lean methods and tools have 
been used in collaboration with simulation. Following the classification provided by 
Pidd (2012), these can probably be seen as using Lean tools as a precursor to simula-
tion (e.g., VSM) and in some other papers, simulation becoming the precursor to a 
Lean principle implementation (e.g., JIT). Some of these studies where different Lean 
tools have been combined with simulation have been reviewed by Tokola et al. (2015) 
and Mohamad et al. (2016). Other reviews about the most reported Lean tools em-
ployed with simulation have also been presented, such as the combination of VSM and 
simulation by Gurumurthy and Kodali (2011) and the analysis of cases where JIT and 
simulation have been employed in combination presented by Chu and Shih (1992). 

In the last decade, many authors have started to identify the benefits that a combina-
tion of Lean and simulation may have. Optimization has seldom been included as part 
of these reflections. Although different authors have pointed out the benefits of com-
bining simulation and optimization (April et al., 2004, April et al., 2003).  

Standridge and Marvel (2006) identify the Lean deficiencies and how simulation can 
overcome them. They also present in a later article a simple simulation-enhanced Lean 
process (Marvel and Standridge, 2009). Adams et al. (1999) present how simulation 
can support each of the steps in a continuous improvement process. Similarly, Rutberg 
et al. (2013) analyze the possibilities that simulation offers for continuous improve-
ment in healthcare, pointing out the importance of the collaboration of simulation en-
gineers and the stakeholders of the hospital. McClellan (2004) and Harrell et al. (2011) 
describe the benefits of reducing trial and error periods inherent to Lean continuous 
improvement processes. A more comprehensive paper is presented by Robinson et al. 
(2012) who describe how DES and Lean can be complemented from a theoretical and 
empirical perspective in the healthcare context. These authors present how DES may 
support reducing each of the seven wastes (Muda) defined by Ohno (1988). They didn’t 
take into account the eighth waste of unused employee creativity, still being a very 
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important one from a Lean perspective. The optimization perspective is not included 
in this reflection. Mura is tackled with DES when modeling the variability of the system 
and Muri while modeling the process flow to improve the utilization of resources, and 
in consequence, improve their working conditions (Robinson et al., 2012). The same 
authors provide a triple perspective about the purpose of using simulation to support 
Lean: education, facilitation, and evaluation. This article has some limitations, such as 
mainly considering Lean as a toolbox, limited consideration on how Lean can support 
the simulation process, not including the optimization approach, and just being fo-
cused on healthcare. Nevertheless, it has been considered as an important base for the 
development of this thesis. The authors conclude with a key statement for the purpose 
of this thesis, where a combination of simulation with Lean makes simulation “more 
accessible” while making Lean “more sustainable” (Robinson et al., 2012).  

From an educational perspective, Schroer (2004) presents the use of simulation to 
make easily understandable the concepts of Lean. Additionally, Detty and Yingling 
(2000) present simulation as a facilitator to analyze whether to apply or not the shop-
floor principles of Lean. Shannon et al. (2010) and Constantino Delago et al. (2016) 
make use of DES models to teach Lean concepts in the engineering curricula. 

The capability of simulation to handle the variation in Lean and Six Sigma projects is 
tackled by Ferrin et al. (2005) and Ferrin et al. (2002) as being one of its key charac-
teristics. Modig and Åhlström (2016) define Lean in terms of resource and flow effi-
ciency. These authors state that variation in supply and demand affects the possibility 
to combine high flow and resource efficiency (the ideal state). Variation creates the so-
called “efficiency frontier” that is limiting the capability of organizations to evolve to 
higher efficiency states (Modig and Åhlström, 2016). New design and improvement 
scenarios can be modeled via SMO where the impact of these variations is included, 
providing, therefore, a more accurate scenario for decision-making and reducing the 
impact of that efficiency frontier.  

Jia and Perera (2009) present a laboratory study where VSM, simulation, and optimi-
zation are employed to compare a push strategy with a pull strategy in a manufacturing 
line. In the doctoral dissertation presented later on by Jia (2010), a framework called 
SimLean to embed simulation in Lean projects is presented. A process with different 
steps and some inputs and outputs are described as part of the framework, with the 
focus on developing a tool to automatically develop simulation models based on a VSM 
drawn on a Microsoft Visio file. This feature is nowadays already included in some 
commercial software packages or has also been developed by other authors such as 
Lian and Van Landeghem (2007). A more detailed list of commercial software pack-
ages including this feature is presented by Paju et al. (2010). 

Jia (2010) also points out the importance of including people with Lean knowledge in 
the initial stages when defining the objectives to be achieved by simulation and sug-
gests the convenience of having Lean knowledge when building the simulation model.  

Similarly, El-Haik and Al-Aomar (2006) present in their book a simulation-based 
Lean Six Sigma approach. The book is mainly based on integrating Six Sigma tools 
with Lean tools and defining a DMAIC (Define, Measure, Analyze, Improve and Con-
trol) process where those tools and simulation are included in each of the phases. They 
also present an optimization stage by statistical means as part of the “analyze” phase.  

Although Jia (2010) and El-Haik and Al-Aomar (2006) briefly point out the use of 
optimization in combination with Lean and simulation (they do not integrate optimi-
zation as a step in their methods), there are few studies employing this combination.  
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Paper VII offers a more detailed comparison on the existing methods, methodologies, 
and frameworks based on different criteria: 1) domain; 2) purpose of the combination; 
3) comprehensiveness level; 4) way of combination; 5) degree of clarity in the struc-
ture; and 6) role definition. Based on this comparison, some limitations of the existing 
methods have been identified and are summarized below: 

• Simulation supporting Lean, not vice versa: The literature provides many examples on 
how simulation can overcome some of the limitations that Lean methods and tools have. 
However, a reflection on what Lean can offer to the simulation community and to the 
simulation process is lacking in the literature. 

• Optimization and post-optimization analysis are not integrated as a beneficial step in 
the existing frameworks: The majority of the literature is focused on the combination of 
Lean methods and tools and simulation. However, just few authors have pointed out the 
use of optimization and post-optimization together with these. Jia (2010) identify the use 
of Optquest after the future state scenarios are done. However, he does not include opti-
mization and post-optimization as a possible step in his framework. Similarly, El-Haik 
and Al-Aomar (2006) identify the use of optimization as a possibility after simulation. 
However, their approach is based mainly on Six Sigma, and therefore, they mainly pro-
pose the use of statistical methods to analyze the outputs of the simulation. None of these 
authors reflect on the benefits that these can provide to the combination. 

• They are mainly method and tool oriented: Lean is mainly understood as a toolbox, ra-
ther than as a philosophy with different principles, values, methods, and tools (Modig and 
Åhlström, 2016). The main focus is on Lean tools and how these can be an input to simu-
lation (e.g., VSM current state), tested via simulation (e.g., Kanban and Line balancing), 
or employed after analyzing the results from the simulation model (e.g., VSM future 
state). However, there is no reflection on the benefits of including the Lean principles on 
the simulation process.  

• They are mainly focused on the use of Lean and simulation for evaluation purposes: The 
analyzed frameworks mainly employ the combination of Lean and simulation just for 
evaluation purposes. Although few articles have pointed out the use of simulation to facil-
itate Lean discussions and its use for educational purposes, the existing frameworks usu-
ally are just focused only on a single purpose for the combination, lacking a more compre-
hensive view. The exceptions are the articles by Robinson et al. (2012), Ali et al. (2015), 
and Papers I and VIII published as a result of this thesis (Paper VIII extends the descrip-
tion of these purposes initially presented in Paper I). 

• The use of simulation is mainly focused on the design phase of the projects: The majority 
of the literature presents the use of simulation to support new system design projects or 
radical improvements, forgetting the tremendous benefit that could be gained from using 
it even for continuous improvement. One of the most important values in the Lean phi-
losophy is the continuous improvement approach, but according to the review done in 
Paper VII there are not so many papers addressing the use of simulation to facilitate the 
discussions or to support continuous improvement events (Kaizen events, VSM events), 
although there are some exceptions (Bhat et al., 2014, De Oliveira Gomes and Trabasso, 
2016, Robinson et al., 2012, Baril et al., 2016, Ramakrishnan et al., 2009). A more detailed 
reflection is provided in Paper VI. 

• No reflections provided on how to introduce the described frameworks in the organiza-
tions: The existing frameworks are mainly based on simple flow charts. And the authors 
do not identify how and when these frameworks can be integrated with the standards of 
the organizations, which is vital to guarantee its successful use (Jasti and Kodali, 2015). 
This can make the acceptance of the existing frameworks harder to accomplish.  
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• Unclear if the frameworks are case-specific or can be integrated as a standard in the 
organizations: The analyzed frameworks are usually tested in a single case study and even 
if many authors have proposed the possibility to employ it for further cases, there are just 
few publications detailing the use of the frameworks in several cases. An exception is 
Ramakrishnan et al. (2009) who state that their framework has been employed in more 
than twenty Kaizen events. However, the lack of publications addressing the implemen-
tation of the existing frameworks in different cases suggests that many were probably de-
signed and developed for specific projects, making their further application somehow dif-
ficult. 

• Lacking role identification: Not many frameworks identify the role of the people who 
need to participate in each stage. Which can make its implementation harder in real-world 
cases. Additionally, it seems that most of the cases follow an expert approach for working 
with simulation as opposed to a participative or facilitated approach as defended by 
Franco and Montibeller (2010) and Tako and Kotiadis (2015), which makes it more diffi-
cult to ensure a Lean outcome of the project, especially if the people developing the sim-
ulation models do not have Lean knowledge. The existing frameworks do not take into 
account that people with different roles, including Lean and simulation engineers, should 
collaborate in every stage of a system design or improvement project to provide a better 
outcome. 

• No evaluation of the existing frameworks: The reviewed papers did not identify any eval-
uation method for their frameworks. Jia (2010) evaluates the module created to generate 
automatically simulation models from a current state VSM, however, does not provide 
any evaluation of the framework. Not evaluating the frameworks in different real-world 
cases or via surveys to users or subject matter experts, presents somehow questions about 
their usability and perceived usefulness. 

The framework defined as a result of this research study tries to overcome the above 
limitations. It is composed of different elements including: 1) different processes to 
educate in Lean via simulation, as well as processes to facilitate and evaluate system 
design and improvement projects; 2) the information of the needed role of the people 
to be involved in each stage is included; 3) existing barriers for the implementation of 
the approach are identified; 3) ethical considerations when conducting these kinds of 
projects are considered; and 4) a maturity model is described which provides infor-
mation to organizations on when to implement the framework. The usability and per-
ceived usefulness of the framework have also been evaluated in real-world cases, by 
users and decision makers and by subject matter experts, respectively. These are ex-
plained in more detail in Chapter 4 Results and are also described in the published 
papers (Papers I, III, IV, V, VI, and VIII). 

Finally, some criticism has also been made regarding the combination of Lean and 
simulation. Pepper and Spedding (2010) believe that the popularity and power of VSM 
lie in its simplicity and these authors state that the development of simulation models 
require large amounts of time and during that time the system can change and there-
fore “time momentum” can be lost, making the model invalid. Additionally, they be-
lieve that both Lean leading teams and simulation engineers can create two subcul-
tures in the organization, competing for the same resources. Following the same rea-
soning, Womack and Jones (2003) even present discouraging messages to the use of 
simulation due to the time required to create simulation models. They present just one 
case study where simulation did not work and draw conclusions from that specific 
study. Petersson et al. (2009) criticize simulation for comparing solutions without 
questioning the potential that lies in the improvement process.  
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This thesis tries to present solutions to overcome these risks by presenting different 
tool choices, a collaboration between both teams (Lean and simulation engineers) dur-
ing a system design or improvement project, and proposing the use of SMO to support 
the Lean improvement processes rather than replacing them. 

Taking into account the role in the future that both Lean and SMO will continue to 
have, as presented in Paper V and Paper VII, their combination in a holistic way and 
not just focused on specific tools is needed. Additionally, the author believes that a 
framework to support organizations in deploying this combination will be valuable.  

2.7 THE IMPORTANCE OF MEASURING USABILITY AND 
USEFULNESS 

Evaluation of the defined framework has been done based on two main attributes: us-
ability and usefulness. The following paragraphs clarify the importance of these two 
attributes and why they were chosen. 

The quality of an artifact, i.e. the framework, can be evaluated according to different 
attributes or characteristics. Hevner et al. (2004) identify different qualities to be eval-
uated in an artifact such as “functionality, completeness, consistency, accuracy, per-
formance, reliability, usability, fit with the organization, and other relevant quality at-
tributes… as well as style”. Checkland and Scholes (1990) define 5 properties to be 
evaluated in an object of interest known as the “5 Es”: Efficiency, Effectiveness, Effi-
cacy, Ethicality, and Elegance. Some of those attributes are included within the con-
cept of usability (ISO, 2018), an attribute that allows to perceive the designed object 
through the eyes of the user (Rubin and Chisnell, 2008). Different authors have dif-
ferent views about what usability is and which attributes to include, however, there are 
several ISO standards presenting how to measure quality and the usability of a product 
or service. Bevan et al. (2016) present a brief review of these standards related to usa-
bility.  

Usability, as understood in this thesis, is “the extent to which a system, product or 
service can be used by specified users to achieve specified goals with effectiveness, ef-
ficiency, and satisfaction in a specified context of use” (ISO, 2018). It is the result of 
the interaction between the users and the object under analysis (ISO, 2018). In this 
case, the framework being the object under analysis.  

The benefits of an appropriate usability of a product, service or system include (ISO, 
2018): 1) contribute to the increase of the operational efficiency in organizations; 2) to 
provide understanding easiness and to learn about its use; 3) to increase the accessi-
bility to people in a wide context of use; 4) to enhance the user experience; 5) to con-
tribute to sustainability goals; 6) to reduce risks of undesirable consequences; and, 7) 
to get a competitive advantage. If the framework is evaluated for having a correct usa-
bility level, then these benefits can be gained. The standard usability scale (SUS) 
widely cited in the literature and proposed by Brooke (1996) is also based on a previous 
version of this ISO standard.  

For the above-mentioned reasons, usability has been measured in real-world cases 
where the framework has been tested by users and decision makers. 

On the other hand, usefulness is defined as “the degree to which a person believes that 
using a particular system would enhance his or her job performance” (Davis, 1989). 
There is, therefore, a clear relation between use and performance. Perceived useful-
ness together with perceived ease of use are defined by Davis (1989) as key character-
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istics for system utilization. It is clear that if the potential users do not find the pre-
sented framework useful, then they will not employ it. Therefore, a survey with subject 
matter experts (future users) was conducted in order to measure their interest and 
perceived usefulness of the framework in combining Lean, simulation and optimiza-
tion.  





 

49 

RESEARCH APPROACH

 

 

  



 

50 

 



 

 

51 

CHAPTER 3 

RESEARCH APPROACH 

The origin of the word “research” dates back to late 16th century’s French word “re-
chercer”, “re-“ stating intensive force, and “chercier” to search (Oxford dictionary, 
2017). “Chercier” comes ultimately from the Latin “circare” meaning to “go round” 
which itself derives from the Latin “circus”, circle. The English use of the word research 
meaning “intensive searching” dates back to the 16th century and “investigation to-
wards discovery” to the 17th century (The concise Oxford dictionary of English 
etymology, 2003). Nowadays, the Oxford dictionary (2017) defines research as “the 
action to investigate systematically”. Similarly, Blake (1978) presents research as a 
“systematic, intensive study directed towards fuller scientific knowledge of the object 
studied”. Robson (2011) asserts that a real-world research should be carried out in a 
systematic, skeptic and ethical way which will lead to better quality, usefulness and 
socially responsible research. Systematic means the exact definition of what, how and 
why you are conducting the research. Skeptic implies to critically analyze and question 
the research ideas and hypotheses by the researcher and other subject experts. Finally, 
ethically, signifying that the research process and content take into consideration the 
moral principles. The following sections describe in detail how this thesis has been 
carried out in a systematic, skeptic, and ethical way. In this section the chosen research 
paradigm, research methodology, how the research was evaluated, the research out-
puts, and also the ethical considerations of this research study are described. 

3.1 CHOSEN RESEARCH PARADIGM 
There are different philosophical paradigms about how to do research and gain or cre-
ate knowledge. Ontology refers to the different views about the nature of the world 
whereas epistemology refers to the different ways we can acquire knowledge about it 
(Oates, 2006). There are three main research paradigms or ways of thinking about 
how to conduct research: positivism, interpretivism and critical research (Oates, 
2006). These paradigms are differentiated by their ontology and epistemology. How-
ever, a fourth paradigm for research within information systems has been defended by 
different authors, the so-called design science research paradigm (Hevner et al., 2004, 
Vaishnavi and Kuechler, 2015, March and Smith, 1995), also known as the socio-tech-
nologist or developmentalist paradigm (Gregg et al., 2001). This is the paradigm fol-
lowed to conduct this research. 



CHAPTER 3  RESEARCH  APPROACH 

 

52 

The design science has its origins in engineering and the sciences of the artificial or 
“man-made” (Simon, 1996). Johannesson and Perjons (2012) define design science 
research as a combination of different sciences (social, behavioral and formal) to the 
study of the development and use of artifacts for problem-solving. Similarly, March 
and Smith (1995) propose that artifacts are designed to serve human purposes and 
develop ways to achieve human goals. An artifact can be a construct, model, method 
or instantiation (Hevner et al., 2004, March and Smith, 1995), designed and used to 
address a practical problem (Johannesson and Perjons, 2012). A complete classifica-
tion of the outputs of design science research is provided by Vaishnavi and Kuechler 
(2015), defining artifact as a construct, model, framework, architecture, design prin-
ciples, methods and/or instantiations; and at the same time, adding the design theo-
ries as an additional output of the research.  

The basic beliefs of the design science research paradigm are briefly summarized in 
Table 3.1.  

Table 3.1: Basic beliefs of the design science research paradigm. Taken from Gregg et al. (2001) and later updated by 
Vaishnavi and Kuechler (2015). 

Basic belief Design Science Research 

Ontology: the nature of reality Known context with alternative world-states depending on 
their social and technological development. 

Epistemology: the nature of knowledge “Knowing through making”. Objective and iterative, continu-
ously including important values. 

Methodology Developmental. Technological augmentations to social and 
individual factors. 

Axiology: what is of value Creation, progress and improvement, understanding and 
control. 

 

Taking into account the ontology of design science research, new artifacts are intro-
duced to change the actual state of the world (Vaishnavi and Kuechler, 2015). In this 
thesis, a new framework is created and introduced to support the decision-making 
process for system design and improvement.  

From an epistemological perspective, the author acquired knowledge by creating the 
artifact and participating in an iterative process where the artifact was continuously 
adapted to the requirements that arose during its definition and evaluation (Vaishnavi 
and Kuechler, 2015). This was the approach followed during the research study, where 
the literature review and the continuous evaluation via real-world case studies, and 
the interaction with users of the framework and subject matter experts, continuously 
led to update and improve the framework design and its components.  

From a methodological perspective, the focus is on the definition and development of 
the artifact, in this case, the framework and its components.  

What provides value to the research (axiology) is the creation process as well as the 
“creative manipulation and control of the environment” (Vaishnavi and Kuechler, 
2015). In this thesis, the knowledge gained in the process of definition and implemen-
tation of the framework in real-world cases added value to the research. The “manip-
ulated environment” was the organizations in which their standard way of working 
with system design and improvement projects and/or with simulation projects were 
updated to follow the approach asserted in the thesis. 

This research study was undertaken taking into account the design science research 
paradigm, its process steps, applicable methods, evaluation, and outputs. These are 
explained in detail in the following sections.  



CHAPTER 3  RESEARCH  APPROACH 

 

53 

3 .2  RESEARCH METHODOLOGY FOLLOWED 
A research methodology is composed of processes, methods, and tools to carry on the 
research in a specific research domain and to answer the defined research questions 
(Nunamaker et al., 1991). Similarly, according to Oates (2006), the research method-
ology is composed of the research process, different research strategies, data genera-
tion, and data analysis methods.  

The research methodology framework presented in Figure 3.1 summarizes the most 
important characteristics of the research methodology employed. It has been adapted 
from Hevner et al. (2004) and personalized for this specific thesis. 

 

Figure 3.1: Research methodology framework connecting the research process, strategies and data generation meth-
ods, the environment, and knowledge base. Adapted from Hevner et al. (2004). 

According to Simon (1996), the environment characterizes the problem under analy-
sis. The environment in which this thesis has been focused is the organizations or com-
panies willing to work with system design and improvement, who followed the Lean 
philosophy and started to use or had the interest to start using SMO. These organiza-
tions are composed by people (roles, capabilities/skills, etc.), organizational systems 
(strategies, structure and culture, processes, etc.), and technology (technological in-
frastructure, applications, etc.). This environment provided the context in which to 
conduct the research, including the needs for a more accurate decision-making sce-
nario regarding system design and improvement, as well as their interest on knowing 
how to integrate SMO in their working methods and standards. For this purpose, dif-
ferent organizations were analyzed in the first stages of the research process determin-
ing the problem awareness and suggestions. This analysis focused on their organiza-
tional structure and strategies related to Lean and simulation, available technologies 
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related to SMO, and the role and skills of the people working with Lean and/or simu-
lation. This information was obtained by participating in real-world case studies, con-
ducting interviews (see Appendix I), and analyzing their internal documents and strat-
egies.  

The formulation of the artifacts was based on a design and creation strategy, where 
different documents from the participating organizations were taken into account. The 
existing literature and foundations were also an important input at this stage. 

The artifacts defined were evaluated in real-world cases and with subject matter ex-
perts via case studies and surveys. This was an iterative process in which the artifacts 
defined were continuously refined based on the feedback from these evaluations. 

The motivation to conduct this research study was obtained via the existing needs in 
real-world cases and its evaluation was also conducted using real-world cases and with 
subject matter experts, ensuring consequently its relevance as defined by Hevner et 
al. (2004).  

The knowledge base contributed with the foundations and methodologies to conduct 
the research. These provided with guidelines for the definition and evaluation phases 
of the artifacts. This research study followed the research process as defined by 
Vaishnavi and Kuechler (2015) and employed different research strategies and data 
generation methods as defined in the literature. Additionally, the existing literature 
was critically analyzed to search for existing gaps. This was an inspiration to under-
stand the existing limitations and propose an artifact that overcomes them.  

The generated artifacts and the knowledge obtained as a result of the research project, 
contribute to the existing knowledge base and fulfill the identified organizational 
needs. Consequently, these ensure the research rigor as defined by Hevner et al. 
(2004). 

The following sections explain in detail the chosen research process, research strate-
gies, and data generation methods employed in the thesis. 

3.2.1 RESEARCH PROCESS 
The research process is defined by Nunamaker et al. (1991) as “the heart of any re-
search methodology, it is the application of scientific methods to the complex task of 
discovering answers (solutions) to questions (problems)”. Although different authors 
defend different steps to be included in a research process (see e.g., Bailey (1982), 
Blalock and Blalock (1982), or Nunamaker et al. (1991)). This thesis followed the ap-
proach advocated by Vaishnavi and Kuechler (2015) who define the research process 
steps within the design research paradigm as: 1) awareness of the problem; 2) sugges-
tion; 3) development; 4) evaluation; and 5) conclusion. Figure 3.2 presents these steps, 
the knowledge flow, the outputs from each step, as well as their relationship with the 
research questions. 

The first steps of the research process are the awareness of the problem and sugges-
tion, which are related to RQ1. In the case of this thesis, the awareness of the problem 
was first perceived after conducting different projects applying SMO in different or-
ganizations where a lack of collaboration between the Lean approach and SMO was 
identified. All these organizations had more or less implemented Lean (depending on 
the case, just implementing Lean methods and tools, but some others were also trying 
to work according to its principles), and they wanted to introduce simulation as a tool 
to better support decision makers in system design and improvement. However, they 
rarely considered combining Lean and SMO, creating in some cases even different or-
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ganizational structures to manage Lean or simulation projects, with no interaction be-
tween them. Having experience with simulation projects and knowledge about Lean, 
and intuiting the benefits that the approach combining both would have, a first instan-
tiation of the aim and research questions of this thesis were established. Then, an ex-
tensive study of the literature was conducted in order to understand if this first im-
pression was correct, which it confirmed. Based on the information gathered from 
real-world cases and the literature review, a tentative design of the framework was 
presented to the stakeholders.  

Following the analysis conducted at the previous steps, different artifacts (the frame-
work and its components) were defined in detail (RQ2). Finally, some of these artifacts 
were evaluated in real-world cases by users and by subject matter experts (RQ3).  

Knowledge gained during the definition and evaluation of the artifacts was continu-
ously fed into the research process in an iterative way. This process is illustrated in 
Figure 3.2. It even supported the problem awareness of the author, and in conse-
quence, the designed artifacts were improved. 

Every step of the research process contributed to the conclusions obtained in this the-
sis. These include the reflections from the awareness of the problem about the benefits 
of combining Lean and SMO (RQ1), but even the knowledge and experience gained in 
the definition of the artifacts (RQ2), as well as from the results of their evaluation 
(RQ3). A summary of these conclusions is revealed in Chapter 6 and in each of the 
published papers.  

 

Figure 3.2: Research process adopted in this thesis, based on Vaishnavi and Kuechler (2015). 
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3 .2.2 RESEARCH STRATEGIES 
Research strategies, as defined by Oates (2006), are the approach taken to answer the 
research questions. To conduct this thesis, a multi-strategy approach was employed, 
as advocated by many authors working with the design science research paradigm 
(Nunamaker et al., 1991, Hevner et al., 2004, Bai et al., 2013).  

The strategy chosen to design the artifacts (RQ2) was the design and creation strategy 
(Oates, 2006). Case studies were carried out at an early stage to gather knowledge to 
create the artifacts (RQ1), and at a later stage to evaluate the defined artifacts (RQ3). 
Surveys were employed for evaluation purposes (RQ3). A summary of the link be-
tween the research questions, the research process, and research strategies, is pre-
sented in Figure 3.3. The figure even shows the case studies that participated in each 
stage. 

The research process, even though being an iterative process, is visualized in a linear 
way for simplification purposes and to emphasize the research strategies. Each strat-
egy and how it has been employed is described in more detail in the following sections. 

Figure 3.3: Link between the research questions, research process, and the different research strategies employed in 
the thesis. 

3.2.2.1 DESIGN AND CREATION 

The design and creation strategy focuses on creating artifacts. Different authors clas-
sify these artifacts in different ways (March and Smith, 1995, Vaishnavi and Kuechler, 
2015). This thesis followed the classification provided by March and Smith (1995), 
where artifacts can be constructs, models, methods, and instantiations. Constructs are 
defined as the conceptual vocabulary of the domain. Model is considered as the group 
of relationships between constructs, they propose how things are and should be, fo-
cusing on their utility. Method refers to the guidelines or steps to complete a task. Fi-
nally, an instantiation is the implementation of an artifact (model or method) in a 
specific environment. However, it may happen that an instantiation precedes the de-
sign of an artifact and the conclusions obtained from that instantiation support the 
definition of that artifact.  

The use of SMO within the Lean toolbox and the improvement of the SMO process 
taking into account the Lean approach, are the core essence contributed and reported 
in the thesis. For this purpose, models and methods, as defined by March and Smith 
(1995), have been defined and are presented in this thesis and in the published scien-
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tific articles. The group of models and methods are described with the term frame-
work in this thesis. The term framework is very popular among OR practitioners, alt-
hough different terms have been employed together with framework interchangeably 
(Jasti and Kodali, 2015). There are many definitions for what a framework can be and 
Jasti and Kodali (2015) present a brief review of how different authors define the term. 
A framework, as defined by the Oxford dictionary (2017), is “a basic structure under-
lying a system, concept or text”. Similarly, as defined by Goldkuhl et al. (1998), it is a 
structure including different elements (e.g., procedures, concepts, notations, etc.). Ac-
cording to Yusof and Aspinwall (2000), “a framework should answer to “how to” ques-
tions and provide an overall way forward”. In this thesis, framework refers to a struc-
ture of different elements to be provided to organizations that will answer how to bring 
together Lean, simulation, and optimization and will provide the details of how to im-
plement and work towards it. 

The strategy of design and creation was combined with case studies in order to design 
the artifacts based on organizational needs, but also to evaluate these at a later stage 
in specific projects. These specific projects conducted for evaluation purposes are in-
stantiations of the framework in real-world cases as defined in March and Smith 
(1995).  

3.2.2.2 CASE STUDIES 

Yin (2009) defines case studies as “a strategy for doing research which involves an 
empirical investigation of a particular contemporary phenomenon within its real-life 
context using multiple sources of evidence” (Yin, 2009). 

According to Oates (2006) case studies are characterized by: 1) getting the details 
about the phenomenon under investigation; 2) having the case study under analysis 
in its natural setting; 3) proposing a holistic study; and 4) employing multiple sources 
to gather data about the cases. To gather the details about the phenomenon under 
investigation, the analysis of the case studies in the initial stages of the research in-
cluded analyzing different aspects such as their Lean strategies, people involved in 
system design and improvement and their skills, organizational structures, standard 
processes related to system design and improvement, or their simulation processes. In 
later stages, wherein the evaluation of the framework was conducted, the participation 
on different projects provided the knowledge about the implications of the implemen-
tation of the framework, as well as provided insights to update and improve it. The 
natural setting for the case studies under analysis was to analyze the organizations 
participating in real-world projects, not in laboratory studies. Regarding the holistic 
approach to conducting the study, the author focused mainly on the relationship be-
tween Lean and simulation processes (existing and lacking) as well as the relationship 
among the people working in different departments working with system design and 
improvement (e.g., Lean engineering department vs. simulation engineering depart-
ment). The relationship between the different existing processes was also analyzed. 
Moreover, the sources or data generation methods employed in this thesis are 
presented in Figure 3.1 and further explained in the following section.  

The steps followed in any case study are: 1) to design the case study; 2) conduct the 
case study; 3) analyze the case study evidence; and finally, 4) to formulate the conclu-
sions, recommendations and implications (Yin, 2009). The case studies analyzed in 
the thesis followed this approach. 

Case studies can be exploratory, descriptive or explanatory (Yin, 1993). Some of the 
case studies in the early stages of this thesis were exploratory - their aim was to gather 
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information and knowledge about how different Lean tools, Lean strategy, as well as 
SMO processes, were established and used in different organizations. For that pur-
pose, different data gathering methods were employed. In later stages, and for evalu-
ation purposes, the case studies were explanatory, offering a deeper analysis on how 
the artifacts designed were implemented, as well as their usability. Thus, at the initial 
stages of the research, the focus was on the analysis at the organizational level, and at 
the evaluation stage, the focus was on the analysis of specific projects in the participant 
cases.  

Case study strategy can focus on a single-case study analysis or on multiple case study 
approach. When having multiple case studies, these do not go as deep as a single-case 
study analysis. However, they offer possibilities for comparison and generalization 
(Yin, 2009). This thesis employed a multiple case study approach. 

According to their approach to time, case studies may be historical, short-term/con-
temporary studies, or longitudinal studies (Oates, 2006). All the studies involved in 
this thesis have been short-term or contemporary, meaning that the analysis was per-
formed in a specific period and in specific projects.  

Table 3.2: Chosen case study strategy characteristics. 

Case Study strategy characteristics Chosen approach 

Single / Multiple Multiple case study 

Type Exploratory and explanatory 

Approach to time Short-term or contemporary 

 

When choosing the participant case studies for this thesis, different criteria had to be 
fulfilled: 1) the participant organizations needed some maturity in Lean; 2) the 
participant organizations needed some maturity of using simulation, or at least, the 
willingness and capacity to start employing it; 3) a variety of organizations in domain, 
size and type of activity were preferred; and 4) a willingness to participate in this 
research project was mandatory, meaning that time from different key persons in the 
organization would be required, information regarding Lean and simulation processes 
should be available for the researcher, and the willingness to conduct different projects 
where the approach presented in the thesis was tested had to be agreed.  

Five different types of organizations, including a healthcare organization and four in-
dustrial companies, which fulfilled the criteria explained above participated in this re-
search. All these cases are large organizations, as it was very difficult to find SMEs that 
fulfilled all these criteria.  

The participant organizations are the following: 

• Case I: The emergency department (ED) of the hospital located in Skövde, Sweden (SkaS). 
In this case, the author participated as a participant as observer in the project group de-
veloping an SMO model for the ED. A deep analysis was performed in this organization, 
where data from the ED were collected and classified, the current state simulation model 
was developed and alternative optimized designs were proposed (see details in Paper II). 
The Lean strategy and actions taken to improve the ED were also analyzed. These analyses 
were undertaken in an early stage of the thesis and provided enormous insight into the 
simulation process and its possible interaction with the Lean approach. Additionally, 
knowledge about the peculiarities of the healthcare domain was gained when compared 
to the industrial domain and provided a broader perspective to the research. 
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• Case II and III: The analysis was conducted in two departments of Volvo Car Corporation 
AB, an international automotive company located in Skövde, Sweden. These two depart-
ments have a completely different situation regarding Lean and SMO implementation lev-
els, therefore they were considered as two different cases. One of them is linked to the 
manufacturing engineering department while the other is the logistics department of the 
organization. These cases were analyzed at an early stage of the thesis where interviews 
were performed, internal documents of the organization were analyzed, and observations 
in specific simulation projects were performed in order to gain knowledge about the status 
of Lean and SMO in the departments, as well as their expectations regarding a framework 
which combined Lean and SMO. Case II was also employed for the implementation of the 
framework in Projects II.1 and II.2 (see Papers I and VI, respectively, for details on the 
projects). 

• Case IV: Arla Foods AB, an international food-industry company located in Götene, Swe-
den. This case was analyzed at an early stage of the thesis where interviews were 
performed, internal documents of the organization were analyzed and observations in a 
specific simulation project were performed. The aim was to gain knowledge about the sta-
tus of Lean and SMO in the company, as well as their expectations regarding a framework 
which combined Lean and SMO. 

• Case V: An international manufacturing company located in Sweden (the name is not 
revealed for confidentiality purposes). After defining the artifacts, some were tested in 
different projects in this organization (Projects V.1-V.4) in order to analyze their usability. 
The evaluation process followed in Project V.1 is explained in Paper III and the results of 
the usability test to users and decision makers are included in Paper VIII. 

• Case VI: Volvo Group Truck Operations AB, an international automotive company located 
in Skövde, Sweden. The framework was employed in Project VI.1 for evaluation purposes 
and the results of the usability test are included in Paper VIII. 

The following Tables 3.3 and 3.4 summarize the main characteristics of the participant case 
studies and their associated papers. Table 3.3 presents the cases that participated in the 
awareness and suggestion stage. 

Table 3.3: Characteristics of the participant case studies in the awareness and suggestion stage. 

Case studies Brief description of activities undertaken Type Associated paper 

Case I 
Analysis of the ED of a hospital. Implementation of SMO and 
post-optimality analysis in a specific project. Analysis of their 
Lean strategy. 

Exploratory Paper II 

Case II 
Manufacturing engineering department of Volvo Car Corpora-
tion, AB. Analysis of their Lean strategies and SMO working 
standards. 

Exploratory 

Paper VIII (requi-
sites identified as a 
result of the inter-
views in these cases) 

Case III Logistics department of Volvo Car Corporation, AB. Analysis of 
their Lean strategies and SMO working standards. 

Exploratory 

Case IV 
Arla Foods AB. Analysis of their Lean strategies and interest in 
employing SMO. 

Exploratory 

 

Table 3.4 presents the characteristics of the participant case studies in the evaluation 
stage. To ease the identification of the projects with the related case study, these are 
named based on the roman number of the case they belong to and a cardinal number 
representing the project. 

  



CHAPTER 3  RESEARCH  APPROACH 

 

60 

Table 3.4: Characteristics of the participant case studies in the evaluation stage. 

Case 
studies 

Brief description of  
activities undertaken 

Project Brief  
description 

Type 
Associ-

ated  
paper 

Case II 

Manufacturing engineering 
department of Volvo Car Cor-
poration, AB. Implementa-
tion of the framework in real-
world projects. 

Project II.1 Improvement of a machining line. Exploratory Paper I 

Project II.2 Improvement of an assembly line via 
a VSM event. 

Explanatory Paper VI 

Case V 

Swedish manufacturing com-
pany. Analysis of their Lean 
and SMO interest. Main ef-
fort focused on the imple-
mentation of the framework 
in real-world projects. 

Project V.1 Improvement of the material flow. Explanatory Papers III 
and VIII 

Project V.2 
Analysis of the investment on an au-
tomated press machine. 

Explanatory Paper VIII 

Project V.3 
Analysis of the transportation sys-
tem between two shop floors. Explanatory Paper VIII 

Project V.4 
Improvement of the flow efficiency 
of a production line 

Explanatory Paper VIII 

Case VI 

Volvo Group Truck Opera-
tions AB. Analysis of their 
SMO standard processes. 
Main effort focused on the 
implementation of the frame-
work in a real-world project. 

Project VI.1 
Optimization of buffer levels and 
work in process in a newly designed 
packaging line. 

Explanatory Paper VIII 

 

Some researchers criticize the case study approach for providing results only related 
to specific cases, and therefore for being difficult to generalize the conclusions (Oates, 
2006). However, the case studies selected in this research tried to cover a typical range 
of organizations willing to adopt the approach of combining Lean and SMO. Therefore, 
the insights gained from their analysis and its implications, both at the initial stages of 
the research process and even in the evaluation stage of the process, are believed to be 
generalizable to other organizations in similar situations. These analyzed cases are il-
lustrated in Figure 3.4 below according to the maturity model for Lean and SMO pre-
sented in Paper IV. For confidentiality purposes, the organization names are not 
presented in the figure. These cases represent an extended range of different positions 
regarding the maturity of Lean and SMO take-up in the organization. The positioning 
of the case studies in the matrix was done together with the stakeholders of each or-
ganization and also taking into account the analysis performed in the initial stages of 
the thesis and the participation in the real-world projects in these organizations. The 
position of the dots in the figure, rather than showing an accurate maturity level on 
Lean and SMO, aims at showing the variety of the participant organizations. 

 

Figure 3.4: The variety of organizational maturity regarding Lean and SMO of the different case studies analyzed in 
this thesis. 
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3 .2.2.3 SURVEY 

Surveys are employed to gather data of a population in a standardized and systematic 
way. Their aim is to find patterns that can be generalized to a larger population than 
the initially targeted group (Oates, 2006). The most common data generation method 
within surveys is questionnaires (Oates, 2006). Two different surveys via question-
naires were conducted as part of this research to be able to answer RQ3. The first sur-
vey was provided to the users and decision makers to evaluate the usability of the 
framework after using it in real-world projects.  

In the second survey, different subject matter experts within Lean and SMO (sample 
frame) were asked to evaluate the perceived usefulness of the framework defined and 
the concept of combining Lean and SMO. This was accomplished as part of a workshop 
organized by the author.  

3.2.3 DATA GENERATION METHODS 
Different kinds of data generation methods were employed to conduct the research at 
different points in time. Observations and interviews were employed at initial stages 
of problem awareness and suggestion in the participant cases, while observations and 
questionnaires were employed at a later stage for evaluation purposes. Different doc-
uments have also been used during the whole lifecycle of the research study. Figure 
3.5 links the research questions, process, strategies, and data generation methods.  

Figure 3.5: Link between research questions, process, strategies and data generation methods. 

Tables 3.5 and 3.6 summarize the main data generation methods employed in each partici-
pant case study. Regarding the documents analyzed, just the most representative ones for 
each case study or project are mentioned.  
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Table 3.5: Data generation methods employed in the participant case studies in the awareness and suggestion stage. 

Case studies 
Data generation methods 

Interview Observation 
Documents  

analyzed 

Case I Unstructured interviews Participant as observer 
- Data of the emergency department’s process 
steps, variables, and performance. 
- Lean strategy and actions followed. 

Case II Semi-structured interviews Observer as participant - Organizational structure related to Lean and 
SMO. 
- Lean strategy of the organization. 
- Existing simulation standards. 
- Project planning / continuous improvement 
standards. 

Case III Semi-structured interviews Observer as participant 

Case IV Semi-structured interviews Observer as participant 

- Organizational structure related to Lean. 
- Lean strategy of the organization. 
- Project planning / continuous improvement 
standards. 

 

Table 3.6: Characteristics of the participant case studies in the evaluation stage. 

Case 
studies 

Project 
Data generation methods 

Observation Documents Questionnaire 

Case II 

Project II.1 Observer as participant 
- Project planning / continuous improvement stand-
ards. 
- Project documentation. 

- 

Project II.2 Participant as observer 

- Data of the line’s process steps, variables, and per-
formance. 
- Lean standards for continuous improvement, specif-
ically related to VSM. 
- SMO documentation standards. 
- Project documentation. 

- 

Case V 

Project V.1 Participant as observer 

- Data of the line’s process steps, variables, material 
handling system, and performance. 
- Data from observations. 
- Project documentation. 

Survey to users 
and decision mak-
ers 

Project V.2 Participant as observer 

- Data of the line’s process steps, variables, material 
handling system, and performance. 
- Data from observations. 
- Project documentation. 

Project V.3 Observer as participant 
- Data from observations. 
- Project documentation. 

Project V.4 Observer as participant - Data from observations. 
- Project documentation. 

Case VI Project VI.1 Participant as observer 

- Data of the line’s process steps, variables, material 
handling system, and performance. 
- Data from observations. 
- Project documentation. 
- Lean strategy of the organization. 
- Existing simulation standards. 
- Project planning / continuous improvement stand-
ards. 

 

More details about the data gathering methods employed to conduct the research are ex-
plained in the following sections. 

3.2.3.1 INTERVIEWS 

Interviews are conversations usually led by the researcher which follow a specific 
agenda to conduct that conversation. The aim of the interviews is to produce material 
for research purposes. Interviews can be divided into three different types: structured, 
semi-structured, and unstructured interviews (Oates, 2006).  

In the first stages of the research process, the type of interviews employed in Cases II-
IV was semi-structured interviews, where a list of questions was predefined but the 
opportunity to explore further responses was also left open during the interviews. The 
purpose of these was to gather information about two organizations (Cases II, III and 
IV) regarding their organizational structure, Lean and SMO implementation levels, 
and their view on the objectives to achieve, expectations, and challenges in the defini-
tion and implementation of a new method combining these two. All the questions were 
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open questions, to let the interviewee answer freely. These questions and the detailed 
answers are presented in Appendix I.  

The persons who participated in the interview session were chosen according to a non-
probabilistic purposive sampling, taking into account their knowledge, experience, 
and responsibility level in the organization in relation to the subject under study. It 
involved Lean managers, production and technology department managers, produc-
tion engineers, material handling engineers, and simulation engineers. Some of them 
were familiar with the research conducted in this thesis, and some of them were not. 
Therefore, the interviews started with an introduction to the purpose of the interview. 
The document with the list of questions was also provided to the participants (see Ap-
pendix I). The author together with the interviewee read through all the questions be-
fore starting to answer them, to better understand the expected content of the inter-
view. Field notes were taken to record the answers of the interviewed people. In most 
of the cases, the interviews were conducted individually; however, in one specific case, 
a group interview was performed with a Lean manager and the simulation engineers 
of the company. The author’s role was, in all the cases, to lead the interviews and gather 
as much information as possible about the analyzed organizations. These interviews 
were conducted alongside observations in real-world projects and studying the inter-
nal documents, as part of the analysis of the case studies. 

Additionally, unstructured interviews were also carried out in all the case studies with 
different subject matter experts (e.g. simulation engineers, production managers, pro-
duction technicians, etc.) and during the different stages of the research project. These 
were conducted mainly as part of project or department meeting discussions. These 
were also a valuable input to the research. 

3.2.3.2 OBSERVATIONS 

Observations are used to analyze what people and/or organizations do in contrast to 
what they report they do (Oates, 2006). They can be defined as “the description of 
events, behaviors, and artifacts in the social setting chosen for the study” (Marshall 
and Rossman, 2016). These can be done covert where the subjects being observed do 
not know it, or overt where they know they are being observed. This research was done 
in an overt manner where all the organizations and people involved acknowledged 
being observed for the research purpose.  

An additional classification of observations defines systematic and participant type of 
observations (Oates, 2006). Systematic observations follow a pre-defined schedule 
where the frequency or duration of different events is measured quantitatively. This 
observation method was employed specifically as part of the data gathering phase 
when building the simulation models of the case studies, in which time studies and 
work sampling studies were performed. The participant observation method was oth-
erwise the main method employed to conduct the research. This method is based on 
the participation of the researcher in the matter under study. According to Gold 
(1958), there are four observation stances: complete participant, participant as 
observer, observer as participant, and complete observer. In the case studies ana-
lyzed in this thesis, observation was performed in two different ways.  

• Observer as participant: Applied at an initial stage in Cases II, III, and IV where the au-
thor participated in the project under study, however, she was not part of the project 
group developing the simulation model. The main role in these cases was to gather data 
about the Lean strategy of the companies, to observe if they applied SMO, and its existing 
standards. These type of observations were complemented with interviews and served as 
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an important input for the definition phase of the framework. Additionally, in the evalua-
tion stage of the research, this observation method was employed to gather data about the 
usability of the framework in specific projects (Projects II.1, V.3, and V.4) where the au-
thor did not participate. 

• Participant as observer: Applied in Case I and Projects II.2, V.1, V.2, and VI.1. The author 
was part of the group and projects under study. The main role was to collect data and 
information about how Lean and SMO were employed in the organizations. But also, to 
participate in the development of the solutions provided by the specific projects. In the 
evaluation stage of the research, the author’s role was to observe how the model and meth-
ods defined as part of this thesis were employed in Projects V.1, V.2, and VI.1.  

3.2.3.3 DOCUMENTS 

A document is a source of data which can be divided as found documents and re-
searcher-generated documents (Oates, 2006).  

Found documents are related to existing documents prior to the research project, and 
therefore, not as a product of the research. These documents include publications such 
as books, journal articles, conference papers and thesis dissertations (Oates, 2006). 
These have been analyzed continuously to gain knowledge about the area under study. 
A deep analysis of the existing literature is provided in Paper VII, and the most im-
portant references can also be found in the papers attached to this thesis.  

Different types of documents from the participant organizations were studied in order 
to understand and get a better knowledge of their specific characteristics. These in-
cluded documents such as written material, presentations, diagrams, and information 
from their websites. A special focus was given to documents defining the organiza-
tional structure, Lean strategy of the organizations, existing simulation processes, and 
project planning/continuous improvement standards. All of them were provided by 
the participant organizations. 

In the cases where SMO was employed (see Papers I, II, III, and VI), the data gathering 
and analysis constituted an important step where many documents regarding the pro-
cess steps, variables, material handling system, and performance indicators were 
analyzed from different available documents. In these cases, even the documentation 
generated after the project was analyzed.  

Moreover, many researcher-generated documents have also been developed as part of 
the research such as different written documents (including this thesis), presentations, 
diagrams, scientific papers included in this thesis report, field notes, minutes from 
meetings, flow charts, and an industrial handbook on the use of Lean and SMO to sup-
port decision-making in system design and improvement. These documents were 
employed and generated in different stages of the research study.  

3.2.3.4 QUESTIONNAIRES 

Questionnaires are a pre-defined group of questions to be answered by the respond-
ents to provide the researcher with information. Three different questionnaires were 
developed, the first and second one to measure the usability of the framework by users 
and decision makers who tested the framework in real-world cases, and the third one, 
to measure the perceived usefulness by subject matter experts (possible future users). 

Questionnaires to measure usability 
Usability can be applied in the design stage to design for usability and in the evaluation 
phase, to evaluate the usability level of the framework. In this thesis, the latter was 
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done. Usability can also be analyzed as a quality of the framework or as a quality in use 
measurement, both analyses were included in the study, with a higher emphasis on 
the latter. The purposes for measuring usability can be the following (ISO, 2018): 1) to 
identify and specify the requisites for user requirement; 2) to evaluate if the estab-
lished requirements for the object of interest under analysis have been met; and 3) to 
make comparisons. The evaluation in this research was conducted mainly for the sec-
ond purpose of analyzing if the established requirements identified in the interviews 
conducted were met and also to measure the level of usability of the framework after 
using it in different real-world projects.  

The evaluation of usability can be done with objective or perceived outcomes (subjec-
tive measurement) when the users have tested the object of interest in the real context 
of use (ISO, 2018). Subjective measurement of usability is usually done via question-
naires (ISO, 2016a, Brooke, 1996). Therefore two questionnaires were designed. One 
of them was provided to users (actual users) and the other one to decision makers 
(problem owners) to gather their perceptions about the framework. These surveys 
were self-administered, as opposed to researcher-administered ones (Oates, 2006), to 
ensure that all the respondents got the same questions and there was no influence from 
the author in the answers, which were managed in an anonymous way.  

According to the recommendations provided by Peterson (2000), the questions were 
designed to be brief, relevant to measure the usability, avoiding ambiguity, specific, as 
well as objective. The survey was evaluated prior to its use in a pre-test with experts in 
the area who contributed to improve and update the questions, as defined in Oates 
(2006). 

The sampling technique used to select the people participating in the survey was non-
probabilistic purposive sampling, and the participants were chosen based on their par-
ticipation in the evaluated projects and their position in the company. The survey was 
submitted to 15 people, 11 of them who were considered users (actual users) and 4 of 
them who were decision makers (problem owners), one of which who also acted as a 
user for being a senior simulation engineer (he had both roles). In total 16 answers 
were therefore analyzed from 15 different people. The users’ survey was answered by 
simulation engineers, while the decision maker survey was answered by a variety of 
roles and management levels in the companies (i.e., Lean manager, production man-
ager, senior simulation engineer, and project manager). They constituted a repre-
sentative group of people for the evaluation of the framework. 

A personalized email was sent to each of the participants with a link to the online sur-
vey to be filled in individually before a given deadline. The initial page of the survey 
provided with general indications about how to answer the questions as well as the 
characteristics that would be analyzed (see Appendix III). By filling in the survey, the 
participants agreed on the use of the answers for research purposes. The answers were 
gathered and analyzed with Microsoft® Excel and SPSS® commercial software. 

According to the survey design, there are different existing standard measurements 
for evaluating an object of interest after using it, some examples are explained in Sauro 
(2010), and probably the most employed one is the usability scale (SUS) presented by 
Brooke (1996). Any of those standards were followed exhaustively. Instead, a person-
alized questionnaire which included the most relevant questions to the matter under 
study was designed. The questionnaire for users was mainly based on the recommen-
dations and attributes provided by ISO (2011). Although this standard presents a qual-
ity model mainly focused on software and computer systems, it explicitly states that 
“many of the characteristics are also relevant to wider systems and services” (ISO, 
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2011). The analyzed characteristics are presented in Tables 3.7 and 3.8, and their def-
initions are based on the ISO (2011) standard. Not all the characteristics identified in 
this standard were taken into account, as some were specific to analyze short-term 
tests or were not adequate for the purpose of this study. The following ISO standards 
also supported the design of the survey: ISO (2018), ISO (2016a) and ISO (2016b). The 
different type of participants evaluated different characteristics of the framework as 
recommended by ISO (2011) because not all of them were relevant to all the partici-
pants. 

The structure of the survey to users is presented in Table 3.7 where the characteristic 
and sub-characteristic analyzed (specifying the number of questions (Q) included), 
their aim, and type of question in the survey are described. The complete survey and 
its results can be found in Appendix III and are summarized in Paper VIII and Chapter 
4. 

Table 3.7: Characteristics and sub-characteristics analyzed in the survey to users to measure quality and usability. 

Characteristic Sub-characteristic 
Aim 

(To measure the perception of the user about…) 
Question type 

Functional 
suitability 

Functional complete-
ness (1Q) 

The completeness of the steps offered by the framework for 
system design and improvement. 

Likert-type scale (1-
5), closed questions 
to gather opinions. 

Functional correctness 
(2Q) 

The correctness of the framework to conduct system design 
and improvement projects. 
The correctness of the processes of the framework in their 
detail and precision levels. 

Functional appropriate-
ness (1Q) 

The appropriateness of the framework to facilitate system 
design and improvement projects. 

Open question To provide the opportunity to the respondents to freely add 
comments or suggestions 

Open question to 
gather opinions. 

Compatibility 

Co-existence (1Q) The possible integration of the framework within the exist-
ing standards of the company. 

Likert-type scale (1-
5), closed questions 
to gather opinions. Interoperability (1Q) The possible interaction between the existing standards in 

the company and the framework. 
Open question To provide the opportunity to the respondents to freely add 

comments or suggestions 
Open question to 
gather opinions. 

Usability 
(quality) 

Appropriateness recog-
nisability (1Q) 

The appropriateness of the framework to support system 
design and improvement. 

Likert-type scale (1-
5), closed questions 
to gather opinions. 

Learnability (2Q) The provided description of the framework allows to learn 
how to use it with effectiveness and efficiency. And this is 
applicable even to other possible users. 

Operability and aesthet-
ics (2Q) 

The following characteristics of the framework: easiness to 
understand, visual characteristics and easiness to use. 

Accessibility (1Q) The possibility for people with a wide range of characteris-
tics or background (e.g., Lean engineers, production techni-
cians, etc.) to follow the framework. 

User experience (1Q) The fulfilling of their needs and expectations related to the 
framework. 

Open question To provide the opportunity to the respondents to freely add 
comments or suggestions 

Open question to 
gather opinions. 

Usability 
(quality in use) 

Effectiveness (1Q) The support of the framework to achieve the goals of the sys-
tem design or improvement project. 

Likert-type scale (1-
5), closed questions 
to gather opinions. 

Efficiency (1Q) The support of the framework to achieve the goals with the 
minimum amount of resources. 

Satisfaction: Usefulness 
and trust (4Q) 

Their satisfaction, the usefulness of the framework, their in-
terest and willingness to apply the framework in future pro-
jects, and their trust in the functionality of the framework to 
support system design or improvement projects. 

Open question To provide the opportunity to the respondents to freely add 
comments or suggestions 

Open question to 
gather opinions. 

Freedom from 
risk 

Wrong decision mitiga-
tion – economic/Envi-
ronmental/Safety risk 
(1Q) 

The support of the framework on avoiding the errors of 
missing important steps or principles on system design and 
improvement projects. 

Likert-type scale (1-
5), closed questions 
to gather opinions. 

Open question To provide the opportunity to the respondents to freely add 
comments or suggestions. 

Open question to 
gather opinions. 

Context 
coverage 

Context completeness 
and flexibility (1Q) 

The applicability of the framework in other organizations. Likert-type scale (1-
5), closed questions 
to gather opinions. 

Open question To provide the opportunity to the respondents to freely add 
comments or suggestions. 

Open question to 
gather opinions. 

Additional com-
ments 

- To provide the opportunity to the respondents to freely add 
comments or suggestions. 

Open question to 
gather opinions. 
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The structure of the survey to decision makers is presented in Table 3.8 where the 
characteristic and sub-characteristic analyzed, their aim and type of question in the 
survey are described. The complete survey and its results can be found in Appendix III 
and are summarized in Paper VIII and Chapter 4. 

Table 3.8: Characteristics and sub-characteristics analyzed in the survey to decision makers to measure quality and 
usability. 

Characteristic Sub-characteristic 

Aim 

(To measure the perception of the decision 
maker about…) 

Question type 

Usability (qual-
ity in use) 

Effectiveness (1Q) The support of the framework to provide with the 
needed alternatives, information and trade-offs to sup-
port the decision-making process. 

Likert-type scale (1-5), 
closed questions to 
gather opinions. 

Efficiency (1Q) The capability of the framework to support decision-
making in a time and cost efficient way. 

Satisfaction, usefulness, 
and trust (4Q) 

Their satisfaction, the usefulness of the framework, their 
interest and willingness to apply the framework in future 
projects, and their trust on the functionality of the 
framework to support decision-making in system design 
and improvement projects. 

Open question To provide the opportunity to the respondents to freely 
add comments or suggestions. 

Open question to gather 
opinions. 

Freedom from 
risk 

Wrong decision mitiga-
tion – economic/Envi-
ronmental/Safety risk 
(1Q) 

The support that the framework provides to take 
knowledge-driven decisions and avoid wrong decision-
making. 

Likert-type scale (1-5), 
closed questions to 
gather opinions. 

Open question To provide the opportunity to the respondents to freely 
add comments or suggestions. 

Open question to gather 
opinions. 

Context  
coverage 

Context completeness 
and flexibility (1Q) 

The applicability of the framework in other organiza-
tions. 

Likert-type scale (1-5), 
closed questions to 
gather opinions. 

Open question To provide the opportunity to the respondents to freely 
add comments or suggestions. 

Open question to gather 
opinions. 

Additional com-
ments 

- To provide the opportunity to the respondents to freely 
add comments or suggestions. 

Open question to gather 
opinions. 

 

In the survey of users, quality and quality in use characteristics were evaluated with 
the focus on measuring the qualities and usability of the framework to support the 
process of system design and improvement. In the case of the decision makers, the 
evaluation focused on analyzing the quality in use, including usability, of the frame-
work to support decision-making in system design and improvement projects. 

In order to gather the attitude and opinions of the users and decision makers regarding 
the framework’s characteristics and usability, Likert type scale questions were chosen. 
Rensus Likert published a paper presenting the now commonly employed 5 items scale 
(Likert, 1932). Although his method is mainly focused on analyzing a group of items 
which will be combined to obtain the score on the measured object of interest, there 
are some applications that have included the analysis of subscales on different aspects 
of the object of interest, also known as the Likert-type questions or items (Salkind, 
2010). Even though there are variants of these type of surveys, the ones conducted as 
part of this research, similar to the original Likert scale, also followed a 5 items scale 
which included a central neutral item. 

Questionnaire to measure the perceived usefulness 
A survey with subject matter experts was conducted in order to measure their interest 
and perceived usefulness of the concept of combining Lean, simulation and optimiza-
tion and the framework result from this research. A whole-day free workshop was or-
ganized with the title “Can we improve the healthcare and industry of the future with 
simulation?” where different keynote speakers talked about the possibilities that sim-
ulation (mainly DES) and optimization offer. The workshop was divided into two 
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parts, the morning session was dedicated to healthcare organizations and the after-
noon session to the industry. The participants had the option to choose if they wanted 
to participate in one session or in both of them. Each session was composed by 3 key-
note speakers (national and international) and discussion time where the participants 
had the opportunity to talk to researchers in the area and interact with different de-
monstrators related to simulation and other virtual engineering tools. Both sessions 
were organized to have the first keynote speaker introduce the possibilities with sim-
ulation in the corresponding area of healthcare or industry, the second speaker pre-
senting some real-world examples and the future direction of simulation and optimi-
zation. Finally, the author of this thesis was the third speaker in both sessions present-
ing the framework and explaining how to bring together Lean, simulation, and opti-
mization. This presentation consisted of a one hour lecture where the main ideas, con-
cepts, and conducted case studies part of this thesis were presented. The aim of the 
presentation was not to provide a detailed analysis of the specific components of the 
framework, but rather to gather the general perception of the participants about the 
framework and the combination of Lean and SMO.  

Each participant had in their seats a copy of the handbook draft where the framework 
is presented, as well as the survey. These were outlined during the presentation and 
time to fill in the survey was provided at the end of each session. The survey was filled 
in individually and anonymously by each participant.  

Similar to the survey to measure the usability, this survey was also a self-administered 
one as defined by Oates (2006). The recommendations provided by Peterson (2000) 
were also taken into account when designing this survey.  

The sampling technique used to select the people participating in the survey was 
mainly non-probabilistic purposive sampling where the researcher chose the specific 
participants depending on their expertise and the interest of their opinion to this re-
search project; however, it was also partly snowball sampling, where people inclusion 
suggestions were also considered; and self-selection sampling because the workshop 
was advertised, and therefore, the list of participants was supplemented by those in-
terested in participating. The workshop was oriented to people in different industrial 
domains or healthcare sectors working with system improvement, Lean or/and simu-
lation, decision makers in system design and improvement, consultants in Lean 
or/and simulation and academics in the area (as it was specified in the workshop call). 
Different participants from healthcare and industrial sectors, as well as some consult-
ants, participated in the workshop. In total 50 people with different backgrounds an-
swered the survey. 

This survey was focused on measuring the opinions of the future possible actual users 
(simulation engineers) and project owners (decision makers, people with different lev-
els of responsibility). By filling in the survey, the participants agreed on the use of the 
answers for research purposes. The answers were gathered and analyzed with Mi-
crosoft® Excel and SPSS® commercial software. 

The survey was divided into four different parts, with different amount of questions 
(Q) in each part, as described in Table 3.9. The details of the survey, as provided in the 
workshop, are attached in Appendix IV. A summary of the results is presented in 
Chapter 4 and Paper VIII. 
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Table 3.9: Questionnaire design to measure the interest and perceived usefulness. 

Part Aim Question type 

General information  
(4Q) 

To gather information about the organization including sector, size, and man-
agement philosophies employed. As well as to gather information about the 
working activities of the participant filling in the survey. This information 
helped to gather statistical data about possible differences between different 
type of organizations or opinions about people with different job positions. 

Multiple choice, closed 
questions to gather 
factual data. 

Maturity 
(3Q) 

The maturity of the organization regarding Lean/alternative quality improve-
ment models, simulation and optimization were gathered. 

Semantic differential 
scale, closed questions 
to gather opinions. 

Interest and perceived use-
fulness 
(8Q) 

This section had two parts: to gather the interest and perceived usefulness of 
simulation and optimization, as well as to gather information about the inter-
est and perceived usefulness of the framework combining Lean, simulation 
and optimization. 
The main outcome regarding the framework came from questions 8 to 13 
where the respondents’ interest (question 8), willingness to know and apply 
(questions 9 and 11) and its perceived usefulness (questions 10, 12, 13) were 
analyzed.  

Likert-type scale (1-5), 
closed questions to 
gather opinions. 

Additional comments 
(1Q) 

To provide the opportunity to the respondents to freely add comments or sug-
gestions. 

Open question to 
gather opinions. 

 

The survey was evaluated prior to its use in a pre-test as defined in Oates (2006) with 
experts in the area who contributed to improve and update the questions. 

In order to gather the attitude and opinions of the subject matter experts regarding 
their interest and perceived usefulness on the framework, Likert type scale questions 
were chosen. Different authors point out the beneficial use of multi-item scales versus 
single-item scales (Gliem and Gliem, 2003). This questionnaire included multi-item 
scales.  

3.2.4 DATA ANALYSIS TECHNIQUES 
Quantitative (data based on numbers) and qualitative (non-numeric data) data have 
been employed during the research and obtained as a result of the research. Qualita-
tive data have been acquired mainly from documents, as well as interviews, and obser-
vations performed in the case studies. The information employed to design and create 
the artifacts of the research has mainly been based on qualitative data. However, in 
the specific cases wherein SMO has been implemented in real projects (see Papers I, 
II, III, VI and VII) both quantitative (number of employees/doctors and nurses, 
number of machines in the production line/number of hospital rooms, machine 
performance information, patient waiting times information, etc.) and qualitative data 
(production/patient flow charts, strategies, culture, internal documents, etc.) from the 
different organizations have been employed to build the models and get an 
understanding of the way of working of the participant organizations. DES relies on 
statistics, so the quality of the quantitative input is really important to a DES model. 
Optimization also provides quantitative results, and post-optimality analysis based on 
data mining is also based on the quantitative approach. Nonetheless, in order to take 
decisions efficiently via Lean and SMO, both qualitative and quantitative information 
need to be taken into account.  

The evaluation stage of the research process provides quantitative (survey) and quali-
tative (answers to open questions in the survey and case studies) types of information. 

The quantitative data analysis techniques employed include visual aids such as charts 
and diagrams, statistics, text mining, and data mining techniques. The qualitative data 
analysis techniques applied involve the analysis of textual data from documents, field 
and meeting notes, interviews, etc. and few non-textual qualitative data in the form of 
pictures or figures which were often supporting the textual data. 
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3 .3  EVALUATION OF THE RESEARCH 
The evaluation of the research has two perspectives. The first one is related to the 
evaluation of how the research has been conducted. While the second one emphasizes 
the evaluation of the artifacts generated as an output of the research, in this case, the 
created framework and its components. Both evaluations are interrelated and will be 
explained in the following sections. 

3.3.1 EVALUATION OF THE RESEARCH PROCESS 
Validity standards have to be met by a good research project, and these are based on 
the following dimensions: internal, external, construct, descriptive, interpretive, and 
theoretical validity (Croom, 2009). Each one of them is explained in the following par-
agraphs. 

Internal validity 
Internal validity refers to the adequacy of data collection and analysis techniques cho-
sen during the different phases of the research project (Oates, 2006).  

The data gathered to design the artifacts of this research was based on different 
sources such as observations, interviews, and the study of the organizational docu-
ments related to Lean and SMO processes, as well as the existing scientific literature. 
Additionally, this information was gathered from different organizations (Cases I, II, 
III and IV) to ensure the inclusion of different perspectives and different maturity lev-
els of Lean and SMO (see Figure 3.4).  

In the evaluation phase, the artifacts defined were tested in different case studies (Pro-
jects II.1, II.2, V.1-4, and VI.1) and their usability was measured in different case stud-
ies via surveys (Projects V.1-4 and VI.1). Additionally, surveys were conducted to 
gather the perception of the subject matter experts. According to Oates (2006), the 
content validity of the questionnaires has to be analyzed. In the case of the usability 
survey, the main aim of the questions included in both surveys was to gather subjective 
opinions and information about the usability and quality characteristics of the frame-
work defined, which is in line with the aim of the surveys. The questions were chosen 
to try even to gather opinions about the fulfillment of the requirements identified in 
the interviews, from the users’ and decision makers’ perspectives. On the other hand, 
the questions of the survey to measure perceived usefulness aimed at gathering factual 
data about the organizations’ and people’s positions or work tasks in those organiza-
tions. However, the main aim was to gather information about the interest and per-
ceived usefulness of the framework defined which is in line with the aim of the survey. 

All these techniques were chosen for their ability to gather the required information. 

External validity 
The external validity is linked to the applicability and generalizability of the designed 
artifacts and these can be divided into the following subcategorization (Croom, 2009): 

• Population validity: the artifacts defined as a result of this study have been designed in a 
generalized manner to be applicable to different organizations who want to apply Lean 
and SMO in combination. In order to ensure this affirmation, several case studies (Case 
I, II, III and IV) were analyzed in the design phase of the research and for evaluation pur-
poses. The framework was tested in further different organizations (Cases V and VI) 
which did not participate in the initial design stage.  

• Ecological validity: The designed framework and processes, as well as the conclusions of 
the research, can be generalized to different organizational settings. In each case, custom-
ized decisions could be made regarding how to apply the framework (some guidelines are 
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provided in Papers IV and VIII). Furthermore, as shown in Figure 3.4, the case studies 
selected as part of the research covered a typical range of companies interested in applying 
Lean and SMO. However, a limitation in this case is that the framework was only tested 
in large-sized companies and not SMEs, and it was evaluated exclusively in industrial 
companies. 

• Temporal validity: It refers to the generalization of the research findings across time. Re-
garding the claim that Lean and SMO can gain from each other, this has been observed in 
different projects where the researcher has been involved in past years as well as pointed 
out in the scientific literature. Concerning the artifacts defined as a result of this study, 
they are applied in different case studies. However, longitudinal studies will be suggested 
in Chapter 7 Future Research to be able to identify its impact and adoption in the longer-
term by the organizations. However, the conclusions obtained from Paper V and the 
review conducted in Paper VII suggest that interest in the results of this research will have 
temporal validity, as the use of simulation will increase in the Industry 4.o context, Lean 
will still be actual, and an analysis of the existing literature shows a considerable 
increment in the combination of Lean and simulation in the last decade (see Paper VII). 

Construct validity 
Construct validity refers to the accuracy of an observation to perform as it is intended 
to (Croom, 2009).  

In the case of the initial interviews performed, the required information about the sta-
tus of Lean and SMO, as well as the organizational interest on a framework combining 
these was obtained (see Appendix I for details).  

The observation of the case studies, where the author participated as participant as 
observer, showed that the implementation of the framework was supportive and that 
the decision makers were provided with the relevant knowledge with which to make 
decisions.  

The questionnaires employed in the workshop and to the users and decision makers 
who used the framework, intended to analyze the perceived usefulness and usability 
of the artifacts, which they did.  

Additionally, according to Oates (2006), a researcher should analyze a questionnaire’s 
construct validity and reliability. The validity characteristics of the questionnaire to 
measure usability are the following: 

• Construct validity: The questions measured key quality characteristics and the usability 
from the users’ and decision makers’ perspectives. The answers showed high scores in all 
the analyzed characteristics. These results were even in line with the observations con-
ducted by the author and the comments obtained in the open questions. 

• Reliability: as the questionnaire was conducted just once, it was a single point measure-
ment, so no comparison could be made with the answers provided in another point in 
time. Due to the low sample size in these surveys, the Cronbach alpha test (Cronbach, 
1951), employed to measure the reliability of the answers could mislead the conclusions, 
and therefore, it was not reported in this case. An individual analysis of the responses 
showed high consistency in the answers provided by each individual when evaluating each 
of the characteristics. Consequently, the answers could be considered as being reliable. 
The same questions were provided to all the participants via the same communication 
channel.  

On the other hand, the validity characteristics of the questionnaire to measure per-
ceived usefulness are the following: 
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• Construct validity: The questions measured the perceived usefulness and interest of the 
subject matter experts. The answers reflected high interest and perception which were 
also confirmed in later conversations with the subject matter experts. Some of them even 
showed an interest in continuing to know more and begin with projects including the ap-
proach, which somehow validates the construct according to the definition in Oates 
(2006). 

• Reliability: The questions to measure the perceived usefulness were chosen according to 
their interest to the research. As the questionnaire was conducted just once, it was a single 
point measurement. Therefore, in order to analyze the reliability of the answers, a 
Cronbach’s alpha coefficient was calculated in the Likert-type scale questions. This coef-
ficient was made popular after the paper presented by Cronbach (1951). This reliability 
measurement is now the most popular one used in practice (Salkind, 2010) and it 
measures the internal consistency of the responses. It is a technique that only requires 
one test administration (as opposed to several administrations required by other tests) to 
provide an estimate of the reliability for a given test (Gliem and Gliem, 2003). In this par-
ticular case, six questions were taken into account to measure the perceived usefulness 
(questions from 8 to 13 in the questionnaire shown in Appendix IV), and the Cronbach 
alpha coefficient was calculated to analyze the reliability of the answers. Cronbach alpha’s 
reliability scale normally ranges between 0 and 1, “the closer to 1 it is, the greater the in-
ternal consistency of the items in the scale” (Gliem and Gliem, 2003). George and Mallery 
(2003) provide a general recommendation about the rules when analyzing the Cronbach’s 
alpha coefficient as the ones being “> 0.9 Excellent, > 0.8 Good, > 0.7 Acceptable, > 0.6 
Questionable, > 0.5 Poor, and < 0.5 Unacceptable”. According to Gliem and Gliem (2003), 
an alpha > 0.8 should be the goal. In this case, the result obtained was 0.839, which shows 
that the answers were consistent and reliable, and therefore conclusions could be drawn 
from them. 

Descriptive validity 
The descriptive validity is related to the accuracy and objectivity of the account re-
ported by the researcher (Croom, 2009).  

Although investigator triangulation (to use more than one investigator in the collec-
tion, analysis, and interpretation of data) is the strategy suggested to cope with this 
type of validity (Croom, 2009), it has not been the case in this project regarding the 
definition of artifacts. However, the conceptual claim on the benefits of combining 
Lean and SMO has been done by different researchers and published in the literature, 
although with a limited focus (see Papers VII and VIII), which in some degree relates 
to this descriptive validity. Furthermore, different teams were in charge of applying 
the framework in different organizations (even different teams in the same organiza-
tion). This supports the descriptive validity of the evaluation stage. Additionally, the 
research analysis and outputs were continuously contrasted with the supervisors of 
the study and the scientific community via the publication of the different conference 
and journal papers attached to this thesis. 

Interpretive validity 
Interpretive validity refers to the accurate representation of the organizations’ and 
participants’ given meaning to the research. The aim is to not interfere in the percep-
tions of the people participating in the research (Croom, 2009).  
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In order to ensure this type of validity, different actions were taken: 

• Suggestion and problem awareness phase: The author was leading different interviews 
without including any personal view or opinion, with the aim of gathering organizational 
knowledge and information. 

• Design and development phase: After the initial definition of the artifacts, a brainstorm-
ing session, as well as different discussion meetings, were conducted with all interviewees. 
The aim was to discuss and identify possible improvements in the designed artifacts, to 
ensure that the needs of the participating organizations were correctly included. This led 
to updates and improvements of the artifacts. 

• Evaluation phase: both the questionnaire handed to subject matter experts and the 
questionnaire to those who participated in the case studies where the framework was 
employed were self-administered, so the researcher’s opinion was not included. 

Additionally, there are different types of biased responses which can occur when answer-
ing a Likert scale survey, being these (Salkind, 2010): 1) acquiescence bias where the re-
spondents answer positively to the majority of statements; 2) central tendency bias, where 
the respondents answer neutrally to most of the statements; and 3) social desirability bias, 
where the respondents answer based on societal norms rather than based on their beliefs. 
The acquiescence bias is difficult to differ from the reasoned answers from the respond-
ents (Salkind, 2010).  

In order to avoid acquiescence bias, the projects were conducted in different ways. The 
author’s involvement in Projects V.1, V.2, and VI.1 was much higher than in Projects V.3 
and V.4, to avoid any kind of personal attachment in the latter for comparison purposes. 
In the first projects, the author was involved actively in the projects, its process, and re-
sults, while in the other projects her role was limited to being an expert in the framework. 
The author did not have any direct link to the projects or its results and acted merely as 
an observer. Furthermore, in addition to the answers obtained in the surveys, the com-
ments provided in open questions were also taken into account, as well as the general 
comments obtained in informal interviews and discussions during the project develop-
ment and in the organized workshop. These supported the positive results obtained and 
reduced the possible impact of the acquiescence bias. 

The social desirability bias was hopefully partially avoided by making the usability surveys 
online, and both the usability and perceived usefulness surveys, individual and anony-
mous. An analysis of the results did not show evidence for the central tendency bias. 

Theoretical validity 
The theoretical validity is defined as the degree that a theoretical explanation given by 
the researcher relates to the data provided by the organizations and the obtained re-
sults in the research (Croom, 2009).  

To be able to ensure this type of validity, the gathered detailed information from the 
organizations involved is provided in the different appendices of this thesis. These are 
related to: 

• Suggestion and problem awareness phase: The individual answers obtained from the in-
terviews are presented in Appendix I. 

• Evaluation phase: the individual answers obtained from the surveys are presented in Ap-
pendices III and IV. And a summary of their results is presented in Chapter 4. 

Additionally, there are different strategies to ensure this type of validity. In this case, 
the theory triangulation was chosen, where multiple theories and perspectives have 
been analyzed. The management theory about Lean, its principles and tools as well as 
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the existing theory on OR, and specifically on SMO, were analyzed. Among other 
theories, decision theory and complexity theory were also analyzed to conduct this re-
search study.  

3.3.2 EVALUATION OF THE RESEARCH OUTPUTS 
This section is focused on the design of the evaluation of the artifacts.  

According to Venable et al. (2012), Hevner et al. (2004) and March and Smith (1995), 
evaluation is one of the key aspects of any design science research project. The de-
signed artifacts need to be evaluated to ensure that they fulfill the purpose for which 
they were created. This evaluation of the artifacts is also related to the third research 
question of this thesis (RQ3).  

According to Venable et al. (2012), there are five different purposes for evaluating an 
artifact:  
1. To evaluate an instantiation of the artifact for achieving its purpose: This was done 

employing the framework in different case studies (Projects II.1, II.2, V.1-4, and VI.1). 
See Papers I, III and VI. A survey to users and observations were also conducted re-
lated to these case studies. 

2. To evaluate the formalized knowledge of the artifact for achieving its purpose: This 
was analyzed in the surveys conducted with subject matter experts, users, and deci-
sion makers, to evaluate the perceived usefulness and usability of the framework re-
spectively. 

3. To evaluate an artifact in comparison to other artifacts that have a similar purpose: 
This was done when comparing the use of Lean or simulation alone to conduct pro-
jects compared to the opportunities that its combination offers (discussed in the pub-
lished articles). A more specific example is also Paper VI where simulation is 
employed as part of a VSM event and the process to build the VSM event is compared 
with the process to employ a combination of Lean and SMO, as defended in this the-
sis. 

4. To evaluate the artifact for side effects and undesirable consequences for its use: 
This was analyzed as part of the survey conducted to users in real-world cases. 

5. To evaluate the artifact under development to identify weaknesses and areas of im-
provement: This was performed continuously when defining the different compo-
nents of the framework, via brainstorming sessions with the organizations involved, 
discussions with subject matter experts, and via the responses in the surveys con-
ducted to users and decision makers. The reviews obtained from journal and confer-
ence papers were also taken into account. 

The artifacts can be classified as product or process artifacts. The output of this re-
search is a process artifact, which can be defined as “methods, procedures, etc. that 
guide someone or tell them what to do to accomplish some task” (Venable et al., 2012). 
The framework is intended to provide a standard and guidelines to organizations when 
designing and improving their production systems and deciding on the best existing 
alternatives. The artifacts can also be divided as technical or socio-technical (Venable 
et al., 2012). The framework result of this thesis is a socio-technical artifact because it 
needs the interaction with a person to be employed and provide its utility, as described 
in Venable et al. (2012). Process artifacts are always socio-technical and this has some 
consequences on how they are evaluated (Venable et al., 2012).  

The framework for evaluation in design science research presented by Venable et al. 
(2012) has been followed to define which evaluation methods were used and in which 
stage of the research process these were employed. The evaluation methods were 
selected according to the contextual aspects including the purposes of evaluation, as 
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well as the characteristics and type of artifact to be evaluated, as described in the pre-
vious paragraphs.  

Depending on the evaluative nature of the observation activity, the evaluations can be 
classified between artificial and naturalistic (Venable et al., 2012). Naturalistic 
evaluations are focused on evaluating the artifact in a real environment including real 
people, real systems, and real settings (Sun and Kantor, 2006). This was chosen in this 
thesis where the artifacts were evaluated with real subject matter experts, in the real 
organizational context, and with real projects.  

Taking into account when the evaluation is performed, it can be ex ante or ex post 
(Pries-Heje et al., 2008). Ex ante meaning that the artifact is evaluated in the devel-
opment phase and post ante, once it is instantiated or developed. Due to the iterative 
nature of the design science research, ex ante and post ante evaluations have been 
conducted in this thesis. During the development phase of the framework, many dis-
cussions and a brainstorming session were conducted with participants from Case I, 
II, and III with the aim of improving and further defining the framework. Ex post eval-
uations were performed participating in different case studies actively (participant as 
observer) and passively (observer as participant) where the framework was applied to 
conduct real-world projects (Projects II.1, II.2, V.1-4, and VI.1). These are presented 
in Papers I, III, and VI. Additionally, as explained previously, a survey was handed in 
to subject matter experts, users and decisions makers to analyze their perceived use-
fulness and usability, respectively. 

The selected evaluation strategy and methods are summarized in Figure 3.6, which 
brings together the contextual factors relevant to the evaluation and the methods to 
evaluate the artifacts. 

 

Figure 3.6: A design science research evaluation strategy and method selection framework, originated by Pries-Heje et 
al. (2008), later updated by Venable et al. (2012), and now adapted for this specific research study. 

3.4 RESEARCH OUTPUTS 
The output of any research is related to the knowledge created after the research is 
concluded. That knowledge can be of different types within a design science research. 
Figure 3.7, first defined by Gregor and Hevner (2013) and later updated by Vaishnavi 
and Kuechler (2015), illustrates a knowledge contribution framework for design sci-
ence research. 
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Figure 3.7: Knowledge contribution framework for design science research originated by Gregor and Hevner (2013) 
and adapted by Vaishnavi and Kuechler (2015). 

Invention is the most radical knowledge contribution, it refers to the creation of new 
knowledge to solve new problems. Improvement is the development of new solutions 
to already known problems, whereas adaptation refers to the innovative adaptation of 
already known solutions to new problems. Finally, routine design is defined as the 
application of known knowledge to an already known solution. A single research pro-
ject may involve different types of knowledge contributions according to Vaishnavi and 
Kuechler (2015). The knowledge contribution of this thesis is mainly related to im-
provement and in some extend to adaptation. The problem domain is already known, 
organizations need to perform efficiently in order to remain competitive in the market. 
Efficient decision-making regarding system design and continuous improvement ben-
efit the achievement of that purpose. Lean is a philosophy which supports companies 
in the new system design and continuous improvement process and SMO is mainly 
employed to support decision makers in systems design and improvement. The ap-
proach asserted in this thesis, is aimed at improving both the traditional SMO process 
and the traditional trial and error approach inherent to Lean. The output generated 
from the thesis is, therefore, a reflection and a new framework where Lean supports 
the SMO process and vice versa.  

On the other hand, it also can be presented as an adaptation type of contribution. The 
changes and challenges that new industrial revolutions, such as Industry 4.0, are going 
to bring to organizations are presenting a new paradigm. The difficulties to gather 
data, defined as one of the main obstacles when developing a simulation project may 
be eliminated during this revolution. And therefore, it becomes interesting to adapt 
the Lean toolbox to this new paradigm including SMO as a tool to support efficient 
decision-making (see Paper V for more details). At the same time, it is of vital im-
portance to adapt the SMO process to include the Lean principles and people with 
Lean knowledge, which will ease an extended acceptance and use of SMO. Further-
more, the thesis reflects on the necessary adaptation of existing standards and organ-
izational processes and structures when implementing the framework. 

According to Vaishnavi and Kuechler (2015), improvement type of knowledge contri-
bution needs to provide a better solution to the existing problem. In this case, the use 
of SMO as part of Lean, and the changes in the SMO process taking into account the 
Lean philosophy and tools is believed to provide a better scenario for decision-making 
regarding system design and improvement. For the adaptation type, the challenges of 
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the research have to be shown. These challenges are partially explained in Paper I and 
later on in Papers VII and VIII. 

The outputs from a design science research project may have different forms. As ex-
plained in a previous section, March and Smith (1995) classify them in constructs, 
models, methods, and instantiations. According to their definition, the output of this 
thesis is composed of 1) a model, where the relationship between how Lean and SMO 
collaborate are shown; 2) methods, such as the one presented in Paper IV; and finally, 
3) instantiations or case studies, some of them developed to get knowledge and 
experience before defining the model, e.g., Case I. Some others, such as Cases II, V, 
and VI, were conducted to evaluate the usability of the model and methods, learn about 
the real-world, how these artifacts affect it, and how the users appreciate it.  

3.5 ETHICAL CONSIDERATIONS OF THE RESEARCH 
The Oxford dictionary defines ethics as: 

“Moral principles that govern a person’s behavior or the conduct-
ing of an activity”(Oxford dictionary, 2017). 

While moral is: 

“Concerned with the principles of right and wrong behavior” 
(Oxford dictionary, 2017). 

Consequently, ethics in research are related to the right or wrong behavior when con-
ducting a research project. From an ethical perspective, how the research process is 
conducted, as well as, how the research outputs take into account an ethical perspec-
tive have to be considered. 

3.5.1 ETHICS IN THE RESEARCH PROCESS 
The researcher has the responsibility towards the people and organizations who par-
ticipate in the research, and also towards those affected by or can benefit from the 
research results (Vetenskapsrådet, 2011). Additionally, each step on the research pro-
ject should take into account the ethical perspective. Merton (1942) defined four vital 
characteristics which should constitute the moral norm in science, commonly known 
as CUDOS (Communism, Universalism, Disinterestedness and Organized Skepti-
cism). Although these have been discussed and questioned since then, it is a good start-
ing point to analyze good research practice (Vetenskapsrådet, 2011). 

The communism norm refers to the need for sharing the research results within the 
research community. This thesis addresses this norm in different ways. Part of the re-
search results has been published in international journals and conferences, making 
them available to the research community. Oral presentations have also been pro-
vided, in different forums in academia, international conferences, private companies, 
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and healthcare organizations, where the results of this thesis were presented. How-
ever, some private companies, although agreeing on the possibility of publishing the 
details of their case, wanted to remain anonymous. The author has respected that, and 
therefore their names remain anonymous in this thesis, as well as, in the publications. 
Additionally, the details of the data employed to build the different simulation models 
remain confidential, as it is not of interest for the purpose of this thesis. Furthermore, 
the name of the participants in the interviews has also been excluded from this thesis, 
as their position in the company is more relevant than their real name to understand 
their contribution in the specific stage of the project. The positioning of each case study 
in the maturity model (see Figure 3.4), has also been hidden, as the focus is not on the 
comparison between the status of the different cases but to show the variety of the 
chosen cases. 

The universalism norm is related to how the research is conducted and its results are 
analyzed and evaluated objectively, such as independently from the participants’ race, 
gender, religion, and position on society. This research project included the participa-
tion of people in different stages, from the first stages of analysis to the last stages of 
evaluation of the framework. All participants were chosen according to their 
knowledge, experience, and position in the organization in order to answer in the best 
interests of the projects’ requirements. Their personal features were not significant for 
the purpose of this research, and therefore, they were never taken into account nor 
questioned. 

The disinterestedness norm involves the interest of the researcher to generate new 
knowledge when conducting a research project. As defended by Merton (1942), “a pas-
sion for knowledge, idle curiosity, altruistic concern with the benefit to humanity and 
a host of other special motives have been attributed to the scientist”. This research 
project has been conducted to generate additional knowledge and contribute to the 
research community, as well as to acquire new knowledge for the author. Additionally, 
the results from this research are also interesting to support decision-making and con-
sequently improve organizational performance in different public and private organi-
zations. So the results of the research will indirectly also have a social impact. 

Finally, the organized skepticism norm is based on the attitude of the researcher to 
continuously question the decisions taken during the research process, and also to 
base the assessments on evidence instead of opinions. The author’s attitude towards 
the whole research process has been to critically analyze and evaluate the existing al-
ternatives in the literature, to discuss with subject matter experts whenever needed, as 
well as, to thoroughly and continuously analyze the results. This means that during the 
development of the thesis, this organized skepticism has led to going back and forth 
many times to improve and complete the artifacts. 

3.5.2 ETHICS IN THE RESEARCH OUTPUTS 
This thesis is classified under the fields of OM and OR, as explained previously in 
Chapter 1.6. Any human activity raises ethical questions and OR activities are no ex-
ception (Ormerod and Ulrich, 2013). As asserted by these authors, the three typical 
“E”s of OR, i.e., efficacious, efficient and effective outcomes, should be expanded to 
include the 4th “E” of ethical. According to Rauschmayer et al. (2009), from an ethical 
perspective, OR can be understood as the “interaction between practitioner and deci-
sion makers involved in solving a specific decision problem in an economic, social, 
and/or ecological real-world system”.  



CHAPTER 3  RESEARCH  APPROACH 

 

79 

The artifacts defined as an output of this research are meant to support decision mak-
ers when conducting system design and improvements in organizations. Generally de-
scribed, the decision maker needs to find a solution to a real-world problem. A project 
team is assigned to provide a solution to this problem. This team may be composed of 
people with different roles depending on the problem under analysis, such as simula-
tion engineers, Lean manager, field experts, etc. This team models the most important 
characteristics of the real-world problem (e.g., via SMO or VSM) and proposes alter-
natives for its new design or improvement, which results in data and knowledge for 
decision-making support. These decisions will impact in the way the people in the or-
ganization work as well as how the organization will perform. Consequently, it will also 
have an impact on the society and the environment surrounding that organization. 
Therefore, when using the designed artifacts, the ethical perspective should also be 
considered.  

Adapted from Rauschmayer et al. (2009), Figure 3.8 has been designed to define the 
nine ethically relevant relations between different elements involved in the framework 
for decision support purposes.  

 

Figure 3.8: Ethical relations between the different elements related to decision-making support. Adapted from Rausch-
mayer et al. (2009). 

When applying the processes defined in the framework as a result of this thesis, the 
following points should be considered (Rauschmayer et al., 2009): 1) the understand-
ing and perception of the real-world problem by the decision maker; 2) the under-
standing and perception of the real-world problem by the project team, as well as if it 
differs from the perception of the decision maker; 3) how the project team builds the 
model, which characteristics are included and which are not; 4) the understanding of 
the limitations and contingencies of the model by the decision maker; 5) the under-
standing of the limitations and contingencies of the data obtained and knowledge from 
the model by the project team; 6) the understanding of the limitations and contingen-
cies of the data obtained and knowledge from the model by the decision maker; 7) the 
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societal impact of the problem and the solutions, as well as the responsibility of the 
decision maker; 8) the societal impact of the problem and the solutions, as well as the 
responsibility of the project team; and 9) the relationship (trust, dependency, under-
standing,…) between the decision maker and the project team. 

From an ethical perspective, Rauschmayer et al. (2009) provide a complete descrip-
tion of each of the relations taking into account the different phases of a project. This 
description is also based on previous studies such as the ones presented by Wallace 
(1994) and Walker (1994). In the problem formulation stage where 1-2 and 5-6 are 
involved, the project team should pay attention not to bias the results in any case and 
even if the opinion of the decision makers have to be taken into account, an independ-
ent analysis from the project team will be required, where no personal judgments 
should be allowed.  

With regard to problem model building, relations 1-5, 8, and 9 are involved. The rela-
tions 1 and 2 represent the understanding of the problem and how this impacts in the 
model building, without forgetting the decision makers’ preferences. Relations 3 and 
4 address how the model is constructed and validated. It ensures for example that the 
data gathered as an input to the model and the uncertainties due to lack of data are 
handled and reported. Additionally, 8 represents the impact of the decisions taken by 
the project team to model the problem. It also represents the impact that these deci-
sions may have on the society and environment both at the organizational level but 
also on a wider perspective. Furthermore, 9 ensures that the relationship between the 
decision maker and the project team is ethically neutral (e.g., not influenced by per-
sonal interests).  

In relation to the decision-making phase, 5-7 and 9 relations are mainly included. The 
project team should be able to differ from supporting the decision-making process and 
not making the actual decision; as well as “between analysis and advocacy” 
(Rauschmayer et al., 2009). The decision maker will also need to control the impact of 
the decisions to take on the society and environment both at the organizational level 
but also on a wider perspective, the latter is defined in 7.  

The description provided above is related to the evaluation and facilitation purposes 
presented in the framework of this thesis. The educational purpose where SMO is ap-
plied to educate in Lean should also follow the ethical perspective where none could 
be discriminated to perceive this education by their race, gender, sex or religious be-
liefs. Additionally, this education should also facilitate the understanding of the social 
and environmental impact of the different approaches taken. 
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CHAPTER 4 

RESULTS 

The following sections present the main results of the thesis. The chapter starts by 
summarizing the link between the different papers included, their main contributions, 
as well as their relationship to the research questions. The second section provides 
additional details of the framework evaluation results. 

4.1 SUMMARY AND CONTRIBUTIONS OF THE INCLUDED 
PAPERS 

This section provides a summary and contributions of the included papers in the the-
sis.  

4.1.1 LINKING THE INCLUDED PAPERS TO THE RESEARCH 
STUDY 

A summary table is presented in Table 4.1 which identifies how the different publica-
tions answer the research questions, which components of the framework are in-
cluded, as well as which case studies are presented.  

Table 4.1: Relationship between publications, research questions, components of the framework, and case studies pre-
sented. 

Paper Title 
Research 
Question 

Component of the frame-
work included 

Case study 
presented 

Paper I Lean, Simulation and Optimization: A win-win 
combination 

RQ1, RQ2, 
RQ3 

Purpose, general process, case 
study, and barriers. 

Case II:  
Project II.1 

Paper II How can decision makers be supported in the im-
provement of an emergency department? A sim-
ulation, optimization and data mining approach 

RQ1 None (problem awareness & 
suggestion stage). 

Case I 

Paper III Improving the material flow of a manufacturing 
company via Lean, simulation and optimization 

RQ3 Evaluation process and case 
study. 

Case V:  
Project V.1 

Paper IV Lean, simulation and optimization: A maturity 
model 

RQ1, RQ2 Maturity model. None 

Paper V Supporting the Lean Journey with Simulation 
and Optimization in the context of Industry 4.0  

RQ1, RQ2 Conceptual framework  None 

Paper VI Introducing simulation and optimization in the 
Lean continuous improvement standards in an 
automotive company  

RQ1, RQ3 Facilitation process and case 
study. 

Case II:  
Project II.2 

Paper VII Bringing together Lean and simulation: a com-
prehensive review [revision submitted to the In-
ternational Journal of Production Research] 

RQ1, RQ2 None (problem awareness & 
suggestion stage) 

None 

Paper VIII Bringing together Lean, simulation and optimi-
zation: A reflection and framework proposal [un-
der review in the International Journal of Opera-
tions & Production Management] 

RQ1, RQ2, 
RQ3 

Conceptual framework, pur-
pose, processes, barriers, ma-
turity model, tips for imple-
mentation, case studies and 
evaluation. 

Evaluation 
results in 
Cases V and 
VI: Projects 
V1-4, and VI.1 
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RQ1 is focused on identifying the potential benefits of combining Lean and SMO. It is 
mainly answered by Papers I, VII, and VIII, as well as briefly by Papers IV and V. 
Additionally, initial studies conducted in an emergency department and described in 
Paper II provide the practical understanding of the benefits that this combination can 
offer to organizations. The answers to RQ2 are focused on the definition of the frame-
work. The knowledge gaps, challenges, and existing methods and frameworks identi-
fied in the literature are presented in Paper VII. Based on these knowledge gaps, and 
the existing needs of the companies studied, Paper VIII presents the different compo-
nents of the framework. Additionally, some of these components are also presented 
individually in Papers I, IV, and V. The answers to RQ3 are focused on the measure-
ment of the perceived usefulness and usability of the framework. It is presented as the 
implementation of the framework in real-world applications in Papers I, III, and VI 
and a more comprehensive description of the evaluation performed is presented in 
Paper VIII. All the research questions are, therefore, addressed by more than one of 
the papers included (see Table 4.1).  

Figure 4.1 presents visually which phase of the research process belongs to each paper. 
Although most of the papers belong to different phases, the darkest color represents 
their main focus.  

 
Figure 4.1: Relationship between the different phases of the research process and the content of the papers included. 
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A visual representation of the different components of the framework is shown in Fig-
ure 4.2, linked to the publications related to this thesis. Some of these are conference 
or journal publications, while some others include the handbook (a by-product of the 
thesis) and Appendix II attached to the thesis where the processes are detailed (this 
appendix is an extract of the handbook). The components of the framework are:  

• A conceptual framework where the existing relationships between Lean and SMO are 
identified. Firstly presented in Paper V and later updated in Paper VIII.  

• The purposes and processes for combining Lean and SMO. Firstly presented in Paper I 
and further developed in Paper VIII. The specific implementation of the evaluation and 
facilitation processes is presented in Papers I, III, and VI respectively. Detailed evalua-
tion, facilitation, and educational process descriptions can be found in Appendix II. 

• The existing barriers for the implementation of the approach. Firstly presented in Paper 
I and further developed in Paper VIII. 

• The maturity model that provides information to organizations on when to implement the 
framework. Presented in Paper IV. 

• The ethical considerations to take into account when employing the framework compo-
nents. Presented in the previous chapter 3.5.2 in this thesis. 

• The applicability of the framework in real-world cases. Specific studies presented in detail 
in Papers I, III, and VI, as well as a summary of the different projects where the frame-
work has been tested in Paper VIII.  

• The industrial handbook designed to support the implementation of the framework in 
real-world cases. An initial version of this handbook has been developed as a by-product 
of this thesis. It has been employed when conducting the case studies, to serve as a guide 
to the participants of the different projects to go through the different steps. Appendix II 
is an extract of this handbook. 

 
Figure 4.2: Relationship between the components of the framework and the publications. 
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Paper VIII includes a summary description of the main results of this thesis, including 
a description of all the components of the framework. The rest of the papers are more 
specific, presenting individual components or the description of the implementation 
of the framework in different case studies. 

The following sections provide a brief description of each published paper, highlight-
ing their results, contributions, and their relationship to the research questions. The 
aim is to get an overview of how each paper is linked to the thesis work and answers 
the research questions. To get a detailed and technical understanding of each publica-
tion, the reader is referred to read the specific publication. 
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4 .1.2 PAPER I :  LEAN, SIMULATION AND OPTIMIZATION: 
A WIN-WIN COMBINATION 

Goienetxea Uriarte, A., Urenda Moris, M., Ng, H. C. A. and Oscarsson, J. (2016). 
Lean, Simulation and Optimization: A Win-Win combination. In Proceedings of the 
Winter Simulation Conference edited by L. Yilmaz, W. K. V. Chan, I. Moon, T. M. K. 
Roeder, C. Macal, and M. Rosetti. WSC 2015. Piscataway, New Jersey: IEEE, Inc., pp. 
2227-2238. 

This paper was the first written as an output of the thesis. The aim of the paper is to 
establish a basis for why the combination of Lean, simulation and optimization can be 
beneficial. An analysis of the existing literature is presented, as well as a description of 
what Lean, simulation and optimization are providing to the combination. A case 
study conducted in an automotive company (Case II, Project II.1) is also briefly de-
scribed where this approach was taken into account. Finally, some barriers to the im-
plementation of this approach are also identified.  

4.1.2.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• This paper aims to overcome some of the limitations identified in the literature where the 
combination of Lean with SMO is just partially addressed, identifying Lean as a set of tools 
as well as focusing just on how simulation supports Lean. The novelty of this paper resides 
in highlighting the benefits of not just simulation supporting Lean, but also Lean support-
ing the simulation process, as well as the role of optimization to support Lean and simu-
lation.  

 
Figure 4.3: Comparison of the Toyota Kata approach (Rother, 2010) vs. integrating simulation and optimization with 
Lean. 

• The purposes of combining Lean and SMO for educational, facilitation and evaluation 
purposes are also presented as adapted from Robinson et al. (2012). Providing a more 
general view of the different purposes of this combination in comparison to the existing 
literature where the authors mainly focus on one purpose, usually being this one the eval-
uation purpose. 



CHAPTER 4  RESULTS 

 

88 

 
Figure 4.4: Different purposes for using simulation and optimization to support Lean events (e.g. Kaizen events, VSM 
events, etc.). Updated from Robinson et al. (2012). 

• The barriers that the implementation of this approach in real-world cases may confront 
are identified as being: 1) negative reaction to change; 2) lack of management involve-
ment; 3) high level of expertise required to conduct SMO studies; 4) problems with a gen-
eration gap and lack of reliability on SMO; 5) fear of losing the Gemba; 6) previous nega-
tive experiences; and 7) differences in the terminology employed by Lean and SMO prac-
titioners. 

• An industrial example (Project II.1) where SMO was employed in a Lean continuous im-
provement project with the aim to increase the production capacity of a machining line is 
also presented. This project followed the process steps defined in the evaluation process 
(see Appendix II). The conclusions from the study demonstrated that the information pro-
vided to the decision makers following this approach offered higher quality information 
than applying Lean tools alone. The results about what to improve even surprised the pro-
duction technicians that believed that the major improvement opportunities were not in 
the areas detected by SMO.  

4.1.2.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper mainly relates to RQ1, but also partially to RQ2, and RQ3: 

• Relationship to RQ1: The paper provides a review on how Lean can support the simulation 
process, how simulation can support Lean, and the role and benefits of including optimi-
zation within this combination. The main purpose of the paper is to highlight the benefits 
that may bring to organizations when improving or designing their systems, if they in-
clude SMO within the Lean toolbox, as well as to consider the Lean principles when con-
ducting a simulation study. The reasoning provided in the paper offers, therefore, the an-
swer to RQ1. 

• Relationship to RQ2: The purposes for combining Lean and SMO are firstly identified in 
this paper. A simplified evaluation purpose is also presented followed by an industrial case 
study. These are components of the framework that were further defined at a later stage 
and therefore they partially answer RQ2. 

• Relationship to RQ3: A study is presented where the evaluation process has been fol-
lowed. As it was done in a very early phase of the research, this study served as an input 
to further develop the evaluation process rather than to evaluate it. However, it provided 
with the knowledge to ensure its implementation in other cases.  
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4 .1.3 PAPER I I :  HOW CAN DECISION MAKERS BE SUPPORTED IN 
THE IMPROVEMENT OF AN EMERGENCY DEPARTMENT?A 
SIMULATION, OPTIMIZATION AND DATA MINING APPROACH 

Goienetxea Uriarte, A., Ruiz Zúñiga, E., Urenda Moris, M. and Ng, H. C. A. (2017). How 
can decision makers be supported in the improvement of an emergency department? A sim-
ulation, optimization and data mining approach. Operations Research for Health Care, 15, 
102-122. 
This study was conducted within the healthcare domain at an initial stage of the thesis. 
The aim of this paper is to show the potential of employing SMO and data mining to 
provide high-quality knowledge to decision makers when improving existing systems. 
A close collaboration project was conducted with the stakeholders of a hospital (Case 
I) with the aim of improving the waiting times for patients in the emergency depart-
ment. The steps followed during the study are detailed in Figure 2.9 starting from the 
data analysis, developing the simulation model and the what-if scenarios, running and 
conducting the MOO, and running the data mining analysis to support decision mak-
ers in the hospital. This study provided a deep understanding of the steps to follow in 
a real-world project including SMO and data mining. It also provided with a deep un-
derstanding of the peculiarities of the healthcare context in comparison to an indus-
trial context. 

4.1.3.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• This paper aims at demonstrating the potential of the combined use of SMO and data 
mining for system improvement and decision-making support. The methodology fol-
lowed in the presented study is summarized in Figure 2.9. This approach although fol-
lowed previously in some manufacturing studies (Dudas et al., 2011, Dudas et al., 2014, 
Ng et al., 2009, Liebscher et al., 2009), it is still novel in the healthcare domain.  

• The paper presents the limitations of each technique and how the combination of them 
can benefit the decision-making process. 

• The study aimed at achieving three objectives related to the reduction of patient waiting 
times in the emergency department (length of stay, time to meet the doctor, and time to 
triage). This study showed that employing just a simulation approach and testing different 
what-if scenarios, even if providing valuable insight, it was an arduous time-consuming 
task and optimal system configurations were not guaranteed.  

• The project found different system configurations achieving two of the objectives initially 
established. Additionally, the optimization run and analysis provided valuable infor-
mation on optimal system configurations which reduced the difficult to achieve time to 
meet the doctor values considerably. Decision makers were provided with knowledge 
about the number of resources and the level of improvements to be done in order to im-
prove the system. 

• The analysis of the optimization results performed via data mining provided insight about 
the relationship of different variables, as well as their individual and combined impact on 
the objectives. Rules applicable to variables about the best and the worst scenarios were 
also provided as part of the study. 

• The study highlights the complexity that decision makers face when improving complex 
scenarios and where the improvement of a number of variables simultaneously is needed 
to increase the performance of the system. 
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• The importance of close collaboration between simulation engineers and the stakeholders 
of the hospital during the simulation process is identified as a key point to be taken into 
account when designing the framework. A participative approach was followed to build 
the simulation model (Tako and Kotiadis, 2015, Franco and Montibeller, 2010). 

• The process followed for conducting this study could be followed in other system design 
or improvement projects, independently of their application area. And it has been inte-
grated as different steps to be conducted when building the simulation model in the eval-
uation process of the defined framework in this thesis (see detailed flowcharts in Appen-
dix II or Paper VIII). 

4.1.3.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper mainly relates to RQ1: 

• Relationship to RQ1: The paper shows the potential that SMO and data mining can pro-
vide to support decision-making when designing or improving systems in an organization. 
The study provided with the knowledge to deeply understand the SMO process, to later 
on be able to define the framework, and specifically its facilitation and evaluation pro-
cesses. As a result of this study, the importance of working actively with the stakeholders 
and the teamwork approach was also highlighted and served to identify why it is im-
portant to take Lean principles, especially the ones related to organizational learning, into 
account during the simulation process. 
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4 .1.4 PAPER I I I :  IMPROVING THE MATERIAL FLOW OF A MANU-
FACTURING COMPANY VIA LEAN, SIMULATION AND 
OPTIMIZATION 

Goienetxea Uriarte, A., Ng, A.H.C., Ruiz Zúñiga, E. and Urenda Moris, M. (2017). 
Improving the material flow of a manufacturing company via Lean, simulation and 
optimization. In Proceedings of the International Conference on Industrial Engineer-
ing and Engineering Management, IEEM 2017, Singapore. IEEE, 2017, pp. 1245-
1250. 

This paper presents a case study developed in a manufacturing company (Case V, Pro-
ject V.1) where the handbook and the evaluation process of the framework were firstly 
employed in a real-world case.  

This case study describes each step followed to improve the material flow of the com-
pany following the evaluation process. The framework was explained and an initial 
draft of the handbook where the framework is described (see Appendix II) was handed 
in to the simulation engineers and the Lean personnel in the organization before con-
ducting this study. A description of how to employ the handbook and the framework 
were also provided. Additionally, the author was part of the project team. 

The main steps performed in the project included the analysis of the current state via 
Lean tools such as the fishbone diagram, 5whys, Value stream mapping, and spaghetti 
diagram, as well as data gathering via time studies. The target to be achieved by the 
project was focused on optimizing the material flow, which is aligned with the vision 
of the company. Then a Kaizen workshop was organized to analyze the current state 
and to identify the what-if scenarios to test with simulation. The design and evaluation 
of the target condition were then made via simulation and optimization. The results 
were finally presented to decision makers in an A3 report.  

 
Figure 4.5: Evaluation process followed, combining Lean, simulation, and optimization. 

4.1.4.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• The aim of the paper is to describe how the framework designed as part of this thesis, and 
specifically the evaluation process, were employed in a real-world context. It is the first 
case study which followed this approach. 

• The paper highlights the benefits of the combined use of Lean, simulation, and optimiza-
tion to support decision-making when improving and designing production systems. The 
paper discusses that to employ Lean tools alone would have taken more time and the op-
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timal configuration would not have been guaranteed. It also discusses that a project ap-
plying SMO without considering the Lean principles could have led to no Lean configura-
tions. 

• The project was conducted by a team composed by different people with different roles, 
as suggested by the framework, including: Lean managers, production manager, inven-
tory and logistics personnel, operators, forklift truck drivers, production technicians, and 
researchers from academia. The participation of this multidisciplinary team enriched the 
quality of the project results also ensuring that the system configurations designed with 
SMO where in line with the Lean principles.  

• The project resulted in a new system configuration including new layout, new transport 
system and an optimal conveyor length, as well as a reduction of the existing identified 
wastes such as ineffective transport, waiting times, and high levels of inventory. 

• Key Lean concepts such as going to Gemba, making decisions by consensus, and including 
multifunctional project teams were considered essential for the success of the project.  

• The evaluation process of the framework followed for conducting this study proved to be 
very supportive to ensure the successful outcome of the project. It aided especially the 
simulation engineers when conducting the study. Additionally, the participation of the 
rest of the team in the project also provided an ownership feeling of the results of the 
project.  

• The steps followed in this study may also be applied in other system design or improve-
ment projects, independently of their application area.  

4.1.4.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper mainly relates to RQ3: 

• Relationship to RQ3: A study is presented where the evaluation process was followed. 
This study served to evaluate the evaluation process part of the framework to aid decision-
making in the design of a new material flow in a real-world case. It, therefore, contributes 
to answering RQ3. 
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4 .1.5 PAPER IV:  LEAN, SIMULATION AND OPTIMIZATION: 
A MATURITY MODEL  

Goienetxea Uriarte, A., Ng, A.H.C., Urenda Moris, M. and Jägstam, M. (2017). 
Lean, simulation and optimization: A maturity model. In Proceedings of the Interna-
tional Conference on Industrial Engineering and Engineering Management, IEEM 
2017. IEEE, 2017. pp. 1310-1315. 

This paper presents a maturity model which is a component of the framework defined 
in this thesis. The aim of the paper is to present the maturity model for Lean, simula-
tion, and optimization and to describe how it can be employed to support organiza-
tions to grow from low levels of maturity to higher ones in these areas. It also presents 
specific guidelines to be followed depending on the maturity of the organization within 
Lean and SMO. For those organizations considering implementing the framework pre-
sented in this thesis, the classification of the organization within this maturity model 
can be considered as one of the first steps to take. 

4.1.5.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• The paper describes a conceptual comparison between different Lean methods and a com-
bination of these with SMO with respect to organizational performance and time. This is 
shown in Figure 4.6, where better performance is expected when combining Lean and 
SMO, due to providing a better decision-making scenario where target conditions are 
achieved in less time. 

 
Figure 4.6: Organizational performance vs. time comparing different Lean methods with a combination of Lean and 
SMO. Current condition represented as CC and target condition as TC. Extended from Liker and Convis (2012) 

• The aim of the paper is to present a novel maturity model for Lean and SMO implemen-
tation. As regards to the framework, it provides the description of each level to classify the 
maturity of the organizations and recommendations to evolve from low maturity levels to 
higher ones. It can be considered as the first step when implementing the framework. Fig-
ures 4.7 and 4.8 present the different maturity levels and recommendations, respectively.  
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Figure 4.7: Maturity model for Lean, simulation, and optimization. 

 
Figure 4.8: Recommendations for progressing to higher maturity levels, depending on the level of your organization. 

• Although different maturity models can be found in the literature, to the best of the au-
thors’ knowledge, this one is the first combining Lean and SMO. 

• The paper offers the starting point and recommendations to organizations willing to start 
the Lean journey, but even to those that have started that journey, but still want a more 
efficient decision-making process. 

• The maturity model has been designed to be applicable to different kinds of organizations.  

4.1.5.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper mainly relates to RQ2 and partially to RQ1: 

• Relationship to RQ1: The paper reflects on the convenience of efficient and knowledge-
based decision-making in combination with the Lean journey, and the impact that this 
approach has on organizational performance. Additionally, a comparison between Lean 
methods and the combination of Lean with SMO is also explained regarding their influ-
ence on organizational performance versus time. The paper argues that the combination 
of Lean with SMO as presented in this thesis, will provide with the knowledge to take 
quality decisions in less time than employing just Lean tools and that this will have a pos-
itive effect on organizational performance. This supports the answer to RQ1. 

• Relationship to RQ2: The maturity model is a component within the framework pre-
sented in this thesis. Therefore, this paper contributes to answering RQ2. The first step 
when implementing the framework is to employ this maturity model to classify the organ-
ization in the corresponding level and then to apply the recommendations described in 
the paper about the steps to take to achieve a higher maturity. The main aim of the ma-
turity model is to support a gradual implementation of the concepts defined in this thesis. 
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4 .1.6 PAPER V:  SUPPORTING THE LEAN JOURNEY WITH 
SIMULATION AND OPTIMIZATION IN THE CONTEXT OF 
INDUSTRY 4.0  

Goienetxea Uriarte, A., Ng, A.H.C and Urenda Moris, M. (2018). Supporting the 
Lean Journey with Simulation and Optimization in the context of Industry 4.0. Proce-
dia Manufacturing, 25, 586-593.  

This paper analyzes the future that both Lean and simulation will have in the future 
industrial revolution, also called Industry 4.0 or Smart Industry. The aim of the paper 
was to review the existing literature and to discuss if Lean will still be considered as a 
valid management philosophy to be adopted in the future by companies. Additionally, 
it also analyzes the future role and importance of simulation. This paper serves as a 
motivation for this thesis, as the paper suggests that both will evolve and will be em-
ployed in organizations in the future. The conceptual framework is also presented with 
the aim of visualizing the different existing relationships between Lean and SMO. 

4.1.6.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• A review is presented in the paper where the aim was to analyze the future of Lean and 
simulation in the Industry 4.0 context. The paper concludes that although there are dif-
ferent opinions regarding how they will evolve, most of the authors agree that both Lean 
and simulation will still be employed in the future.  

• The review shows that Industry 4.0 solutions will support Lean implementation in the 
future. How different Lean tools can be combined with technological advances to make 
Lean more sustained and effective while improving the benefits provided by the Lean ap-
proach in companies, has also been described in the paper. Additionally, the article de-
fends that the principles defining the Lean philosophy will still be actual in the future or-
ganizations. 

• The review on simulation and Industry 4.0 shows that the use of simulation will definitely 
increase and evolve in the future. Virtual factory and digital twins will be key solutions of 
Industry 4.0. Therefore, SMO will be a key technology to be employed in the future not 
just for system design and improvement, but even in the whole lifecycle of the system. 
Simulation will become a standard tool in the engineering tool portfolio. 

• The conceptual framework for combining Lean and SMO is presented for the first time in 
this publication (an updated version is presented later in Paper VIII). The relationship 
between the different Lean components and SMO is identified and briefly explained in the 
paper. The aim was to present the framework to be understood by the companies as a first 
step towards including tools that will make Lean even more beneficial and to introduce 
simulation into the company standards.  

4.1.6.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper mainly relates to RQ1 and RQ2: 

• Relationship to RQ1: The paper describes the positive future of Lean and simulation in 
the future industrial revolution context. Its combination is presented as beneficial to en-
hance the traditional decision-making process, to speed-up system improvement and re-
configuration, and to support organizational learning.  

• Relationship to RQ2: The conceptual framework, with the links on how to combine Lean 
and SMO, is presented and described in this paper for the first time.  
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4 .1.7 PAPER VI :  INTRODUCING SIMULATION AND OPTIMIZATION 
IN THE LEAN CONTINUOUS IMPROVEMENT STANDARDS IN 
AN AUTOMOTIVE COMPANY 

Goienetxea Uriarte, A., Sellgren, T., Ng, A. H. C., and Urenda Moris, M. (2019). Intro-
ducing simulation and optimization in the Lean continuous improvement standards in an 
automotive company. In Proceedings of the Winter Simulation Conference edited by M. 
Rabe, A. A. Juan, N. Mustafee, A. Skoogh, S. Jain, and B. Johansson. WSC 2018. Pisca-
taway, New Jersey: IEEE, Inc., pp. 3352-3363. 

The aim of the paper is to describe a case study performed in an automotive compo-
nent production plant (Case II, Project II.2) where simulation was for the first time 
employed in a VSM event to facilitate discussions, identify existing bottlenecks in the 
line, and prioritize improvement efforts. The case followed the steps of the facilitation 
process defined in the framework. The main aim of the study was to introduce SMO as 
a natural step in the continuous improvement work of the company. The paper also 
reflects on the benefits and limitations of VSM as a tool and what can be gained by its 
combination with simulation. A reflection of the importance of using simulation not 
just in the design stages of a production system, but also in the continuous improve-
ment stage, once the system is on place, is provided. 

4.1.7.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• The paper offers a reflection on the benefits of VSM, as well as its limitations and how 
simulation can overcome them.  

• The article also contributes with identifying the benefits that VSM offer and that may be 
lost following a traditional expert mode to develop simulation models, such as the feeling 
of being part of a team, going to Gemba, getting an ownership of the improvements made, 
identification of value added and non-value adding activities as a source for improvement, 
having the VSM map easily accessible for further discussions, and a learning of the behav-
ior of the system by all the participants. A combined approach is presented where these 
benefits are not lost, instead the opportunities that simulation offer are taken into ac-
count. 

• The article highlights the lack of use of simulation to support continuous improvement 
activities (VSM and Kaizen events) in real-world applications. As in the specific project 
presented, to have already all the lines built in the simulation model in the design stage, 
and then to never employ these models is considered a waste. 

• The steps of the facilitation process described in the framework were followed for the first 
time in this project as shown in Figure 4.9. Seventeen people participated in the VSM 
event including production and process managers, Lean engineers, simulation engineers, 
and operators. 
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Figure 4.9: Process followed during a VSM event in Project II.2, where the facilitation process was employed. 

• The results obtained after employing VSM and simulation to detect the bottlenecks of the 
line were very similar. However, simulation offered more detailed information even iden-
tifying additional stations who could become bottlenecks. Additionally, SMO and SCORE 
were run in order to prioritize the improvements that would provide with the highest 
throughput rates and a minimum amount of changes in the system, as well as the specific 
levels of these changes (cycle time reductions and higher availability rates). 

• The paper concludes on the need to introduce simulation as a standard tool in continuous 
improvement projects in the organizations, to support a more informed decision-making 
process. This will require changes in these organizations, including more communication 
between the department or people in charge of deploying Lean, the people working with 
simulation, and the production departments. 

4.1.7.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper partially contributes to RQ1 and mainly contributes to answering RQ3: 

• Relationship to RQ1: In addition to identifying the VSM limitations, this paper analyzes 
the possibilities of combining the benefits of VSM with SMO, and not just proposing sim-
ulation as the tool to replace VSM.  

• Relationship to RQ3: A first study where the facilitation process was tested is presented. 
It supported the evaluation of the facilitation process in a real-world context. It, therefore, 
contributes to answering RQ3. Additionally, it helped to further define the facilitation pro-
cess part of the framework. It showed that the steps taken in the evaluation and facilitation 
processes were not that different and that the main difference resided in the aggregation 
level of the simulation model to be developed. 
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4 .1.8 PAPER VI I :  BRINGING TOGETHER LEAN AND SIMULATION: 
A COMPREHENSIVE REVIEW 

Goienetxea Uriarte, A., Ng A. H. C. and Urenda Moris, M. (2019). Bringing to-
gether Lean and simulation: A comprehensive review. [Revision submitted to the In-
ternational Journal of Production Research]. 

This paper identifies relevant literature regarding the combination of Lean and simu-
lation. The analysis was done in four different stages: 1) analyzing the evolution of the 
combination of Lean and simulation in the literature; 2) analyzing the existing review 
or survey papers on the combination of Lean and simulation; 3) analyzing the litera-
ture on frameworks, methodology or methods to combine Lean and simulation (spe-
cifically DES); and 4) analyzing future research perspectives and existing challenges. 
The analysis done in this paper greatly contributed to the understanding of the evolu-
tion of the combination of Lean and simulation in the literature, of the existing frame-
works and their gaps, as well as to identify trends, future research directions, and ex-
isting challenges. These were a key input to answer mainly RQ1, but also to further 
define the framework components. 

4.1.8.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• To the author’s knowledge, this is the first comprehensive review in the field. Existing 
reviews were analyzed and their gaps discussed. This analysis concluded that the existing 
reviews were either tool focused, application specific, or analyzed a few references. The 
paper, therefore, identifies a research opportunity in this area. 

• The review provides an overview of the positive evolution of Lean and simulation in the 
literature, including an analysis of the domains for this application, as well as the most 
employed methods and tools. This analysis shows that this approach is becoming more 
and more popular (see Figures 2.11 and 2.12). 

• This paper contributes with a comparative analysis of existing frameworks where Lean 
and simulation are combined based on different criteria: application domain, purpose for 
the combination, comprehensiveness level, ways of combination, clarity of structure, and 
role definition. These may serve as an inspiration to organizations wanting to apply the 
approach. 

• One of the main contributions of the paper is the reflection on the future research per-
spectives and existing challenges: 

• The main trends identified are the increased interest in the combination of Lean and 
simulation in the Industry 4.0 context and in their combination with optimization, Six 
Sigma, and sustainability.  

• Six gaps are analyzed which may induce new research opportunities in the field, in-
cluding 1:) lack of review papers on Lean and simulation; 2) lack of comprehensive 
frameworks; 3) lack of evaluation of the existing frameworks; 4) lack of the combined 
use of Lean and simulation for educational purposes; 5) lack of the combination of 
Lean and simulation in the entire lifecycle of the system; and 6) not taking into account 
Lean principles in the simulation process. Therefore, directly related to this research 
study, a gap in the literature has been detected where the definition of a framework 
which takes into consideration multiple purposes for combining Lean and simulation, 
which is not just tool oriented, where the roles of the participating people are identi-
fied, its implementation on the organizational context (e.g., barriers and how to deploy 
it) is taken into account, and that is evaluated in real-world cases is lacking. 
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• Existing technical, organizational, as well as people and culture related challenges for 
the combination, are also identified. From a technical perspective, the need for more 
integrative and easy-to-use simulation software tools is described. Organizational 
challenges include the need for adapting the organizational structures and existing 
working standards to fully benefit from the combination. In regard to people and cul-
ture related challenges, the reaction to change the standard way of working will need 
to be managed, especially in non-industrial organizations where Lean and simulation 
are still not so extended. 

• The papers identified in this review, as well as the highlighted research perspectives and 
challenges, may be interesting for academics, researchers, and professionals working in 
big organizations or SMEs in different domains including healthcare, construction, or in-
dustry.  

4.1.8.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper mainly relates to RQ1 and RQ2: 

• Relationship to RQ1: The review conducted in this paper reflects on the trends of the com-
bination of Lean and simulation in the literature which is very positive. It suggests that 
the combination is reporting good results and it is, therefore, becoming more popular. 
Additionally, it also highlights the lack of comprehensive frameworks on the combination 
and identifies the research perspectives and existing challenges. The analysis of the liter-
ature contributes to answering the RQ1.  

• Relationship to RQ2: The review conducted provided valuable information about the ex-
isting methods, methodologies, and frameworks for combining Lean and simulation, as 
well as their gaps. This has been a key input when defining the framework and its compo-
nents as presented in this thesis. It, therefore, has greatly contributed to answering RQ2. 
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4 .1.9 PAPER VI I I :  BRINGING TOGETHER LEAN, SIMULATION 
AND OPTIMIZATION: A REFLECTION AND FRAMEWORK 
PROPOSAL 

Goienetxea Uriarte, A., Ng A. H. C. and Urenda Moris, M. (2019). Bringing to-
gether Lean, simulation and optimization: A reflection and framework proposal. [Un-
der review in the International Journal of Operations & Production Management] 

This paper summarizes the main contributions of the research study. It reflects on the 
benefits that the combination of Lean and SMO can provide to both, the Lean and 
simulation communities. This reflection is extended from the one presented in Paper 
I.  

The framework and its main components are described in this paper. A summary of 
the real-world cases where the evaluation process of the framework was tested is also 
presented. The results from the usability surveys to users and decision makers, as well 
as the results from the survey to subject matter experts to measure the perceived use-
fulness, are also described. 

This paper was the last written and updates and completes some of the content pre-
sented in earlier papers. 

4.1.9.1 RESULTS AND CONTRIBUTIONS 

The following can be considered as the main results and contributions of this paper: 

• A thorough analysis on the benefits of the combination of Lean and simulation is pre-
sented. This includes: 1) an analysis of the benefits of using simulation to overcome the 
limitations of Lean tools to support decision-making in system design and improvement; 
2) the need for including the Lean principles as an input in the different steps of the sim-
ulation process, as well as the use of Lean tools as an input to or output from simulation; 
and 3) the analysis of the role of optimization in the combination. 

• The requirements (Req.) to be fulfilled by the framework and identified in the interviews 
conducted in Cases II-IV are presented. These being: Req1) it should provide a structure 
and a purpose for the combination, including how to do it, when to apply it, and who 
should be involved; Req2) it should provide a standard for working with system design 
and improvement projects, and support decision makers in these; Req3) it should be vis-
ual, and simple to understand and use; and Req4) it should be general enough to be ap-
plicable to different kinds of organizations. 

• Based on these requirements and the existing gaps in the literature, the paper contributes 
with the presentation of the main components of the framework including: 1) the concep-
tual framework; 2) the education, facilitation and evaluation purposes and processes; 3) 
the existing barriers for its implementation; and 4) the maturity model and a brief de-
scription on how to put the framework into practice.  

• The conceptual framework where the existing relationships between Lean and SMO are 
identified is presented, concluding that rather than being just a tool (simulation support-
ing Lean), the relationship is more complex and bidirectional, as shown in Figure 4.10. 
This has been updated from Paper V. 
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Figure 4.10: Conceptual framework for combining Lean and SMO. Updated from Goienetxea Uriarte et al. (2018) 

• The purposes for the combination and specifically, the activities, roles and the aim of the 
educational, facilitation, and evaluation processes are presented. Figure 4.11 shows the 
main steps of the facilitation and evaluation processes. This includes the projects involv-
ing new system design (when there is no current state) and also the steps to take in im-
provement projects. The paper also presents the SMO process of the current state and 
target condition, including the Lean principles and inputs from the Lean tools. All these 
processes are further detailed in Appendix II of this thesis. 

 

 
Figure 4.11: Main steps of the facilitation and evaluation process. 
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• Two more barriers are identified in addition to the ones identified in Paper I, being these: 
1) objections to the required investment in terms of the initial funding needed and the 
time taken to perform an analysis using Lean tools versus using SMO; and 2) opposition 
to employing methods and tools initially defined and deployed in the industrial domain 
(applicable to non-industrial contexts). 

• The evaluation of the framework was presented with a summary of the projects where the 
framework has been tested.  

• The positive evaluation results, where usability was measured via the survey to users and 
decision makers who employed the framework in real-world cases, were also presented. 
In both surveys, there is no question showing a lower value than four in their mean, mode, 
or median, as presented in Figures 4.12 and 4.13. The best-rated characteristics by users 
are the ones related to the functionality of the framework (Q1-2), co-existence and in-
teroperability (Q5), operability and aesthetics (Q9), and its usability in use, concretely, the 
questions related to satisfaction, usefulness, and trust (Q15-Q18). The best-rated charac-
teristics according to the decision makers are related to satisfaction (Q4-6) and wrong 
decision mitigation (Q7) with the support that the framework and the concept of combin-
ing Lean and SMO are providing for decision-making in system design and improvement. 
A detailed statistical analysis of the results can be found in Appendix III. 

 

 
Figure 4.12: Results obtained from the actual user survey measuring different characteristics related to functional suit-
ability (Q1–Q4), compatibility (Q5), usability (Q6–12), usability-quality in use (Q13–18), freedom from risk (Q19), and 
context coverage (Q20). The standard deviation values are also shown (σ). 
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Figure 4.13: Results obtained from the survey to decision makers measuring different characteristics related to usabil-
ity (Q1–Q6), freedom from risk (Q7), and context coverage (Q8). The standard deviation values are also shown (σ). 

• The positive answers to the evaluation done via the survey to subject matter experts to 
measure the interest and perceived usefulness of the concept of combining Lean and SMO 
and the framework are shown in Figure 4.14. All the answers were rated high and above 
four in their mean, median, and mode values. The questions with higher points were re-
lated to the interest of the concept of bringing together Lean, simulation and optimization 
(Q1), the one representing the willingness to know more about the framework (Q2), which 
is a very good indicator of the interest on the matter under study. Additionally, the per-
ception of the participants regarding the framework and how it can improve their way of 
working (Q5) was also very positive. A detailed statistical analysis of the results can be 
found in Appendix IV. 

 
Figure 4.14: Results of the interest by subject matter experts in combining Lean and SMO (Q1), willingness to know 
more and apply the framework (Q2 & Q3), and perceived usefulness of the framework (Q4–Q6). The standard deviation 
values are also shown (σ). 

• The article concludes that the framework may be useful for different kinds of organiza-
tions. Its implementation, however, will probably be easier in those organizations which 
do not have any existing standard on how to work with simulation projects, as well as not 
so much experience in the area. Organizations with relative experience in working with 



CHAPTER 4  RESULTS 

 

104 

simulation projects and Lean may employ the framework to adjust/update their working 
standards to be able to gain from the benefits of the combination, as defended in this the-
sis.  

• Using the combination of Lean and SMO as defended in this thesis, will reduce the limi-
tations of Lean methods and tools to support decision-making in system design and im-
provement. Additionally, it will support a leaner SMO process where the principles of 
Lean are taken into account. This combination will definitely provide a better system un-
derstanding, an optimized system design and improvement process, and with knowledge 
to take high-quality decisions. 

4.1.9.2 RELATIONSHIP TO THE RESEARCH QUESTIONS 

This paper relates to all the research questions: 

• Relationship to RQ1: The paper presents an extended reflection on the limitations of Lean 
tools and simulation, and how the combination of Lean, simulation and optimization can 
benefit decision-making in system design and improvement. This reflection provides the 
answer to RQ1, and the analysis done has provided with the information about the exist-
ing gaps to be able to define the framework. 

• Relationship to RQ2: The defined framework and some of its components are described 
in this paper. The definition of these components contributes to answering RQ2.  

• Relationship to RQ3: The evaluation of the framework in real-world cases, as well as the 
results of the surveys conducted to users, decision makers, and possible future users, are 
summarized in this paper. The feedback obtained from being part of the real-world cases, 
as well as the results of the surveys were very positive. This paper, therefore, contributes 
to answer RQ3. 
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4 .2  ADDITIONAL DETAILS ON THE EVALUATION RESULTS  
The main content of the thesis is already published in the papers included, and Paper 
VIII tries to summarize the main results. However, the details about the implementa-
tion of the framework in real-world cases, as well as the analysis of the results of the 
observations conducted, and surveys have not been explained in detail. Therefore, 
these are presented in more detail in this section.  

The evaluation of the framework is an important step to answer the third research 
question. This section describes in detail the results obtained in the ex post evaluation 
conducted (Pries-Heje et al., 2008), i.e. the one conducted after the framework was 
defined. This has been focused on testing the framework in different real-world cases, 
analyzing its usability by users and decision makers in some of those cases, and ana-
lyzing the perceived usefulness by subject matter experts (possible future users) as 
shown in Figure 4.15. 

 
Figure 4.15: Diagram of the ex post evaluation of the framework.  

The figure shows two distinguished paths:  
1. The path in the left, where the framework was tested in different real-world cases. 

Additionally, usability was evaluated in these real-world cases by different users and 
decision makers who employed the framework. Observations and a survey were used 
to conduct the evaluation.  

2. The path on the right, to measure the perceived usefulness of the framework by sub-
ject matter experts (possible future users of the framework) via a survey.  

The results obtained in these paths are further described in the following sections. 

4.2.1 IMPLEMENTATION OF THE FRAMEWORK IN REAL-WORLD 
CASES 

The framework was tested in different industrial organizations, and specifically in the 
case studies and projects presented in Table 4.2. The three case studies that are listed 
in the table are striving to become Lean organizations. However, to be able to test the 
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framework’s processes, the projects selected had to include an initial interest on em-
ploying simulation or SMO to solve it, and the suitability of the problem to be solved 
via simulation or SMO (otherwise the case would not have been interesting for the 
purpose of this research). 

Table 4.2: Real-world projects where the framework was tested and evaluated. 

Case 
Study 

Project Use of the framework 
Associated paper: 

Project description 
Associated paper: 
Evaluation results 

Case II 
Project II.1 Evaluation process Paper I - 
Project II.2 Facilitation process  Paper VI - 

Case V 

Project V.1 Evaluation process Paper III Paper VIII 
Project V.2 Evaluation process - Paper VIII 
Project V.3 Evaluation process - Paper VIII 
Project V.4 Evaluation process - Paper VIII 

Case VI Project VI.1 Evaluation process - Paper VIII 

 

All the projects tested the evaluation process, except Project II.2 which employed the 
facilitation process and tested the use of simulation to support a VSM event (described 
in Paper VI). As a result of participating in these projects, the different elements of the 
framework were constantly updated and the evaluation and facilitation processes were 
refined including new steps or flows. A brief description of the results of each of the 
projects is presented in the following paragraphs. 

Project II.1 employed the framework for evaluation purposes and provided with ex-
tended knowledge to the decision makers on how to improve the machining line under 
study (see Paper I for details). SMO was employed to analyze different improvement 
alternatives based on processing time, availability, and mean time to repair. The re-
sults obtained showed that focused improvements in specific areas would result in 
considerable increments on the throughput levels (between 80-50% increment). This 
project was conducted at an early phase of the research and an initial evaluation pro-
cess was taken into account. 

Seventeen people participated in a VSM event in Project II.2 during a week, as pre-
sented in Paper VI. All the steps in a VSM event were conducted, and simulation was 
employed to facilitate the discussions in the event about which improvements should 
be prioritized, as well as to locate the bottleneck of the assembly line. Optimization 
and SCORE were applied in a later stage to provide more specific improvement alter-
natives focused on decreasing cycle times and increasing availability parameters. The 
willingness to continue working with this approach was initially very positive both 
from the production staff and the personnel in charge of the Lean implementation. 
However, the discussion on how to deploy the approach of combining Lean, simulation 
and optimization is still ongoing. The maturity of this company in both Lean and SMO 
is considerably high, and therefore, its implementation affects different departments 
and means that different people need to adapt their way of working. 

The improvement of the material flow was the focus of Project V.1. The details are 
described in Paper III. The analysis of the current state (CS) was conducted via differ-
ent Lean tools (spaghetti diagram, VSM, analysis of wastes, etc.) which were employed 
as an input to build the CS simulation model. Optimization was employed to increase 
throughput and reduce the required buffer size. The project resulted in an optimized 
layout and material flow employing an automated guided vehicle. Additionally differ-
ent Lean wastes (transport, inventory levels, and waiting times) were also reduced. 
The project results were presented in an A3 to the decision makers. The details of the 
study are also presented in the report by Brehmer et al. (2017). The participants of the 
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project reported very positive comments on the approach followed to build the simu-
lation model, where the Lean managers and the project team were involved in the dif-
ferent stages as specified in Appendix II. 

Project V.2 aimed at analyzing the possibilities that the investment on an automated 
press machine to serve four assembly lines would offer, as well as the analysis that a 
change on the flow strategy could offer to the company. The CS was analyzed employ-
ing different Lean tools such as the fishbone diagram and VSM. Different alternatives 
to be tested via simulation were discussed in a Kaizen event. The project employed 
simulation to compare the results on push versus pull strategies, and finally a pull flow 
strategy employing a Kanban system was proposed. This scenario provided good re-
sults in terms of reducing WIP, buffer levels, lead time, and being able to manage a 
possible increase in demand. The details of the study are presented in the report by 
Ahmed (2018). 

The aim of Project V.3 was to propose a better transportation system between two 
shop-floors of the company. A new layout in one of the shop-floors, as well as a planned 
increase of the production level of this shop floor, would result in an increment on the 
material flow between the two shop floors. The problem resided in the inefficiency of 
this material flow in the actual system. A conceptual model was drawn based on sev-
eral visits to the Gemba and discussions with the personnel of the company, and an 
identification of the most important existing wastes was then performed. Discussions 
on possible improvements were performed in a Kaizen event which identified the dif-
ferent what-if scenarios to be tested including the evaluation of the use of tow trains 
versus automated guided vehicles, as well as changes in the flow of materials including 
alternative routings and the analysis of the required load for the transportation sys-
tem. Simulation was then employed to evaluate these alternatives. One of the simula-
tion scenarios (including multiple flows of products and the use of an automated 
guided vehicle) was then optimized with the aim of reducing lead time and WIP while 
maximizing the throughput. The study concluded on the need for further investigation 
of the solutions proposed, as the focus of the study was very limited and the project 
showed that a holistic analysis of the existing transportation system was needed. The 
details of the study are presented in the report by Vuoluterä and Carlén (2018). 

Project V.4 aimed to analyze the sewage pumps manufacturing workflow in the main 
shop floor in Case V and to design an improved flow with the aim of reducing the lead 
time, increase the use of resources, and to be able to cope with possible increased pro-
duction volumes. The CS was analyzed via a process map, several visits to Gemba, a 
spaghetti diagram, and the development of the CS simulation model. A bottleneck 
analysis was then performed. Two different what-if scenarios, discussed and decided 
previously in a Kaizen event, were tested on the simulation model. The project pro-
posed to automate a manual sub-assembly station seeking more effectiveness in the 
operations under study. However, during the development of the project, a new 
change in the layout was proposed from the management which made the outcomes 
of this study somehow outdated. Nevertheless, thanks to the approach followed, the 
project identified many improvement opportunities that will serve the company as a 
base for future enhancements. Additionally, thanks to the initial analysis and the re-
sults of the simulation model, the existing belief about which was the bottleneck of the 
system was refuted. The details of the study are presented in the report by Antonsson 
and Hermansson (2019). 

Project VI.1 aimed at defining the optimal level of a specific buffer in a newly designed 
packaging line in Case VI. The project was based on a new line design planned to be 
implemented in 2019. Many visits to the Gemba and interviews to the workers of the 
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company provided with the information to be able to draw a spaghetti diagram of the 
flow of different product variants which served as an input to create the simulation 
model of the new packaging line. The aim to be achieved with SMO was to reduce the 
number of buffers required while maintaining or incrementing the throughput of the 
system. A proposal with a specific buffer level was then chosen. Based on this proposal, 
different what-if scenarios e.g., the impact of increasing the production volume, the 
analysis of the need for an extra workstation, etc. were tested in the simulation model. 
The project tested the initial design of the line proposed by the company and con-
cluded that it had overcapacity, which could be employed to answer a future expected 
increase in production volume. The results obtained from this analysis were employed 
to adjust some of the details of the initial configuration of the line. An additional ob-
jective of this project was to revise the existing simulation process in the organization 
to adapt it including the approach asserted in this thesis. However, some of the barri-
ers identified in Paper VIII appeared in this project, where the people involved were 
reluctant to change their way of working. The simulation engineers were used to work 
in an expert mode and were not open to including any step in their methodology which 
would change their actual way of working. This project concluded that simulation was 
not included as a natural step in the production system design and improvement pro-
jects. Nevertheless, the concepts asserted in this thesis were taken into account during 
the project and when working on the what-if scenarios. The details of the study are 
presented in the report by Wolak and Johansson (2019). 

In every project, an important step for the simulation engineers was to visit the Gemba 
to be able to know how the system looked, without just relying on digital data (CAD 
drawings, information automatically obtained by the data management system of the 
company, etc.). Equally or even more important was to work on a team with the people 
who had the knowledge about the system. The participants involved in the projects 
were (Baldwin et al., 2004): 1) problem owners, depending on the project the produc-
tion managers, process managers and/or Lean managers; 2) actual users or simulation 
engineers; and 3) experts, people representing the project team, including operators 
(logistics, assembly, and production), production engineers, and technicians. 

The actual users had previous knowledge about Lean and about how to conduct simu-
lation projects following the traditional approach by Banks et al. (2014) which facili-
tated considerably the implementation of the framework in the projects.  

In every project, the roles specified in each one of the steps presented in Appendix II 
were included. Probably the most important step was the definition of the objectives, 
where problem owners and people with Lean knowledge (sometimes Lean managers, 
some other times production managers or engineers with Lean knowledge) were in-
volved to ensure that the project objectives were defined according to the Lean princi-
ples. These people were even involved when the simulation models were being devel-
oped. Different people composing the project team (experts) were involved in different 
stages of the projects. 

The projects did not include any implementation phase of the solutions, but finalized 
in the decision-making step according to the evaluation process of the framework. In 
many of them the implementation phase is still ongoing. 

Table 4.3 summarizes the activities done at each step of the facilitation and evaluation 
processes in each project, as well as the participants who participated in the project 
development. 
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Table 4.3: Activities in each step of the evaluation and facilitation processes by project. 

Pro-
ject 

Evaluation of  
the CS 

Define Target  
and TC 

Design and  
Evaluate TC 

Presentation 
to Manage-

ment and De-
cision-making 

Participants 

P
ro

je
ct

 I
I.

1 

Visits to Gemba, pro-
cess map, simulation 
of the CS. 

Improvement of a 
machining line to in-
crease its production 
capacity. 
Increase throughput, 
reduce processing 
time, increase availa-
bility, and decrease 
MTTR. 

Simulation of the TC and 
SMO to offer optimal sys-
tem configurations. 

Results of the CS 
analysis and the 
SMO results. 

- Problem owners: 
Production manager. 
- Actual users: Simu-
lation engineers. 
- Experts: Project 
team (operators, pro-
duction engineers, 
and technicians). 

P
ro

je
ct

 I
I.

2 

Visits to Gemba, 
VSM CS, identifica-
tion of value added, 
non-value added and 
necessary non-value 
adding activities per 
station, identification 
of wastes, simulation 
of the CS. 

Improvement of an 
assembly line via a 
VSM event. Improve 
the throughput of the 
line, while eliminat-
ing its wastes. Aim 
coming from the vi-
sion to increase 
throughput and re-
duce the dock to dock 
time. 

VSM event, VSM TC, 
Simulation TC, SMO and 
SCORE which offers spe-
cific configurations 
which improve the sys-
tem’s throughput. 

Results of the CS 
and TC analysis 
via VSM and 
SMO. 

- Problem owners: 
Production and pro-
cess managers. 
- Actual users: Simu-
lation engineers. 
- Experts: Lean man-
ager, project team 
(operators, team 
leaders, production 
technicians, and pro-
duction engineers). 

P
ro

je
ct

 V
.1

 

Visits to Gemba, 
VSM CS, identifica-
tion of wastes, fish-
bone diagram, 5 
whys, and spaghetti 
diagram. 

Improvement of the 
material flow in the 
shop floor. 
Reduce waiting 
times, reduction of 
unnecessary 
transport, reduction 
of inventory levels. 

Kaizen events to discuss 
the what-if scenarios to 
test via simulation of the 
TC. SMO applied to re-
duce inventory size and 
increase throughput. 

A3 report to pre-
sent the results of 
the CS analysis 
and SMO results 
to management. 

- Problem owners: 
Project manager for 
production and logis-
tics improvement 
projects, Lean man-
ager, senior simula-
tion engineer, and 
production manager. 
- Actual users: Simu-
lation engineers and 
Lean manager. 
- Experts: Project 
team (operators, 
forklift truck drivers 
and production tech-
nicians). 

P
ro

je
ct

 V
.2

 

Visits to Gemba, 
identification f 7 
wastes, VSM CS, and 
fishbone diagram 
which serve as an in-
put to the simulation 
of the TC. 

Analysis of the in-
vestment on an auto-
mated press ma-
chine, and its impact 
on layout and flow 
change. Testing pull 
vs. push strategies. 

VSM TC, analysis of the 
what-if scenarios to test 
via a Kaizen event, simu-
lation of the CT where 
pull vs. push production 
system are evaluated. 

Results of the CS, 
TC analysis pre-
sented to the de-
cision makers. 

P
ro

je
ct

 V
.3

 

Visits to Gemba and 
identification of 7 
wastes.  
Process map of the 
current state drawn. 

Analysis of the cur-
rent state transporta-
tion system between 
two shop floors and 
the suggestion of bet-
ter alternative sce-
narios. 
Decrease lead time, 
WIP and reduce un-
necessary transporta-
tion.  

Process map of the TC 
drawn. Simulation of dif-
ferent transportation sce-
narios including alterna-
tive routings and trans-
portation systems to re-
duce excessive transpor-
tation, large buffer levels, 
and large lead times. 
Multi-objective optimiza-
tion employed with the 
aim of reducing lead 
time, WIP and increasing 
throughput. 

Results of the CS 
analysis and the 
SMO results. 

P
ro

je
ct

 V
.4

 

Visits to Gemba, pro-
cess map, spaghetti 
diagram, simulation 
of the CS, and bottle-
neck analysis. 

Improvement of the 
flow efficiency of the 
sewage pumps pro-
duction line. Reduc-
tion of lead time, in-
crease the utilization 
of resources and in-
crease the through-
put. 

Discussion of ideas using 
a fishbone diagram and a 
5 why analysis, presenta-
tion of results and selec-
tion of what-if in a Kai-
zen event. 
Simulation of what-if 
scenarios. 

Results of the CS 
analysis and the 
simulation re-
sults. 

P
ro

je
ct

 V
I.

1 

The understanding of 
the CS has been done 
visiting the Gemba 
and via a spaghetti 
diagram which was 
transformed into a 
conceptual model to 
be used as an input to 
the simulation 
model. 

Optimization of 
buffer levels and WIP 
in a packaging line. 
Increase throughput, 
as well as, decrease 
WIP and inventory. 

Simulation of the new 
system design, including 
the buffer under analysis. 
What-if scenarios to be 
tested where different 
Lean wastes will be de-
creased, e.g., the varia-
tion of input to the sys-
tem. 
SMO applied to reduce 
the WIP and buffer size, 
while increasing the 
throughput of the sys-
tem.  

Results of the ini-
tial analysis, SMO 
and experiments. 

- Problem owners: 
Production manager 
(expert in Lean). 
- Actual users: Simu-
lation engineers and 
production engineer. 
- Experts: Project 
team (operators, 
forklift truck drivers, 
production engineers 
and technicians). 
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A more detailed description of the evaluation of the usability in some of these projects 
(Projects V.1- V.4 and VI.1) via observations, and via a survey to users and decision 
makers is provided in the next section. Project II.1 was not included for usability eval-
uation because the project was done following a very early design of the framework. 
Project II.2 was also not included because there are conflicting objectives between the 
departments leading the Lean implementation and the ones leading simulation pro-
jects (see existing barriers in Papers I and VIII), and it is therefore still under discus-
sion in the organization how to move forward with the approach.  

4.2.2 EVALUATING THE USABILITY 
The main purpose of this evaluation was to 1) observe the users when using the frame-
work; and 2) to conduct surveys to analyze the usability of the framework by users 
(actual users) and decision makers (problem owners) after employing it in real-world 
cases. This evaluation aimed also at identifying possible improvements to the frame-
work, as well as strengths and weaknesses, and to elicit user requirements (Req1-4 
identified in the interviews and presented in Paper VIII). 

The evaluation process of the framework (see Appendix II) was the one applied in the 
different analyzed projects for being the key one for decision-making support in sys-
tem design and improvement, which is the core of this thesis. The facilitation process 
follows the same general steps, so the evaluation performed in the following sections 
is also applicable to this process. The evaluation of the educational process was left for 
future work. 

4.2.2.1 RESULTS OF THE OBSERVATION OF USERS 

An observation of different aspects was done in order to gather information about the 
usability and quality of the framework in real-world cases. The observations were con-
ducted during the development of the projects.  

The criteria for observation used as well as the results of the observations are described 
in Table 4.4.  
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Table 4.4: Summary of criteria and results obtained by the observations performed in the projects under analysis. 

 Projects 

Crite-
ria 

Description Project V.1 Project V.2 Project V.3 Project V.4 Project VI.1 

Meeting 
the  
require-
ments 

Related to Req 1 (structure) 
and Req 2 (standard):  
1) Analyze if the projects fol-
low the defined steps and the 
combination of Lean tools 
with SMO.  
2) Analyze if the Lean princi-
ples are taken into account 
during the project.  
3) Analyze if there are diffi-
culties to proceed with the 
steps, if the users communi-
cate frustration or discom-
fort, specifically with the 
framework. 

1) Yes 
2) Yes 
3) No 

1) Yes 
2) Yes 
3)No 

1) Yes 
2) Yes 
3) No 

1) Yes 
2) Yes 
3) No 

1) Yes 
2) Yes 
3) No 

Related to Req 3 (visual and 
easy to understand and use): 
the questions received about 
the framework have been an-
alyzed. 

First applica-
tion of the 
evaluation 
process in a 
real-world 
case. Ques-
tions about 
which Lean 
tools may be 
employed in 
each step.  

Several ques-
tions received 
about the 
steps to take 
in each mo-
ment during 
the project. 

No questions 
received 
about the 
framework. 

Questions re-
ceived about 
the suitability 
of VSM or 
simulation for 
CS evalua-
tion. 

Questions re-
ceived about 
the steps in 
the simula-
tion process 
(e.g., concep-
tual model, 
verification 
and valida-
tion).  

Related to Req 4 (applicable 
to different projects). 

Applicable in 
this project. 

Applicable in 
this project. 

Applicable in 
this project. 

Applicable in 
this project. 

Applicable in 
this project. 

Commit-
ment to 
action 

If there was an established 
commitment to action. 

Yes Yes Yes Yes Yes 

Planned action Investment 
analysis on-
going. 

Decision on 
investment 
on an auto-
mated press 
machine. Due 
to the low 
AGV occupa-
tion level, fur-
ther analysis 
ongoing. 

Extended 
study pro-
posed. Possi-
ble redesign 
of the logistic 
system. 

Extended 
study pro-
posed with 
the new lay-
out configura-
tion.  

Plan to adjust 
the buffer size 
in the new de-
sign configu-
ration of the 
line to the val-
ues proposed 
by the project. 
Adjustments 
done to the 
initial config-
uration as a 
result of the 
project. Im-
plementation 
phase to start. 

Usability 
and 
quality 
meas-
ure-
ments 

Effectiveness measurements 
including: 
1) Project completed? 
2) Objectives achieved?  
3) Errors committed when 
following the framework? 

1) Yes. 
2) Yes. 
3) No. 

1) Yes. 
2) Yes. 
3) No. 

1) Yes. 
2) Yes. 
3) No. 

1) Yes. 
2) Yes, par-
tially: a new 
configuration 
of the layout 
presented late 
in the project 
did not allow 
to fulfill some 
objectives. 
3) No. 

1) Yes. 
2) Yes. 
3) The frame-
work specifi-
cations were 
partially fol-
lowed as the 
simulation 
engineers in 
the company 
were reluc-
tant to change 
their way of 
working.  

Perceived satisfaction: gen-
eral satisfaction perceptions 
during the project (about the 
framework). 

Positive. Positive. Positive. Positive  Positive  
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The conclusions obtained from these observations are: 

• The framework seemed to be easily accepted and integrated, as well as especially useful 
for companies lacking standards on how to use simulation and optimization and how to 
introduce them within their Lean working standards. When there were existing standards 
already established, e.g., for conducting projects involving SMO, it was more difficult to 
introduce the framework, as the way of working of the people had to be changed or 
adapted (see barriers in Papers I and VIII). 

• In every project, the simulation engineers together with the project owners, and the pro-
ject team conducted the projects following the steps of the evaluation process of the frame-
work without significant difficulties (and independently of the inherent difficulties of the 
project itself).  

• In general, more questions were received in the projects where the author of the thesis 
was participating actively, compared to the questions received when she was just observ-
ing. The nature of these questions was seldom about the steps of the framework, but they 
were rather about specific qualities of different Lean tools or specific steps of the simula-
tion model building process (e.g., how to draw a VSM, how to conduct verification and 
validation in a simulation model, etc.). 

• In every project, although all the participants were experienced workers from the compa-
nies, that was not the case of the simulation engineers who were new to the company. To 
be able to have own simulation engineers would make the efficiency of the process of 
building simulation projects much higher, as the learning process about how the company 
operates would be faster. Additionally, the knowledge about available data and the ad-
vantage of knowing the personnel of the company would facilitate the development of the 
project greatly. However, to have different people test the framework in different projects 
was also beneficial. 

• After the results of every project, the companies committed to take actions. These were 
different depending on the project, for example after Project V.1 and V.2 needed invest-
ments are being analyzed, while after the conclusions obtained in Project V.3 the scope of 
the project changed towards a more complex analysis including the logistics of the entire 
plant. Project V.4 led to a new analysis based on the new layout proposed by the manage-
ment, as well as different improvement possibilities based on the identified wastes were 
proposed. Project VI.1 established the basis for an optimal buffer size for the newly de-
signed line. It also proposed recommendations to change the existing process to work with 
simulation projects, towards the processes proposed in this thesis.  

• The evaluation process was applicable to the different analyzed projects although being 
focused on different areas of the company and with different objectives. 

• All the users who participated in the different projects reported satisfactory perceptions 
about the framework in informal interviews and how it supported them to conduct the 
projects. This was even confirmed by the text included in the reporting of the projects. 

• The results of the observations show a positive answer to the established requirements 
(Req1-Req4). 

Some actions were taken to improve the framework during and after the observations: 

• Clearly detailed inputs/outputs (see Appendix II). 

• Merging facilitation and evaluation processes, and adjusting the flow charts in conse-
quence (see Appendix II). 

• Specification of Lean tools to be employed in each stage (see Appendix II and Paper VIII). 
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• Identification of how the Lean principles should be taken into account in the SMO process 
(see Paper VIII) 

• Different updates were also performed in the industrial handbook to facilitate the under-
standing of the framework and its functionality (e.g., the introduction of a detailed de-
scription of an example case study where every step of the evaluation process is ex-
plained). These updates were consequently also performed in the content of Appendix II.  

4.2.2.2 USABILITY SURVEY RESULTS 

This section presents the main results obtained after analyzing the responses from the 
simulation engineers (actual users) and decision makers (problem owners) about the 
usability of the framework. A summary of these is provided in Paper VIII. However, 
the following paragraphs detail the relationship between the questions of the survey 
and the requirements identified in the interviews. A detailed statistical analysis is pro-
vided in Appendix III. 

Results of the survey to actual users 
An individual analysis of the answers to each question is shown in Table 4.5. According 
to Boone and Boone (2012) for individual Likert-type questions, the median, mode, 
and frequencies can be calculated. On the other hand, for Likert scale attributes, the 
mean and standard deviation are recommended. These recommendations were taken 
into account to conduct the analysis of the results presented below. 

In both surveys, every question was chosen carefully to represent an important quality 
and usability characteristic and all of them have been related to the requirements es-
tablished initially and presented in Paper VIII. As can be observed, all the require-
ments are represented with more than one question. So conclusions can be drawn 
about low and high scores provided by the participants in specific questions which will 
impact in the fulfillment or not of specific requirements. 

Table 4.5: Statistical analysis of the individual answers provided by the users. 

Charac-
teristic 

Mean 
Std.  

devia-
tion 

Sub-characteristic Median Modea 

Related to  
requirement 

number 

Func-
tional 

suitabil-
ity 

4.36 0.57 

Functional Completeness 4 4 Req1 
Functional Correctness (correct processes) 5 5 Req1 
Functional Correctness (Precision and de-
tail) 

4 4 Req1 

Functional Appropriateness 4 4 Req1 
Compati-

bility 
4.55 0.68 

Co-existence and interoperability 
5 5 Req2 

Usability 4.4 0.59 

Appropriateness recognisability 4 4 Req1, Req2 
Learnability 4 4 Req3 
Learnability (other people) 4 4 Req3 
Operability and aesthetics (visual, easy to 
understand) 

5 5 Req3 

Operability and aesthetics (easy to use) 4 4 Req3 
Accessibility 5 5 Req4 
User Experience 4 4 Req1 

Usability 
(quality 
in use) 

4.42 0.63 

Effectiveness 4 4 Req1, Req2 
Efficiency 4 4 Req1, Req2 
Satisfaction, usefulness and trust (overall) 5 5 Req1 
Satisfaction, usefulness and trust (useful to 
goals) 5 5 Req1 

Satisfaction, usefulness and trust (future) 5 5 Req1 
Satisfaction, usefulness and trust (trust) 5 5 Req1 

Freedom 
from risk 

4.27 0.78 Wrong decision mitigation 4 5 Req1,Req2 

Context 
coverage 4.18 0.75 Context completeness and flexibility 4 4 Req4 

a. If multiple modes exist. The smallest value is shown. 
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All the values corresponding to the mean of the group of characteristics, as well as the 
individual median and mode for each of the questions were rated above four. The var-
iation in the answers as shown in the standard deviation column is also low. 

Results of the survey to decision makers 
An individual analysis of the answers of the decision makers (problem owners) to each 
question is shown in Table 4.6.  

Table 4.6: Statistical analysis of the individual answers provided by the decision makers. 

Charac-
teristic 

Mean 
Std.  

deviation 
Sub-characteristic Median Mode a 

Related to 
 requirement 

number 

Usability 4.21 0.59 

Effectiveness 4 4 Req1, Req2 
Efficiency 4 4 Req1, Req2 
Satisfaction overall 4 4 Req1 
Satisfaction (usefulness) 4.5 4a Req1 
Satisfaction (interest and willing-
ness to apply) 

4.5 4a 
Req1 

Satisfaction (trust) 4.5 4a Req1 
Freedom 
from risk 

4.5 
0.58 Wrong decision mitigation 

4.5 4a 
Req1, Req2 

Context 
coverage 

4.25 
0.5 Context completeness and flexibility 

4 4 
Req4 

a Multiple modes exist. The smallest value is shown 

All the values corresponding to the mean of the group of characteristics, as well as the 
individual median and mode for each of the questions were rated above four. The var-
iation in the answers as shown in the standard deviation column is also very low. These 
questions were mainly linked to Req1 and Req2. 

Analysis of the results 
The results from both surveys show a positive perception of the usability of the frame-
work and the additional characteristics analyzed.  

According to the perception of the users, the framework has high functional suitability, 
compatibility with other existing standards in the company, usability and usability in 
use, the property to mitigate wrong decision-making, as well as it offers the possibility 
to be applied in other contexts. The perception of the decision makers is also in line 
with these and the results show a high usability perception, wrong decision mitigation, 
and context coverage.  

The feedback provided in the open questions is also very positive (see answers in Ap-
pendix III) and in line with the answers provided in the survey. Some of these com-
ments even pointed out the need for previous background in Lean and simulation be-
fore starting to apply the framework, as asserted in the maturity model (Paper IV). All 
the users agreed in their comments that the framework acted as a guide and structure 
to conduct their projects, answering Req1 and Req2. They also agreed that it is general 
enough to be applicable to other projects and other organizations, which is related to 
Req4. Some even pointed out that they wanted to continue using it even in other com-
panies. Some of the best-ranked characteristics included the ones related to the visual 
aspect and the easiness to understand, which is related to Req3. Therefore, the an-
swers provided in this survey pointed out towards the successful achievement of the 
initially defined requirements. 

The comments provided by the decision makers were very rich and constructive. They 
pointed out the importance of the participative approach of Lean people and the peo-
ple driving the processes together with simulation engineers in system design and im-
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provement projects to avoid “theoretically good but impractical solutions”. The evalu-
ation process proposed in the framework was also defined as “extremely useful” by 
another decision maker. One of them pointed out the need to include more check-
points in the process where the decision makers can narrow down or adjust the scope 
of the project, this has been included in the evaluation process by including the deci-
sion makers in specific activities. Another comment relates to the concept of “satisfic-
ing” as defended in a previous chapter, when pointing out the following by one deci-
sion maker: “in my world speed to get to a decision is more valuable than precision”. 
This can probably be applicable to many situations and projects, and therefore, to find 
a good enough balance in the analysis performed via Lean tools, or/and SMO should 
always be taken into account when conducting a system design and improvement pro-
ject. 

In the future, a broader study should be done and usability measurements should be 
performed in other companies also to check usability problems and be able to correct 
them (Dicks, 2002). This is further discussed in Chapters 5 and 7. 

4.2.3 EVALUATING THE PERCEIVED USEFULNESS 
This section provides more details about the results obtained in the survey conducted 
in the workshop with subject matter experts to evaluate the perceived usefulness of 
the concept of combining Lean and SMO and the framework. For more details, see 
Appendix IV. 

Results of the survey of the subject matter experts 
The mix of participants was really rich. They came from different organizations, dif-
ferent cities and regions, different sectors, and had different positions in the organiza-
tions they were working. The analysis is centered on the answers of 50 participants. 
From the total number of participants who answered the survey, 25 (50%) worked in 
different industrial companies (automotive, manufacturing, engineering, machining 
and regional development centers); 20 (40%) in healthcare organizations (different 
hospitals and hospital departments, and regional centers); 4 (8%) worked in research/ 
academic institutions (although some more researchers attended the workshop, the 
questionnaire was not filled in by them so as not to bias the results due to their per-
sonal relationship with the author); and 1 (2%) worked in a consultancy firm. These 
are shown graphically in Figure 4.16. 

The majority of participants who answered the questionnaire were mainly from big 
organizations (46 of them, meaning 92% of the total), while the rest were from SMEs 
(4, 8%). These numbers reflect that still, the main interest on simulation is on big com-
panies. Even if the invitation was sent to different SMEs, just one person working in a 
SME attended the workshop. 

When asked about the management philosophy, methods, and tools employed in their 
organizations, the participants answered a multiple-choice question and the results 
are shown in Figure 4.17. The majority of the participants identified Lean as the most 
employed management philosophy, some others identified also Six Sigma. And few 
identified TQM, Business Process Reengineering (BPR), or hybrid or other manage-
ment philosophies (e.g., Lean-Six Sigma, Volvo Production System-based on Lean, 
Rapid Continuous Improvement, etc.). 

A multiple-choice question was also included to gather information to identify the con-
tent of the job performed by the participants. The answers are shown graphically in 
Figure 4.18. The majority of them worked with system design and improvement in 
their daily work (including working with Lean, Six Sigma, etc.). There were also many 
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simulation engineers and some people working with research and education. There 
was an important representation of participants coming from regional organizations 
dedicated to healthcare support and even industry support. A minimal number of the 
participants worked with consultancy. There were some others that specified that the 
main content of their jobs was not just related to some of the categories listed below 
but also included other important tasks. These were mainly from the healthcare sector 
and identified these additional tasks as taking care of patients (physicians and nurses). 
Among the participants, there were Lean engineers/managers, simulation engineers, 
maintenance engineers, decision makers at different management levels, production 
technicians, doctors, nurses, data analysts, etc. which is the pool of people who repre-
sent the future possible users and project owners of the framework.  

Figure 4.16: Percentage of participants per 
sector. 

Figure 4.17: Number of participants who have identified the dif-
ferent management philosophies, methods, and tools applied in 
their organizations. 

 
Figure 4.18: Number of participants who have chosen the specific job content (multiple-choice question). 

An additional question was included to measure the maturity level of the participating 
organizations on Lean, simulation and optimization. The answers revealed a variation 
on the maturity levels from none to high, being a medium maturity predominant in 
Lean, and low maturity levels predominant in simulation and optimization.  

Although it would have been interesting to have more participants from SMEs and 
consultancy companies to have even a more varied group, the above analysis shows a 
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high variety of individuals and organizations, who are a good representation of the 
possible future users of the framework. Therefore, their opinion and their perception 
on the usefulness of the framework was considered a key indicator for its evaluation.  

Table 4.7 illustrates a summary of the information provided by the participants about 
their job tasks and organization characteristics. The information is provided as a com-
parison between the answers provided by the industrial and healthcare participants, 
who are the two largest groups of the study. The answers show that both Lean and 
simulation are nowadays more integrated within industry than healthcare. Even the 
maturity of the organizations in these matters is higher in the industrial sector, which 
is not surprising. Additionally, it seems that the interest from the healthcare sector 
within simulation is growing. People working within healthcare and those with the re-
sponsibility for policy-making (e.g., at regional level) showed a positive interest on 
simulation and the framework. 

Table 4.7: Results of the questionnaire regarding the participants and their organizations’ characteristics. Comparison 
between industry and healthcare organizations. 

Concept 
Industrial  

participants 
Healthcare  

participants 

Number of participants who answered the survey 25 20 

Amount of participants who identified working with system design and improvement 
(production technicians/engineers, process engineer, operations manager, …) 

68% 25% 

Amount of participants who identified working with simulation (simulation engi-
neers) 

40% 15% 

Amount of participants who identified working with decision-making (production 
manager, department manager, …) 

12% 15% 

Number of participants who identified Lean as an employed management philosophy 
in their organization 

96% 50% 

Number of participants who identified to employ a management philosophy based on 
Lean (LSS, Volvo Production System, etc.) 

52% 35% 

Number of participants who identified the maturity of their organizations in Lean as 
medium or high 

88% 40% 

Number of participants who identified the maturity of their organizations in simula-
tion as medium or high 

40% 15% 

Number of participants who identified the maturity of their organizations in optimi-
zation as medium or high 

44% 30% 

 

The final part of the survey focused on analyzing the interest and perceived usefulness 
in SMO, on the concept of combining Lean and SMO, and the framework itself. This 
division was made to detect if there were some correlations in the answers provided 
by specific groups of participants to the alternatives chosen for SMO and the questions 
related to Lean and SMO. However, as the answers were very homogenous, the follow-
ing analysis was mainly focused on the matter under interest for this thesis, the anal-
ysis of the answers related to Lean and SMO and the framework (see Appendix IV for 
details).  

A Mann-Whitney Test was conducted to analyze if there were differences between the 
answers provided by healthcare and industrial participants (these being the most rep-
resentative ones in the number of responses received). The test indicated that there 
were not statistically significant differences (see Appendix IV for more details). The 
following Table 4.8 shows the results of their answers. Healthcare participants scored 
slightly lower in specific questions (e.g., Q8 and Q9). However, the results were still 
very positive. According to the analysis, both the median and mode for each of the 
individual questions is above four, even if the analysis is divided by sector, which is 
considered a very good result. 
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Table 4.8: Statistical analysis of the answers provided by the participants. 

Question 

All the partici-
pants 

Industrial  
participants 

Healthcare  
participants 

Median Mode Median Mode Median Mode 

Q8: I think that the concept of bringing together 
Lean, simulation and optimization is interesting. 

5 5 5 5 4 4 

Q9: I have interest on knowing more about how 
to combine my daily working standards with sim-
ulation and optimization. 

4 5 5 5 4 4 

Q10: I think that the presented framework for 
combining Lean, simulation and optimization can 
be a useful guide to start introducing simulation 
and optimization in my organization/ in the or-
ganizations I work with. 

4 4 4 4 4 4 

Q11: I have interest on following the presented 
framework of Lean, simulation and optimization 
in my organization/in the organizations I work 
with.  

4 4 4 5 4 4 

Q12: I think that the presented approach of com-
bining Lean, simulation and optimization can 
substantially improve the way of working with 
system design, improvement and decision-mak-
ing of my organization/ the organizations I work 
with.  

4 4 4 4 4 4 

Q13: I think that this approach is needed to face 
the actual and future challenges of my organiza-
tion/ the organizations I work with. 

4 4 4 4 4 4 

 

The frequency analysis for each of the individual questions is detailed in Appendix IV. 

The general analysis of the perceived usefulness aggregating all the answers provided 
in these questions was also performed, and the mean, variance, and standard deviation 
are detailed in Table 4.9.  

Table 4.9: Statistical analysis of the aggregated values on perceived usefulness. 

Mean Variance Standard deviation 

4.3433 0.3734 0.61 

Analysis of the results 
The results from the survey showed a positive perception about the usefulness of the 
framework to support decision-making in system design and improvement. Apart 
from the results that can be concluded from the responses, the feedback provided in 
the open question revealed similar findings (see concrete answers in Appendix IV). 
This was reinforced in the informal interviews conducted during and after the work-
shop with the participants. Additionally, as an outcome of the workshop, the interest 
of conducting three more studies was agreed with some of the participating organiza-
tions. 

As related to the requisites established to be fulfilled by the framework, the answers in 
the survey presented the perception of the usefulness of the framework to be employed 
as a standard guide to support their organizations in decision-making regarding sys-
tem design and improvement (Req1 and Req2). The answers were very positive in this 
regard. Additionally, the survey was answered by a diverse group of subject matter 
experts, from different sectors, organizations, and different backgrounds. All of them 
showed interest on the framework and its usefulness, meaning that there was a general 
interest and the framework was perceived as useful by different kinds of people re-
gardless their affiliation and job content, which is related to Req4. 
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CHAPTER 5 

DISCUSSIONS 

In this chapter, reflections on the results obtained, difficulties, and limitations faced 
during the development of the thesis are described. Some of these have been solved 
and some others have been left for future research and are further explained in Chap-
ter 7. The chapter is divided into three sections, the first one reflects on the difficulties 
and limitations of the methodology chosen to conduct the research. The second one 
analyzes the limitations encountered during the definition of the framework. Finally, 
the third section describes the boundaries of the evaluation conducted. 

5.1 METHODOLOGY CHOSEN TO CONDUCT THE 
RESEARCH 

The methodology chosen to conduct the research has been based on different strate-
gies, mainly employing the design and creation strategy to define and evaluate the 
framework. However, case studies have also been used to obtain awareness of the 
problems and existing needs at an initial stage and to evaluate the framework at a later 
stage. 

The inclusion of real-world cases has been very beneficial and valuable to be able to 
understand the existing needs related to Lean and simulation processes, how different 
organizations work with them, and how the structures of the people working with Lean 
and simulation are formed, these provide an empirical perspective and relevance to 
the research (Hevner et al., 2004). However, at the same time, it has also been chal-
lenging in several ways. Each organization had its peculiarities and maturity in Lean 
and simulation. This has impacted how the framework has been designed to be able to 
consider both types of organizations, those with higher maturity levels and those with 
lower maturity levels. This also served as an inspiration to define the maturity model 
presented in Paper IV.  

Additionally, the participation in both industrial cases and healthcare projects, has ex-
panded the perspective of the research not to just focus on one specific domain, but 
also to define a framework which could be employed in other domains, e.g., in 
healthcare. 

In the different stages of the research, case studies have been employed. In the initial 
stages Cases I, II, III, and IV were involved. However, in later stages the framework 
has been tested in Cases II, V, and VI. It would have been very interesting to have all 
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the cases during the whole research process and draw conclusions from the beginning 
to the end with them, however, it did not happen that way for several reasons, includ-
ing the parental leaves of the author. Understandably, the different organizations con-
tinued to work and advance in their projects. During this time, different things hap-
pened:  

• Case I did not get funding possibilities to be able to continue with the simulation projects 
and the key person from the hospital who worked in the initial project, moved to another 
organization, making it even harder to continue with the project. Therefore, this case was 
left aside. Recently with a change in the management team of the hospital, the author has 
been contacted again to continue introducing simulation and optimization as a comple-
ment to their Lean work. 

• Cases III and IV were part of a joint project with different work packages, one of them 
linked to this study. This project provided very valuable input to this thesis to get their 
needs, existing organizational structure and standards, and their expectations on what the 
framework should include (see Appendix I). However, for reasons not directly related to 
this research but linked to the joint project, some packages did not deliver the expected 
results. After coming back from maternity leave, the project was about to be finished and 
the organizations involved were not that satisfied with the overall outcome of the project, 
making it difficult to continue with an additional project. Fortunately, the same organiza-
tions are now involved again in a new research project and, among other objectives, we 
will try to test the results from this thesis. 

For these reasons, other case studies were found to test the framework. Case V was an 
equivalent organization to the initial Case IV, where the maturity of the companies in 
Lean, simulation, and optimization is similar. They had a Lean manager interested in 
testing the approach asserted in this thesis which made it easier to test the framework 
in different projects. Case II was involved in the whole process and Case VI was the 
last organization included in the research. 

As might be anticipated, all the chosen case studies involve large organizations. It was 
difficult to engage SMEs. This has even been the case when organizing the workshop 
to evaluate the interest and perceived usefulness of the framework, where just one per-
son working in an SME participated (out of a total of 50 participants). Apart from its 
usability for big organizations, the author believes that the framework presented in 
this thesis will be especially valuable for SMEs where the use of simulation is not that 
extensive, and therefore they lack the standards to work with it. This study can provide 
them with a way to understand how tools such as simulation and optimization can be 
included in their Lean working standards, as well as its benefits. Although some diffi-
culties can also be faced in its adoption by SMEs, including the need to invest in sim-
ulation software and a need to acquire the required knowledge to conduct simulation 
studies. However, it is a matter of time that these SMEs will evolve and will start em-
ploying simulation, as presented in Paper V. It is then when this framework can be 
valuable to provide them with the guidance on how Lean, simulation and optimization 
can be applied to support decision makers in system design and improvement. The 
same reflection applies to domains such as healthcare or construction, where the in-
terest in simulation is just growing and it is believed that it will expand even more in 
upcoming years.  
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5 .2  DEFINITION OF THE FRAMEWORK FOR COMBINING 
LEAN,  SIMULATION AND OPTIMIZATION 

The framework defined in this thesis has been refined continuously to incorporate the 
inputs obtained from the literature and from the experience gained in implementing 
it in real-world cases. Therefore, the recent papers provide more accurate representa-
tions of the framework than the initial papers, e.g., the evaluation process and barriers 
identified in Paper VIII are more complete than the ones presented in Paper I.  

When defining the content of this thesis, different interesting discussions were held 
whether to include just Lean or Lean-Six Sigma in the formulated approach. The latter 
was finally discarded for having different kinds of critiques as described in Chapter 
2.2.5. These critiques usually come from Lean practitioners, and therefore to make the 
framework more inclusive, the focus of the framework was decided just on Lean. How-
ever, the review conducted in Paper VII showed that several authors are interested in 
the combination of Lean, Six Sigma, and simulation. The framework defined in this 
thesis could be completed to include the tools and the statistical approach defended in 
Six Sigma. This is further explained in future research in Chapter 7.  

On the other hand, some of the critiques to Six Sigma are related to the approach to 
implement it, based on just some experts working with it (Liker, 2004) and forgetting 
about the teamwork and continuous improvement approach involving many people 
(Pepper and Spedding, 2010). These criticisms can easily be applicable to the tradi-
tional simulation processes where the expert mode is used to build simulation models 
(Franco and Montibeller, 2010, Tako and Kotiadis, 2015). As such, a more participa-
tive approach is defended in this thesis and incorporated in the evaluation and facili-
tation processes of the framework.  

Lean itself is not free from criticism (Hines et al., 2004) and it is not rare to hear the 
expression “Lean and mean” in informal discussions. However, the author believes 
that Lean cannot be classified as being a “bad” management philosophy, in any case, 
it is its wrong or limited understanding (e.g., just focused on tools) or wrong imple-
mentation that leads to those kinds of conclusions. 

The simulation paradigm included in the thesis includes just DES as the technique to 
be employed when creating simulation models. Other paradigms such as Agent Based 
Simulation (ABS) or System Dynamics (SD) could be included as tools to be employed 
as part of the framework, SD for more strategical projects and ABS to understand the 
behavior of the people in the organizations (e.g., personnel, patients, etc.). This is de-
scribed further in Chapter 7.  

5.3 EVALUATION OF THE FRAMEWORK 
The evaluation of the framework attempted to validate its applicability by testing it in 
real-world cases, its usability by users and decision makers and its perceived useful-
ness by subject matter experts. The way this evaluation has been conducted has some 
limitations. These are discussed further in the following paragraphs.  

The implementation of the framework in real-world cases has focused mainly on test-
ing the evaluation and facilitation processes. The maturity model was employed for 
each organization in order to define together with them in which state they are and 
how they can evolve to higher maturity levels. The educational process has not been 
tested in any specific case study and is therefore defined as a future research oppor-
tunity in Chapter 7.  



CHAPTER 5  DISCUSSIONS 

 

124 

Additionally, the ethical perspective as well as the identified barriers, have been of-
fered as information and recommendations to the participating organizations. All this 
information has been included in the industrial handbook draft, where a specific ter-
minology has been deliberately employed (not a scientific terminology) to provide an 
easier understanding to the participating organizations. 

When testing the framework in real-world cases, the projects have been followed until 
the decision-making stage, although the evaluation and facilitation processes also in-
clude implementation and evaluation of the implementation as additional stages. This 
has been mainly due to time limitations and because the kind of projects analyzed in 
the thesis may take from months to years to be fully implemented, especially if these 
are new system design projects which may involve important investments and strate-
gic decisions. This is different to continuous improvement projects e.g., the one pre-
sented in Project II.2, where their implementation was done in a shorter term employ-
ing Lean methods and tools to improve the bottlenecks of the system. 

The evaluation of the usability by users and decision makers was done based mainly 
on the evaluation process of the framework, as the analyzed projects employed the 
combination of Lean and SMO for evaluation purposes. To merely focus on the evalu-
ation process may be perceived as a limitation. However, it is also the most important 
use of simulation (see Paper VII), and therefore it seems logical to prioritize its usa-
bility measurement. The evaluation of other processes in real-world cases is described 
as future work in Chapter 7. This evaluation was done in two different organizations, 
Cases V and VI, in five different projects (Projects V.1-V.4 and VI.1), including eleven 
users and four decision makers. In order to get statistically significant measurements 
of the usability, a higher population of projects and users would be beneficial. To con-
tinue with further testing of the framework in more projects in the same organizations, 
as well as other different organizations, has also been included as future work.  

The survey employed to measure the perceived usefulness was filled in by fifty partic-
ipants. These participants were mainly from large organizations and worked in differ-
ent organizations in the healthcare and industrial domains. The analysis of the interest 
and perceived usefulness of the approach of combining Lean and SMO, as well as the 
framework, in an even more varied population including SMEs but also other domains 
such as construction (important domain according to Paper VII), would also be of sig-
nificant interest. 

5.4  IMPLEMENTATION OF THE FRAMEWORK 
This thesis presented is about the combination of Lean, simulation and optimization. 
Therefore, the organizations wanting to use and implement the framework need the 
willingness and commitment to implement Lean, as well as the interest to start em-
ploying simulation to be able to find the conclusions of this thesis of full value. If there 
is not an improvement routine established in the organization, even though advance 
tools such as SMO are integrated, the organizations will not evolve and will fall back 
to previous lower performance stages; it is, therefore, vital to ensure firstly that this 
improvement routine and its associated drivers are established.  

The barriers presented in Paper I and later on in Paper VIII identify that the ac-
ceptance of the framework in organizations will probably not be an easy task. The in-
tegration of this framework with already existing standards in the organizations will 
be a key issue for its acceptance. Additionally, the framework should be adapted to the 
specific characteristics and needs of each specific organization. These characteristics 
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may be even more specific depending on the domain of the organization. The experi-
ence gained from participating in the different projects within this study has shown 
that the healthcare domain is not as developed in either Lean or the use of simulation 
as the industrial domain. This definitely impacts on the time required to implement or 
conduct projects with the approach advocated in this thesis.  

Conversely, even if the framework has been designed to be applied to different kinds 
of organizations, it would be presumptuous to assume that it can be implemented in 
any kind of organization.  
 





 

127 

CONCLUSIONS

 

 

  



 

128 

 



 

 

129 

CHAPTER 6 

CONCLUSIONS 

This chapter presents a summary and the overall conclusions from this research study. 
The main contributions to knowledge and practice are also presented. 

6.1 SUMMARY AND CONCLUSIONS 
In the actual paradigm characterized by being extremely dynamic, to take high-quality 
decisions when designing and improving complex organizational systems is and, even 
more so in the future, will be crucial for the survival of the organizations. Lean is a 
widely applied management philosophy with very powerful principles, methods, and 
tools. However, its methods and tools are static in nature and have some limitations 
when it comes to supporting decision makers when designing and improving complex 
and dynamic systems. Therefore, different authors have proposed the combined use 
of Lean and simulation to overcome these limitations. Optimization and post-optimi-
zation techniques coupled to simulation offer knowledge about nearly optimal system 
configurations, supporting high-quality decision-making. However, one of the major 
challenges still faced by the simulation community is its wider acceptance as a stand-
ard tool in organizations. Therefore, it seems that many organizations could gain from 
an approach which describes how they may be applied in combination, complement-
ing each other and overcoming their deficiencies towards creating value for decision 
makers. 

Three research questions were defined to be answered by the research study: 

• RQ1: What are the potential benefits of combining Lean and SMO? 

• RQ2: How to define a framework where Lean and SMO are combined to support decision-
making in system design and improvement? 

• RQ3: To what degree has the usefulness and usability of the framework been perceived by 
subject matter experts and when applied in real-world cases respectively? 

To be able to answer these, this thesis started with a reflection on the benefits of com-
bining Lean, simulation and optimization to support decision-making in system de-
sign and improvement (RQ1). The provided reflection is based on the analysis of the 
literature review and an analysis of the real-world needs conducted via observations 
and interviews in real-world cases. The analysis from the interviews and observations 
demonstrated the willingness to know more about the benefits of the combination, as 
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well as the existing need and interest in a standard to guide them. The participants 
even identified different requirements to be fulfilled by the framework to be defined.  

The analysis of the literature showed that the focus on the combination was limited 
mainly to how Lean tools could be complemented or substituted by simulation and 
how the impact of different Lean methods could be evaluated via simulation. As a re-
sult, the bilateral benefits of the combination are highlighted and discussed in this re-
search study. Additionally, the analysis of the literature also showed that the combi-
nation of Lean and simulation is becoming more and more popular, however, the ex-
isting frameworks are limited in the following way: 1) they are focused on how simu-
lation supports Lean, and not vice versa, treating Lean as a toolbox and omitting the 
strength of Lean which resides in its philosophy and principles; 2) they seldom include 
optimization and post-optimization analysis as a beneficial step in the existing frame-
works; 3) they are mainly method and tool oriented; 4) they are mainly focused just 
on one purpose for the combination; 5) they mainly support new system design pro-
jects and rarely continuous improvement projects; 6) there are no guidelines provided 
on how to introduce the proposed frameworks in the organizations; 7) there is no clear 
evidence if the frameworks are case specific or can be generalizable; 8) they do not 
identify the roles of the people involved in the presented processes; and 9) there is 
little or no evidence that the frameworks have been evaluated.  

To overcome these knowledge gaps identified in the literature, this thesis has proposed 
a new framework that sets the basis for achieving these beneficial interactions between 
the Lean philosophy, methods and tools, and SMO (RQ2). This framework is com-
posed of different components including: 1) a conceptual framework where the rela-
tions between Lean, the culture of the organization, the people involved, the organiza-
tional processes, and SMO are identified; 2) different purposes for the combination, 
including the evaluation, facilitation, and education purposes, and a process to con-
duct each one of them; 3) the role of the people involved in these processes; 4) a ma-
turity model providing guidelines on how to implement it; and 5) ethical considera-
tions to take into account. Additionally, the consideration of how Lean can support the 
simulation process was usually not considered in the literature. Therefore, this thesis 
has proposed an updated SMO process which takes into account the Lean principles 
and employs different Lean methods and tools as an input to or output from the pro-
cess. It also offers the possibility to evaluate virtually the potential outcomes of Lean 
principle, method, or tool implementation. The results of this study also indicate that 
a key aspect is to include people with Lean knowledge in the simulation process to 
support that the outcome is in line with the Lean philosophy, providing a better system 
design or improvement.  

Furthermore, the framework was evaluated in different real-world cases and by users 
and decision makers who evaluated its usability and perceived usefulness respectively 
(RQ3). The real-world case studies provided valuable feedback to continuously im-
prove the framework’s components. Observations and a survey were employed in 
these cases to measure the usability of the framework by users (i.e., simulation engi-
neers) and decision makers (e.g., production managers or Lean managers). Moreover, 
surveys were conducted with subject matter experts (future users) to evaluate the in-
terest and perceived usefulness of the framework and concept of combining Lean and 
SMO. All of them reported very positive results.  

In conclusion, the framework combining Lean and SMO will give users the possibility 
to get an enhanced system understanding, the possibility to conduct deeper system 
analysis, and achieve optimal and Lean system design and improvement configura-
tions, than Lean tools or SMO applied alone. The combined use of Lean and SMO as 
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defended in this thesis provides a standard that will support knowledge-driven and 
high-quality decision-making which will settle the foundations for sustainable system 
designs and long-term improvements.  

The aim to achieve in the thesis has been the following:  

To define and evaluate a new framework that is based on a combination of 
Lean and Simulation-based Multi-objective Optimization to support deci-

sion-making in system design and improvement 

Based on the results presented in this research study and summarized in the previous 
paragraphs, it can be concluded that the aim has been fulfilled and the research ques-
tions have been answered. 

6.2 MAIN CONTRIBUTIONS OF THE THESIS 
The main contributions of the thesis can be divided into the contributions to 
knowledge and contributions to practice. These are explained in the sections below. 

6.2.1 CONTRIBUTIONS TO KNOWLEDGE 
The main contributions to knowledge are identified as follows: 

• The limitations and benefits of Lean, simulation and optimization have been analyzed and 
discussed individually. 

• The benefits that the combination of Lean and SMO offers to both the Lean and simula-
tion communities have been identified and reasoned. The existing literature has focused 
mainly on the benefits of including simulation to support Lean, but the contrary has not 
been discussed (to the best of the author’s knowledge) and is a novel contribution of this 
research. 

• The need for Lean and SMO in the Industry 4.0 context has been analyzed and concluded 
that Lean will still be employed and SMO will become more and more popular.  

• Real-world organizations have been observed and their personnel interviewed to analyze 
their interest on the combination of Lean and SMO to support decision-making in system 
design and improvement and their needs regarding a framework combining them. Differ-
ent requirements have been identified and taken into account to define and evaluate the 
framework. 

• Existing frameworks, methods, and methodologies for combining Lean and SMO have 
been analyzed in the literature and their gaps have been identified. 

• Research perspectives including trends and existing gaps in the area, as well as challenges, 
have been identified. 

• A new framework composed of various components has been defined to support decision-
making in system design and improvement which may serve as a standard to be employed 
by different kinds of organizations. The framework is multipurpose, identifies the roles 
who need to participate in each stage, the barriers, ethical considerations, and recommen-
dations on how to implement it in real-world cases. This framework has been defined to 
be able to overcome some of the limitations identified in the existing methods for com-
bining Lean and simulation and to fulfill the requirements specified by the participating 
organizations. 

• The existing relationships between Lean and SMO have been identified in a conceptual 
framework, not just focused on specific tools as the majority of literature does, but includ-
ing a broader perspective where the philosophy, culture, organizational processes, and 
people are also included. This is a novel contribution of this thesis. 
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• The defined framework has also been evaluated in different case studies and by users, 
decision makers, and subject matter experts who positively validated its applicability, us-
ability, and perceived usefulness. 

• As part of the evaluation process of the framework, a new SMO process has been defined 
where the Lean principles have to be taken into account, the personnel with Lean 
knowledge are involved, and the possibility to employ Lean methods and tools as an input 
to, output from, or evaluate via simulation has been identified. This is also an important 
contribution of this thesis. 

Overall, this thesis increases the body of knowledge related to Lean and SMO, and 
especially of their combination. It provides a critical analysis of the combination and 
hopes to contribute to new discussions in the area.  

6.2.2 CONTRIBUTIONS TO PRACTICE 
The framework and its components defined as part of this research study will hopefully 
not just support those organizations who have already tested it, but will support many 
more organizations in the future. The contributions from this thesis will support these 
organizations in the following aspects: 

• Proposing a standard to work with system design and improvement projects. Probably 
complementing the existing standards or creating new ones in the organizations.  

• Proposing a standard to work with simulation projects. Including a participative or facil-
itated way of building simulation models which necessarily includes people with Lean 
knowledge and the Lean principles are taken into account. 

• Getting an enhanced understanding of the behavior of the system and providing 
knowledge about optimal Lean system configurations before taking decisions on how to 
design and improve a system. 

• Choosing the right methods and tools depending on the project at hand. 

• Providing recommendations on how to implement the framework, which are the barriers 
that need to be overcome, challengest to be faced, and the ethical considerations that need 
to be considered when implementing the framework. 

• Examples are also provided where the framework has been tested in real-world cases. 
These may be useful for other organizations willing to follow the same or similar ap-
proaches. 

The framework will support knowledge-driven decision-making, in comparison to the 
use of Lean or simulation alone. This will support better performance in companies, 
due to better decisions being taken in system design and improvement projects. The 
approach advocated in this thesis to bring together Lean and SMO will also ease the 
use of SMO in those organizations which already have Lean practices implemented.  

Additionally, the research study has also presented the possibility of using simulation 
to educate in Lean, which may be employed in different organizations (e.g., to acceler-
ate the coaching Kata) or in academia.  
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CHAPTER 7 

FUTURE RESEARCH 

This chapter presents some opportunities for further research. These opportunities 
have been identified when analyzing the literature, as well as when making specific 
choices to focus the research, leaving therefore some other opportunities unexplored. 
These are explained in the following sections. 

7.1 FURTHER ENHANCEMENT OF THE FRAMEWORK AND 
ITS COMPONENTS 

The framework should be a working standard that should continue to develop to better 
support decision-making in system design and improvement.  

One of the existing possibilities for this development could be its integration with other 
management practices such as Six Sigma or Agile. As explained in Chapter 2.2.5, dif-
ferent authors have combined or started to combine Lean with these other manage-
ment practices. Therefore, an analysis could be done to know how SMO can support 
even these approaches and it could be included in an extended version of the frame-
work. 

Additionally, as highlighted in Paper VII, the interest in the combination of Lean, sus-
tainability, and simulation is growing. How to integrate sustainability to further en-
hance the framework is also a possibility that future research can address. 

Different authors are currently discussing the possibilities that hybrid simulation is 
bringing (Brailsford et al., 2018), where different simulation paradigms (e.g., SD and 
DES, ABS and SD, ABS and DES or the combination of the three) are employed to 
provide a better decision-making basis for strategic and operational decisions. As 
pointed out by Brailsford et al. (2018), methodological frameworks to guide the imple-
mentation of projects where hybrid simulation is used are absent in the literature. An 
extension of the framework provided in this thesis could, therefore, be a possibility for 
further research. 

Different combinations of the above possibilities could also be potentially interesting.  
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7 .2  FURTHER IMPLEMENTATION OF THE FRAMEWORK 
AND ITS COMPONENTS 

As identified in the discussions chapter, the framework could be implemented in fur-
ther cases to get a larger population and draw statistically more representative conclu-
sions about its usability and applicability. It would be especially interesting to use the 
framework in different domains such as healthcare and construction. Moreover, it 
would be interesting to analyze its implementation in SMEs to see if there are peculi-
arities and specific needs characterizing these companies in comparison to the frame-
work implementation in larger companies.  

To conduct longitudinal studies, where the framework is implemented in one organi-
zation in many different projects during a larger period of time, and to analyze how it 
has been integrated as a standard, would also be very interesting. Conclusions could 
be drawn regarding the necessary cultural change and a deep analysis of one specific 
company could provide an additional rich perspective that it is not possible to get when 
employing a multiple case study approach. 

Regarding the processes tested in the research study, the facilitation process was only 
tested once and the educational process was not tested in real-world cases. This opens 
up possibilities for further research. More cases where the approach is employed for 
facilitation purposes should be tested to promote the use of simulation especially for 
continuous improvement as discussed in Paper VI.  

The educational process could be tested in different ways. In a professional environ-
ment, the educational process could serve to accelerate the coaching Kata cycles where 
a mentor and a learner try to overcome a real-world problem with a trial and error 
approach. Without underestimating the learning benefits that this approach provides, 
future researchers could use simulation to test whether the time that these coaching 
cycles require is reduced when testing the improvement alternatives in a virtual envi-
ronment compared to doing it in the real one, and if the learning outcome can be main-
tained, improved, or worsened.  

Similarly, university courses related to Lean education are basically based on theoret-
ical lectures, many of them including some game based simulations to provide a better 
understanding of the theoretical concepts (Badurdeen et al., 2010). However, in the 
engineering curricula it is quite common to find courses related to Lean and courses 
that teach simulation. Therefore, research focused on the benefits that the use of DES 
can offer to learn different Lean concepts when compared to theoretical lectures, or 
even when compared to the learning outcomes obtained employing other kind of sim-
ulation games would be very interesting. To employ simulation for this purpose, would 
surely also impact positively in the learning experience of simulation as a tool. 

7.3 ADDITIONAL OPPORTUNITIES 
Some simulation software packages have started to include modules to integrate Lean 
tools such as VSM as an input to or output from the simulation model (for more details 
see Paper VI). However, a more integrative approach where more tools are included 
in these simulation packages, would probably support the approach advocated in this 
thesis. Some additional tools could also be integrated such as the fishbone diagram or 
the 5 whys analysis which could automatically provide with input information to what-
if scenarios to test, or even to define optimization objectives. The software could auto-
matically detect, via the information introduced in these tools, the causes to the cur-
rent state problems and propose them as possible what-if scenarios. At the same time, 
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A3 reports could automatically be generated with the output information of the results 
of SMO. Furthermore, when getting the results from the optimization runs, the soft-
ware could also automatically provide with system configurations which are Leaner 
according to the Lean philosophy, and then leave the final decision to the decision 
maker. 
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APPENDIX I: 
INTERVIEW QUESTIONNAIRE AND 
SUMMARY OF THE ANSWERS 
 

This appendix presents the questions that led the discussions during the interviews 
with different people in different organizations, as well as a summary of their answers. 
Although a list of questions was prepared before the interview, it was conducted in a 
semi-structured way, opening the opportunity to the interviewed to further discus-
sions related to lean and SMO and their interest on a combined approach.  

The interview was conducted to ten people, from two different companies with the 
following roles in the organizations: lean managers, production, and technology de-
velopment managers, production engineers, material handling engineer, as well as to 
simulation engineers. Both companies had a different maturity regarding lean and 
SMO, even different departments in the same company had a different maturity, 
mainly on the use of SMO. 

INTERVIEW QUESTIONNAIRE 

Objective: 
The objective of the present interview is to gain knowledge about the organization and 
specifically, about the lean and SMO processes in the company that will serve as an 
input to develop the new Lean and SMO framework.  

Understanding the organization: 
1. Organizational structure related to Lean. Who are the ones involved in a Lean pro-

ject? Identifying the project, designing the project, developing it and taking the deci-
sions? 

2. Organizational structure related to SMO. Who are the ones involved in an SMO pro-
ject? Identifying the project, designing the project, developing it and taking the deci-
sions? 

Lean 
1. How is Lean applied in the company? Examples. 

2. Best practices 

3. Things to improve 
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SMO 
1. What is the SMO process in the company? Examples. 

2. Best practices 

3. Things to improve 

Organizational culture 
1. Is Lean a part of the organizational culture? 

2. Is the use of SMO as decision-making support a part of the organizational culture? 

Lean-SMO framework 
1. What are your objectives and expectations related to the new framework? 

2. What should be essential to include in this framework? 

3. Knowing your organization, what challenges are we going to face (design phase, im-
plementation phase)? 

4. Who do you think should use the framework? 

5. What are you going to consider when evaluating the framework? 

INTERVIEW ANSWERS 

The following text is a summary of the key points obtained from the interviews, 
grouped by subject. Comments not related to the subject under study have been omit-
ted. When different people have pointed out the same, it has been included just once 
in this summary.  

The information provided by the companies such as their Lean strategy, design or im-
provement project management standards or company vision are not attached in this 
appendix, although they have been analyzed to conduct the research study. 

The anonymity of the interviewed people has been preserved in this summary. 

Lean and SMO working together: 
• Simulation gives a systemic view of the analyzed problem. Although initially it takes 

more time to develop, it saves a lot of time in later experimentation stages. 

• Lean and SMO complement each other. It should be possible to take advantage of 
the benefits of each one of them. 

• Simulation is not included in any working standard as a point to consider when 
developing a project (specific case of a company). 

• When identifying projects to simulate, the one asking for the project and defining its 
objectives not necessarily has knowledge about lean. And furthermore, not always de-
fines a lean objective.  

• When there is a defined SMO process, the ones who have the knowledge about lean 
are not involved. 

• The whole knowledge extracted by simulation engineers during an SMO project 
is usually not shared with the customers. Due to the work-load, they just answer to 
the given task without discussing additional possibilities. Nevertheless, the perception in 
the customers of the project is that they got all they needed. 

How the framework should look like: 
• It should be a standard which helps the users work simpler, following the steps. 

• It should offer a clear structure. 

• It should help reach the objective in less time (if the given process is followed). 
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• It should be visual, simple (continuous improvement projects) and detailed (future 
projects).  

• Easy to understand and use by all the people involved in the process. 

Things to consider in the framework: 
• Simulation should be the first stage of a project (pre-study). In case the result is suc-

cessful, then start the project. Simulation can be the first step before any kaizen (to prior-
itize/focus in what is worth it to invest time), then continue with the workshop and use 
SMO as decision support and presentation to the managers. 

• In order to get a continuous feedback on the simulation project, periodical meet-
ings are needed (Follow-up meetings). These meetings give the opportunity to have 
discussions too which lead to a better understanding of the simulation process (the edu-
cation is not enough).  

• To have the simulation engineer on site is positive: 

• It helps to get a continuous feedback between the programmer and the company 
staff.  

• From the programmer´s perspective, it helps to have all the information at hand. 

• Simulation should be used to design new lines. 

• Being late with the simulation stage is a waste of time.  

• Special care should be put when simulating new things  

• It is extremely important to define a good simulation question and have a clear 
objective. The objective shouldn´t be lost in the process (sometimes the programmers 
see themselves developing a never-ending number of experiments with no clear objec-
tives). 

• Both tactic and strategic projects should be considered in the framework. 

• If the staff has education in simulation, it helps to identify projects. 

• A clear structure of how to present the results to be validated by managers and 
production staff is needed. 

• The framework should consider how to ensure that the knowledge is in the com-
pany and not just in the programmer´s head. 

Challenges for applying the framework: 
• Difficulties to change the working methodology. 

• SMO is still a little bit abstract. Difficult to understand the advantages of SMO. 

• The use of SMO is not in the culture of the company.  

• Lean still not 100% implemented in the factory. 

• Problems to get accurate data (manual registrations). 

• There is a generational problem related mostly to SMO. Education in SMO can help, 
but information is missing. 

• FACTS (a DES software used by different interviewed organizations) is not completely 
developed. It is quite limited. 

• Due to cultural change, vital importance to convince the management board of the 
importance of the use of simulation in early stages of the project. Also to rely on the 
results of the simulation. 
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Framework users: 
• Lean managers, people involved in lean projects and simulation engineers. 

• Management should understand the process. 

General comments: 
• “Fight” between lean principles and the application/reality, which leads to frustra-

tion. 

• Different departments, different realities. Communication between different depart-
ments is something that can be improved. 

• Not following a standard, not following a structure of how to work. The role of the 
workers is sometimes as Firefighters. 

• Operators get an education but don´t know how to apply it (related to lean).  

• There is also a problem with the workers when there is a need to change the way of 
working. 

• The staff is interested in the results of the simulation model, but not in running 
the simulation on their own. On the other hand, it is not very smart to depend just on one 
person who is the programmer of the simulation model. 

• The objectives of the projects are always clear, but they don´t always lead to a lean 
result. 

• The prioritization of the resources and projects is something that could be im-
proved. It takes longer than estimated to finalize projects. Some of them are never final-
ized. 

• Lean projects are usually related to the strategic goals of the company.  

• When simulation is not used, the what-if scenarios are calculated by hand. And 
usually, the systemic view is not involved. And practice differs from theory. 

Specific conclusions related to historical projects: 
• After analyzing different historical projects, it can be concluded that the project steps 

are related to a traditional PDCA process (idea/plan, development, control, act if 
needed). Even though the last stage is not always done. 

• A number of lean projects have been developed in the companies. The use of SMO has 
been limited or non-existing. In the cases where SMO has been applied, the solutions 
haven´t been implemented for several reasons. One company has more experience with 
SMO and it has achieved a level of implementation of solutions.  
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Lean and SMO framework processes 
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APPENDIX II: 
LEAN AND SMO FRAMEWORK  
PROCESSES 
 

The framework presented in this thesis has been designed taking into account three 
purposes for combining Lean and SMO: the educational, facilitation and evaluation 
purposes. Although a summary of these has been presented in Paper VIII, the follow-
ing sections provide a more detailed description of each of these purposes, including 
1) their aim, 2) required skills and equipment to implement the process, 3) people in-
volved in the process, 4) inputs, 5) outputs, and 6) process steps. Finally, some con-
siderations and recommendations to take into account when implementing these pro-
cesses are also provided.  

This appendix is an extract from the industrial handbook written as a by-product of 
the thesis. 

 

EDUCATIONAL PROCESS 

Aim 
The aim of this process is to employ a simulation model to educate and train in differ-
ent Lean principles, e.g., levelling the load, trying a push vs. pull strategy, reducing 
waste (transport, inventory, waiting times…), as well as to analyze the impact of the 
implementation of specific Lean methods and tools e.g. Kanban. 

It can also be employed with the aim to gain an understanding of the behavior of the 
real-world system (e.g. production system, emergency department system, etc.) under 
different conditions. This process may serve to accelerate the coaching Kata cycles, 
replacing trial and error cycles in the real-world towards trial and error cycles in the 
virtual simulation environment, and to accelerate the learning experience of the em-
ployees. 

Required skills and equipment 
The required skills are the following: 

• Basic knowledge of how to use the simulation software. 

• Basic Lean knowledge. 
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The required equipment is the following: 

• A room 

• Computers 

• The simulation software 

A built simulation model of the system to be studied or a simplified fictitious system 
prepared for testing purposes will be helpful. Usually, this model is a highly aggregated 
model, with no many details.  

People involved 
The people involved in the process should be the following: 

• A coach who will lead the whole learning process. This coach should have knowledge 
about Lean and also how the simulation software works. 

• Students: they may have different backgrounds, depending on if the education is provided 
in the academic context (e.g. engineering students) or in the industrial context (e.g. pro-
duction technicians).  

• A leader/manager/instructor who will decide what is the objective and the desired learn-
ing outcome. 

Input 
The inputs to this process are the Lean principles or the standards that are wanted to 
be understood. Additionally, an important input will also be the willingness of the stu-
dents to learn. 

Another input is the simulation model that is already built and will serve as the edu-
cational model. 

Output 
The aimed output from this process is the understanding of the Lean principles, meth-
ods, and tools as well as the understanding of the system’s working flow learned by the 
students.  

Process steps 
The following flowchart shows the input, outputs and basic steps that are included in this 
educational process.  

Figure 1: Flowchart of the educational process. 

The steps that are included in this flowchart refer to the different activities that have 
to be performed. Additionally, the people that are involved in each one of the steps is 

Need for understanding a 
Lean principle, method or 

tool
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identified (square for the leader/manager, triangle for the coach and circle for the stu-
dents). The following table gives a brief description of each one of these steps:  

Table 1: Summary of the steps. Educational process. 

Step Description Responsible Input Output 

Decide the  
objective of the 
education 

The leader, manager, or instructor (de-
pending on the context where the educa-
tion is provided) will decide which will be 
the objective of the provided education. 

Leader/ 
Manager/ 
Instructor 

- Need for understanding a Lean 
principle, method or tool. 
- Need to gain an understanding 
of how the system works. 
-Students’ willingness to learn. 

 

Define exercises 
according to the 
objective of the 
education 

According to the objective defined in the 
first step, the coach will design different 
exercises to run in the simulation model 
and fulfill the learning objective. He/she 
will also be responsible to ensure that the 
required equipment is available. 

Coach/ 
Instructor 

- Aggregated simulation model.  

Run exercises in 
the simulation 
model 

The students, under the supervision of the 
coach, will perform the different exer-
cises. 

Coach/ 
Instructor 
and students 

  

Draw  
conclusions 

The students, with the supervision of the 
coach, will discuss and draw conclusions 
about the result of the exercises.  

Coach/ 
Instructor 
and students 

 Learning 

 

It seems clear that the manager or instructor will want to test if the students have ac-
tually learned. So a natural step after this educational module seems to be the evalua-
tion of this knowledge, e.g. via its implementation in the organization or via an exam.  

Considerations and recommendations 
These are some of the considerations and recommendations that have to be taken into 
account before implementing the educational module of the framework: 

• It is important that before any education is provided, the students are informed about its 
goal and expected outcome. 

• Ensure that the needed equipment and material is available and ready. 

• Students should have some basic knowledge about how to use the simulation model, as 
well as basic Lean knowledge. 

• Measure if the desired learning outcome has been achieved. 

 

FACILITATION PROCESS 

The evaluation and facilitation processes share the main process steps. Therefore, the 
details of the process are only described in the next section. However, the aim of the 
facilitation and evaluation processes is different and that is why some specifications 
are provided below. 

Aim 
To use a simulation model with the purpose of facilitating the understanding of the 
system and its dynamics during an improvement event (e.g. kaizen event, Value 
Stream Mapping event). It will be usually employed when quick and relatively simple 
decisions are required on a continuous improvement setup. The simulation model that 
is built for this purpose will usually be at an aggregated level. Nevertheless, a detailed 
model may also be employed, especially when there is already an existing model. 
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Required skills and equipment 
The skills required are the following: 

• At least one person should have basic knowledge about how to use the simulation soft-
ware. 

• One or more should have Lean knowledge. 

• One or more should have detailed knowledge about the system under analysis (e.g. they 
are working in the production line or system under study on a regular basis). 

The required equipment is the following: 

• A room 

• Computers 

• The simulation software 

• A process map with the process characteristics (if available, otherwise to be developed 
under the improvement event). 

• A simulation model which reproduces in a dynamic way the process map (if available, 
otherwise to be developed under the improvement event). 

Considerations and recommendations 
These are some of the considerations and recommendations that have to be taken into 
account when implementing the facilitation module of the framework: 

• The simulation model for facilitation purposes is usually a basic or aggregated model 
which won’t necessarily include much data about the process. It may just include its main 
features (e.g. cycle time and availability per station in a manufacturing line). Although if 
there is already a simulation model of the system under analysis available, this can be 
employed just updating its data.  

• For the facilitation purpose as presented in this section, to employ optimization is usually 
not recommended. To build accurate models and run the optimization would (usually) 
take a long time and a deep data gathering process, which is not the aim of this facilitation 
module. If further analysis is required, then a more detailed model can be built as de-
scribed in the evaluation process. 

• This module will be very useful when taking relatively simple and quick decisions. A more 
detailed analysis will be explained in the evaluation process. Anyway, this process may 
lead to a decision about the need for conducting a more detailed analysis.  

• Ensure that the needed equipment is available and ready. 

 

EVALUATION PROCESS 

The evaluation purpose is probably the most common use for simulation. This section 
will explain in detail the process for evaluating a system design or improvement. As 
explained above, the facilitation and evaluation processes follow the same main steps. 
Facilitation can actually be considered as a simplified evaluation process. The specific 
features characterizing the facilitation purpose will be described in the corresponding 
steps. 

There are three different stages in any project where the evaluation of the situation 
will be necessary: when evaluating the current state, evaluating the future state/target 
condition and evaluating the implementation. This evaluation purpose includes the 
three of them.  
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As it has been explained previously, to employ just Lean tools may not be enough to 
evaluate a specific situation and at the same time, simulation and optimization may 
not be always the best approach either. The evaluation process, as designed in this 
framework, will include the possibility to choose between one approach and the other, 
as well as how they work when combined. The roles of the people involved in the pro-
cess are especially important if compared to a Lean alone approach or a simulation 
alone approach. In each of the steps, these roles will be identified.  

Aim 
The general aim of the evaluation purpose is to support the decision makers when an-
alyzing different scenarios such as the current state, designing and evaluating alterna-
tive future states, and evaluating the state after an implementation. Lean principles 
and tools, simulation and optimization will interact in each one of these phases in a 
different way. 

The evaluation of the current state via the combination of simulation and Lean will 
serve as the starting point to understand how the system under analysis works. Visu-
alizing its dynamics makes it easier to understand the interactions between compo-
nents of the system and the variability that is inherent to most of the real-world case 
scenarios. 

The evaluation of the future state/Target condition will aim at testing different alter-
natives for later implementation. Simulation, optimization and Lean may be used to-
gether at this stage to find optimal alternative configurations of the actual system un-
der analysis or new system under design. 

The evaluation of the implementation will aim at searching for reasons about why cer-
tain implementation didn’t work and to design alternative solutions to implement. 
Lean, simulation and optimization can be used in combination to achieve the best out-
put. 

Required skills and equipment 
The required skills are the following: 

• At least one person should have expert knowledge about how to use the simulation soft-
ware and run the optimization. Although different aggregation levels may be used to build 
models for evaluation purposes, these simulation models will usually be far more detailed 
than the ones presented for the facilitation purpose. So the person in charge to build the 
simulation and run the optimization should have the knowledge to do it properly. 

• One or more should have Lean knowledge and expertise. 

• One or more should have detailed knowledge about the system under analysis or the new 
system to be designed. 

The required equipment is the following: 

• A room 

• Computers 

• The simulation and optimization software 

• Lean standard and tools (different depending on the project) 

People involved 
The people involved in the process should be the following: 

• Decision makers (managers, group/department leaders, etc.): It is important that 
decision makers are involved in the early stages of the process to ensure a good alignment 
between the project objectives and strategic/operational objectives of the company; and 
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at the end of the project, to ensure that the results achieved are still aligned with the ob-
jectives defined initially. 

• Lean manager/Lean knowledge: Someone with expertise in Lean should be included in 
this kind of projects. This person can be the Lean manager of the company or someone in 
the project team with Lean knowledge and expertise. He/she will be in charge of ensuring 
that the process follows the Lean principles. He/she will also have a key role in leading 
the implementation of Lean tools. 

• The members of the project team: they may be different depending on the project under 
analysis. It should always include experts on the system under analysis (people working 
with the system on a daily basis or/and people responsible for designing the new system).  

• The simulation engineer: someone with the experience and knowledge to build the model 
and run the optimization (if needed). 

Input 
The main input to start this process is the need or/and opportunity for system design 
or improvement. These can be derived from the vision, strategic or annual plan or as 
a result of analyzing the Key Performance Indicators (KPI) of the company. To follow 
the Lean Hoshin Kanri (policy deployment) is important at this stage, so what has been 
defined in the strategy is now extended to an operational/tactical level. Apart from the 
strategy of the company, changes in the market as well as results from previous pro-
jects may also be the sources to start this process.  

The main steps of the evaluation process are related to the Lean Kata steps as defined 
by (Rother, 2010). An important input during the whole process will be the Lean prin-
ciples and tools.  

Output 
The most important output of the process is the knowledge, design rules, and alterna-
tives or prioritized improvement options gotten as a result, to make highly informed 
decisions. And of course, the analysis if the result after the implementation is achieving 
the defined target condition. 

Process steps 
This section will introduce first the main general steps based on the Kata approach for 
project management. The next sections describe in detail all the specific steps needed. 

The main general steps when running a project with the Kata approach are the follow-
ing: 

 

Figure 2: General steps for project management based on Kata. Evaluation process. 
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The description of these general steps is provided in the table below: 

Table 2: Description of the general steps. Evaluation process. 

Step Description 
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The first step will be to evaluate the current state of the process under analysis. Different tools may be used at this stage to 
define it. Lean tools such as Value Stream Mapping, 5 whys, analysis of standard procedures, spaghetti diagram, etc. may 
be employed to understand what the current situation is. Some other tools such as Work sampling or other time measure-
ment techniques may also be used for data gathering purposes. Simulation may also be used at this stage to model the 
current state. The combination of these tools will be analyzed depending on the needs. So for example, a Value Stream Map 
could be the input for the simulation engineer to develop the simulation model.  

The main purpose of this stage is to get insight into the actual system behavior. In the case of having a project related to 
new/non-existing system design, this step will not be followed, and the project will start in the next step. 
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 This step includes the definition of the target (the goal to achieve) and target condition (focus domain). At this point, a 

good reflection is required as this stage will set the objectives to achieve. These objectives should be aligned with the Lean 
principles and the strategic goals/challenges of the company (Hoshin Kanri), so it is important that someone from the 
management team (for strategic projects) or the decision maker is part of this reflection.  

The main purpose of this stage is to define the target and target condition. 
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Once the target condition is established, the way to achieve it has to be designed. There are different available options at 
this stage to define the future or target condition, the reflection could be done using different Lean tools such as the defi-
nition of the Future Value Stream Map, brainstorming done in kaizen workshops to identify and define alternative future 
scenarios, the analysis of 5 whys and the fishbone /Ishikawa diagram to identify and understand the causes of the identified 
problem, etc. Simulation may be used at this stage to define alternative what-if scenarios or future scenarios that will fulfill 
the defined target condition. Combining Lean tools with simulation will be valuable, so, for example, the causes detected 
in the fish-bone diagram will serve as an input to define the decision variables, constraints, and ranges in the simulation 
model, as well as to include them at the optimization stage. Optimization may be used to define optimal configurations of 
the system that fulfill the target condition. Post-optimality analysis may also be used at this stage to gain more knowledge 
about the solutions gotten by running the optimization. 

The main purpose of this stage is to get alternative system configurations which fulfill the target condition defined in the 
previous stage. In this stage, knowledge, design rules, prioritized improvement options, etc. will be obtained which will be 
the input for decision-making.  
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Once all the information and alternative design or improved system configurations have been obtained, the results have to 
be presented to the decision makers. The obtained results with the simulation model and optimization or Lean tools, as 
well as the knowledge extracted, will be presented to the management for decision support.  

The main purpose of this stage is to make decisions based on the information given by the project team. In the case of using 
the combination of Lean, simulation and optimization together with post-optimality analysis, these decisions will be based 
on quantitative results, evidence, and knowledge. While if just Lean tools are employed, they will be mainly based on the 
experience and opinion of the one taking the decision. Anyway, the Lean alone approach may be selected for specific simple 
projects that don’t require a deeper analysis or when simulation and optimization are not applicable. These situations have 
been described in Chapter 2 in the thesis. 
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Once the decision about what to implement has been taken, the project team will work in the implementation stage. At this 
point the Lean tools such as Kanban, JIT, Poka-yoke, standardized work, 5S, Visual management, etc. are extremely helpful 
and they will be applied depending on the project needs. The improvement and coaching Kata approach may be used to 
implement the future state defined in the previous steps and the fulfillment of the target condition has to be supervised 
accordingly. Technical improvements may also be required. Simulation and optimization techniques are not applied at this 
stage.  

The main purpose of this step is to implement the future state scenario (improvement or new system design) designed in 
the previous stages. 
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When the team has finalized the implementation, it is time to check and evaluate if it achieves the target condition defined. 
If it is not the case, then the reasons why the process didn’t succeed have to be analyzed and evaluated. Simulation and 
optimization may support the process of defining again another future scenario that will solve the detected problem. Lean 
tools may also be used for this purpose. The definition of a new target condition may also be needed, so in that case, the 
process will go back to the previous step of “Define target and target condition”.  

In case the implementation has succeeded, then the project team may look for new needs or opportunities for system design 
or improvement. 

The main purpose of this step is to evaluate the results of the implementation. 
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s The Lean principles should be present in all the stages of the evaluation process. Soft Lean concepts such as teamwork, 
employee empowerment, organizational learning, continuous improvement, and knowledge management should be 
taken into account and applied in every step. People working within these terms will definitely perform better and so will 
be the results. To take into account the Lean principles is also vital in the simulation and optimization processes, which 
will become more participative as opposed to the traditional approach in the expert mode. 
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Evaluate Current State 
The flowchart with the detailed steps, inputs, outputs, and people involved in this stage 
is shown below.  

Figure 3: Flowchart of the Evaluation of the Current State. 

The steps that are included in this flowchart refer to the different activities that have 
to be performed. Additionally, the people that are involved in each one of the steps is 
identified (square for the decision makers, triangle for the Lean manager or the people 
with Lean knowledge, circle for the simulation engineer and star for the project team). 
Table 3 gives a brief description of each one of these steps. 
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Table 3: Summary of the steps. Evaluate Current State. 

Step Description Responsible Input Output 
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When there is a need or opportunity for system design or im-
provement derived from the vision, strategic plan, the analysis of 
the KPI or even due to market changes, changes made in the pro-
duction system, or ideas derived from previous implementations, 
the first step to take is to define it. It is important that the defini-
tion of what has been detected, either it is a system improvement 
or the design of a new system (a new non-existing line, rebuilding 
a line, etc.) in the organization, is defined properly in a document 
so there is no room for misunderstanding. This document should 
include basic information about the idea such as the origin of the 
idea, a brief description, initial objective to achieve and an initial 
estimation of the needed investment (people, time and money). 

The people involved in this stage may be different depending on 
the idea itself, but it is recommended that the decision makers are 
involved as they will be the ones deciding in the end if the idea 
will be implemented or not. It is important to involve someone 
with the Lean expertise, to ensure that the definition of the idea 
is in line with the Lean approach. To include the simulation engi-
neer in the early stages is also recommended, so he/she will un-
derstand the process from the beginning. And it is also suggested 
that the project team will be involved in the process from the be-
ginning. 

There is a possibility that this activity is not triggered by a specific 
need or opportunity, but rather by a standard event occurring pe-
riodically to detect improvements, such as kaizen events or VSM 
events. In these cases, the purposes of the event are the ones that 
have to be defined. 

-Decision 
makers (man-
agers, group 
leaders, etc.) 

- Lean Man-
ager / Lean 
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- Project team 
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jects 

Definition 
of the 
need or 
oppor-
tunity to 
be devel-
oped. 

D
ef

in
e 

th
e 

C
S 

In the case of new system design, there is no Current State (CS), 
and therefore the process jumps to the next step of defining the 
target and target condition. 

The first step in any improvement project is to analyze the CS. 
These may be done employing different tools. Lean tools such as 
Value Stream Mapping (go to the Gemba, gather data, draw the 
flow, analyze), spaghetti diagram, standardized work process 
analysis, etc. may be useful to define the CS of the system. People 
involved at this stage include someone with Lean knowledge, the 
project team, and a simulation engineer. A reflection of whether 
simulation is needed or not to define the CS is also done. 
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As the simulation engineer and the rest of the people participat-
ing in the project are involved in the definition of the idea, it is 
important to reflect if simulation may be a good tool to define the 
CS or not. This decision will depend on the type of analysis 
wanted. If there is a need for a deep analysis where later on quan-
titative results will be needed, or where the trial and error ap-
proach is not possible, etc. simulation can be helpful. Otherwise, 
it can be analyzed if to use Lean tools is sufficient. For more in-
formation about when to apply or not simulation see Chapter 2. 
An internal document of the company containing this infor-
mation may be called Modeling suggestions and may be used in 
this step as an input. 

In this reflection on whether a simulation is needed or not, a de-
cision is also taken on the aggregation level needed and if the 
model will be employed for a detailed evaluation of the CS or just 
as facilitation. 

 -Document: 
Modeling  
suggestions. 
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If the answer to the previous question is affirmative and DES is a 
good tool to analyze the CS of the process under analysis, then a 
simulation model of the CS has to be developed. If the company 
already had one model built from previous studies, then it is 
enough with updating it, if necessary. This process involves many 
steps so it will be explained in detail below. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 

 - Simula-
tion 
Model CS 

- Insights 
on system 
behavior 

 

In this case, the step Develop/ Update Simulation Model (CS) is a complex process by 
itself, so it has its own flowchart to describe it and the steps are described in the table 
below. It is based on the traditional steps defined by Banks et al. (2014) which has been 
explained in Chapter 2. Inspiration has also been taken from the standard process for 
building simulation models followed by Volvo Car Corporation (Case III). These have 
been adapted so the Lean approach is also included in the process. 
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Table 4: Summary of the steps. Develop/ Update Simulation Model (CS). 

Step Description Responsible Input Output 
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Depending on the detailed level required to examine the system un-
der analysis, a more detailed level or a more aggregated one will be 
needed. Usually, for facilitation purposes, a high aggregated model 
will be developed as the aim is to facilitate discussions in improve-
ment events and not to conduct a very detailed analysis. On the 
other hand, for evaluation purposes (projects involving higher risk 
and investment) more detailed models will be developed. 

It is important to define this aggregation level from the beginning, 
although changes may be done later on in the process adding details 
or generalizing some concepts. It is also important to define which 
software will be used. 

It is important that the simulation engineer agrees these two deci-
sions with the Lean manager and the project team to avoid misun-
derstandings. 
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In order to understand properly the system under analysis, it is es-
sential to draw a conceptual model with the different activities, in-
puts, outputs, and people involved. Sometimes if there is a VSM al-
ready defined or a spaghetti diagram, flowchart, etc., these may be 
a good input for the simulation engineer to understand the process. 
It is also valuable for the rest of the project team, so everybody has 
the same picture of the system under analysis in mind. 

- Lean Man-
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Knowledge 

- Simulation 
Engineer 

- Project team 

Lean Tools  

A
re

 r
el

ev
a

n
t 

d
a

ta
 

a
va

il
a

bl
e?

 

In order to build the CS, it is necessary to gather the data of the 
processes such as inventory levels, processing times, the time be-
tween failures, mean time to repair, people involved, need for 
transport, the time required for transporting goods, etc. The 
amount of data will be dependent on the purpose to achieve with 
the model. If it is for facilitation purposes, usually there is no need 
to gather a high amount of data, and sometimes it is enough with 
estimations. However, for more accurate models, more data will be 
needed to ensure its reliability. 
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 If the required data is not available, the project team is responsible 

to gather this data or to make estimations/assumptions. It is im-
portant that the simulation engineer is also involved at this stage 
defining what data needs to be collected, as he/she will need it to 
model the CS of the system. 
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Engineer 

- Project team 
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 When the required data is available, then the simulation engineer 

starts building the simulation model in the selected software, us-
ing as an input the conceptual model and the data gathered. He 
builds the simulation model of the CS and the project team will be 
involved in the process to ensure that the approach is the correct 
one. 
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Once the model is built, it is time to verify (ensure that the model 
has the needed input parameters and logical structure) and validate 
it (ensure that the performance of the model is close enough to the 
real system). This will be done with the Lean manager, the simula-
tion engineer and the project team. Different verification and vali-
dation methods are described by Sargent (2011). Usually, for facili-
tation purposes, it will be enough with face validation where the 
people knowing the process will decide on the validity of the model 
according to their experience. When the model is employed for deep 
analysis and evaluation of the CS, then historical data validation or 
multistage validation may be needed. 
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If the model can’t be verified or validated, due to for example there 
are some steps missing in the process, lack of data, misunderstand-
ing about the process steps, etc. then this step returns to the previ-
ous step of Relevant data available?.  

If the model has been verified and validated, then the outputs will 
be the Simulation model CS and the insights on actual system be-
havior. 

  - Simula-
tion 
Model CS 

- Insights 
on system 
behavior 
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Define target and Target Condition 
The flowchart with the detailed steps, inputs, outputs, and people involved in this stage 
is shown below.  

Role/Needed knowledge:
‐ Decision makers (managers, group leaders, etc.)
‐ Lean Manager / Lean knowledge
‐ Simulation Engineer
‐ Project Team

Establish Target and 
Target 

Condition(TC)

Are they aligned with 
the Lean principles?

Analyze them and 
Redefine if needed

Lean 
Principles

New TC needed after 
implementation?

Target &
Target Condition

No

Yes

Vision / Strategic 
Plan  / KPI

Need/Opportunity 
for system design or 

improvement

Simulation Model 
CS

Insights on system 
behaviour

 
Figure 5: Flowchart of Define Target and Target Condition. 

The steps that are included in this flowchart refer to the different activities that have to be 
performed. Additionally, the people that are involved in each one of the steps is identified 
(square for the decision makers, triangle for the Lean manager or the people with Lean 
knowledge, circle for the simulation engineer and star for the project team). Table 5 gives 
a brief description of each one of these steps. 
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Table 5: Summary of the steps. Define Target and Target Condition. 

Step Description Responsible Input Output 
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There are two different alternatives to enter into this activity. Either 
from a CS evaluation or as a new system design of a non-existing CS 
(in which there is, therefore, no need to draw the CS). 

When the CS has been defined either via Lean tools, or a combina-
tion of simulation and Lean tools, then insights on system behavior 
have been gotten and will be an input for this activity. If simulation 
has been applied, even the CS model will be an input.  

When the need or opportunity is about a completely new system de-
sign of a non-existing system, then this will be the first step of the 
process, where the target to achieve has to be decided.  

Taking into account the Lean principles and the challenges defined 
in the strategic plan and vision of the organization, as well as the 
key performance indicators, it is now time to define what will be the 
target and target condition to achieve in the improvement or system 
design project. It is extremely important that the decision makers 
are involved again at this stage, together with the Lean manager, the 
simulation engineer and the project team, so everyone has the same 
view about the objective to achieve with the project. This is probably 
one of the key steps in the whole project, so a good definition of the 
target and target condition to achieve is necessary. 

On the other hand, after the implementation of a project, it is pos-
sible that the target condition of that specific project has to be re-
viewed, so the process loops back to this stage again.  

The output from this stage will be the definition of the target and 
target condition to achieve within the project. 
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 One of the questions that should be answered is if the target and 

target condition are aligned with the Lean principles. It is im-
portant to check that if the organization wants to become Lean, 
every project should try to follow the Lean principles.  

If they are aligned, then the process will follow the next step to De-
sign and Evaluate TC. 
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The target and target condition will be redefined if they are not 
aligned with the Lean principles. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 
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Design and evaluate Target Condition 
The flowchart with the detailed steps, inputs, outputs, and people involved in this stage 
is shown in Figure 6.  

Figure 6: Flowchart of Design and Evaluate Target Condition. 

The steps that are included in this flowchart refer to the different activities that have 
to be performed. Additionally, the people that are involved in each one of the steps is 
identified (square for the decision makers, triangle for the Lean manager or the people 
with Lean knowledge, circle for the simulation engineer and star for the project team). 
Table 6 gives a brief description of each one of these steps.  

  

Role/Needed knowledge:
‐ Decision makers (managers, group leaders, etc.)
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Table 6: Summary of the steps. Design and Evaluate Target Condition. 

Step Description Responsible Input Output 
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After ensuring that the defined target and target condition are 
aligned with the Lean principles, a key step in any improvement or 
system design project is the design of the TC. Lean tools such as 
Future Value Stream Mapping may be useful to define alternative 
scenarios to design the TC and some other Lean tools such as 
5whys, fishbone diagram, etc. may provide valuable ideas for fu-
ture scenarios. People involved in this stage include someone with 
Lean knowledge, the project team, and the simulation engineer. 

A reflection of whether simulation is needed or useful to define the 
TC is also done. 

On the other hand, if a previous project hasn’t been implemented 
successfully, further analysis may be needed without changing the 
TC defined for that project. In this case, the flow after the imple-
mentation returns to this step.  
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An analysis if DES may be a good tool to perform the study of how 
to achieve the TC is done. It seems logical that if the CS has been 
defined using simulation, the tests to achieve the TC will also be 
performed using simulation, just updating the CS model, although 
this may not always be true.  

This decision of whether to use simulation or not will depend on 
the type of analysis wanted. If there is a need for a deep analysis 
where later on quantitative results will be needed, or where the 
trial and error approach is not possible, etc. simulation can be help-
ful. Otherwise, to apply Lean tools may be sufficient. For more de-
tails on when to apply simulation see Chapter 2. An internal docu-
ment of the company containing this information may be called 
Modeling suggestions and be used in this step as an input. 

In this reflection on whether a simulation is needed or not, a deci-
sion is also taken on the aggregation level needed and if the model 
will be employed for a detailed evaluation of the TC or just as fa-
cilitation. 

 - Document: 
Modeling sug-
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If the answer to the previous question is affirmative and DES is a 
good tool to test alternative solutions to achieve the TC of the pro-
cess under analysis, then a simulation model of the TC has to be 
developed. This process also includes optimization and post-opti-
mality analysis stages.  

This process involves many steps so it will be explained in detail 
below. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 

 Knowledge, 
design 
rules, pri-
oritized im-
provement 
options 

 

In this case, the step Develop Simulation Model (TC) and run optimization is a com-
plex process by itself, so it has its own flowchart to describe it and the steps are de-
scribed in the table below. Similarly to the CS simulation model process, this is also 
based on the traditional steps defined by Banks et al. (2014) which have been explained 
in Chapter 2. Inspiration has also been taken from the standard process for building 
simulation models followed by Volvo Car Corporation (Case III). These have been 
adapted so the Lean approach is also included in the process. 
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Table 7: Summary of the steps. Develop Simulation Model (TC) and run the optimization. 

Step Description Responsible Input Output 
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? Taking into account that DES is a good tool to analyze how the tar-
get and target condition can be achieved, the first step is to analyze 
if the CS has already been simulated or not. If there is an available 
CS model, this can be updated to be employed to build alternative 
what-if scenarios. 

If it is needed but not available, then it needs to be modeled. 

For new system design of non-existing processes, then there is no 
available CS and it is not needed either. 

 -DES a good tool 
to analyze how 
can we achieve 
the target & TC 
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If the answer to the previous question is affirmative then the CS 
has to be developed. If the company already had one model built 
from previous studies, then it is enough with updating it, if neces-
sary. This process involves many steps and it has already been ex-
plained previously in Develop/Update Simulation Model (CS). 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 
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It is important that before starting to develop the TC model, the 
aggregation level is agreed between the simulation engineer, Lean 
manager, and the project team members. The software selection is 
also important although if there is already a CS model developed, 
it will probably influence the software and aggregation level se-
lected to build the TC. Usually, for facilitation purposes, a high ag-
gregated model will be developed as the aim is to facilitate discus-
sions in improvement events about possible alternative or im-
proved scenarios and not to conduct a very detailed analysis. On 
the other hand, for evaluation of new system design (more strate-
gic projects involving higher risk and investment) more detailed 
models will be developed to analyze alternative designs. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 
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It is now time to build different what-if scenarios that will provide 
with knowledge about the system behavior under the tested condi-
tions. A good input to this stage may be the previous reflections 
done by the project team such as a future state VSM, reflections 
made in kaizen workshops, the fishbone diagram, etc. Under this 
stage, it is important not to lose the focus from the target and TC 
and take into account the Lean principles to avoid building a sce-
nario that goes against the Lean approach. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 

- Lean principles 

- Target/TC 
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Once the what-if scenarios have been tested, if there is a need to 
find the optimal configuration that will fulfill the requirements es-
tablished in the TC, then a good choice is to run the optimization. 
If the what-if scenarios gave a good enough scenario (satisficing 
scenario) and optimization is not needed, then it is time to analyze 
the results. The latter will usually be the case for facilitation pur-
poses. As optimization runs require time and usually more detailed 
data to get reliable outputs. 

In case a detailed evaluation is required, then the process contin-
ues to the next step of running the optimization. 
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If optimization is required, then it is time to define the algorithm 
settings (decision variables, constraints, etc.) and to establish the 
objectives to achieve by the optimization algorithm. The algorithm 
recommended to be used is the NSGA-II (Deb et al., 2002) for 
providing good approximations to the Pareto Front to a varied 
range of problems.  

For continuous improvement projects, another alternative is to 
run SCORE (Pehrsson et al., 2016) to detect the constraints of the 
system and define the required level of improvement for each of 
those constraints (see Chapter 2 for more information). 

It is important that when defining the objectives to achieve by the 
optimization, they are in line with the target and target condition. 
So the optimal configurations provided by the optimization will 
fulfill the requirements established for them. 

The project team will work tightly with the simulation engineer at 
this stage. 

- Simulation 
Engineer 

- Project team 

-Algorithm  
settings 

-Lean principles 

- Target/TC 
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The need for post-optimality analysis has to be decided. If there is 
a need to examine the results obtained by the optimization run in 
further detail and identify rules or correlations among variables 
which are difficult to observe by visual data analysis, then it may 
be helpful to run a post-optimality analysis.  

If there is no need for further analysis, then it is time to examine 
the results obtained by the optimization. 
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Table 7 (cont.): Summary of the steps. Develop Simulation Model (TC) and run the optimization. 
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Different techniques such as data mining may be useful for under-
standing the relationships between optimization parameters that 
are hidden in the optimization results. These may be useful to gain 
insight to better configure the system under analysis. More infor-
mation about the post-optimality analysis can be found in the pre-
vious Chapter 2. 

The project team will work tightly with the simulation engineer at 
this stage. 

- Simulation 
Engineer 

- Project team 

-Knowledge dis-
covery tech-
niques (data 
mining…) 
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s 

Either just having the what-if scenarios of the simulation model, or 
a complete package of information obtained via optimization and 
also post-optimality analysis, it is time to analyze the results in de-
tail to see whether the TC has been achieved.  

This reflection will be done by the simulation engineer, project 
team, and the Lean manager. 

The important output from this step will be the knowledge, conse-
quences of changes in the system, trade-offs and optimized data 
obtained. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 

 Knowledge, 
conse-
quences, 
trade-offs 
and opti-
mized data 

T
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? The previous analysis will answer if the TC has been achieved or 
not. In the affirmative case, then the process will proceed to 
knowledge extraction. Otherwise, it will analyze if further experi-
ments are needed in order to try to achieve it. 
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If the TC has been achieved, it is time to extract conclusions from 
all the knowledge obtained in previous steps of building different 
what-if scenarios, the optimization results, and the post-optimality 
analysis. What are the requisites or changes needed in the system 
under analysis in order to achieve the TC have to be extracted in 
order to support decision makers.  

At this stage, it is extremely important that the project team, the 
simulation engineer and Lean manager work as a team so everyone 
agrees on the obtained conclusions. It is recommended that these 
conclusions and the whole process are documented in a document 
so anyone can access it and understand the process that has been 
followed. This document will facilitate the knowledge share and 
the concept of learning organization inherent to the Lean ap-
proach. 

The most important output from this stage is, therefore, the 
knowledge, design rules, and prioritized improvement options. 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 

 Document: 
Documen-
tation and 
reporting 
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 If the TC hasn’t been achieved, then it is time to analyze if further 
experiments are required. If it is the case, then the process will go 
back to Define and run experiments. Otherwise, further questions 
have to be made such as Is the aggregation level of the model 
good enough? Is the limitation of the program reached? 
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If the TC hasn’t been achieved and it won’t be enough with further 
experiments to achieve it. Then either there is something wrong 
with the aggregation level that has been chosen or the limitation of 
the software has been reached. In the affirmative case, even if the 
TC hasn’t been achieved, the process jumps to Knowledge extrac-
tion and another approach should be taken in order to try to 
achieve the TC. In this case, maybe the Lean trial and error ap-
proach is a good alternative. 

If the answers to both questions are negative, then the process 
jumps to Develop/Update Simulation Model (CS) and corrections 
should be done in the model. 

   

 

  

Step Description Responsible Input Output 
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Presentation to decision makers and decision-making 
The flowchart with the detailed steps, inputs, outputs, and people involved in this stage 
is shown below.  

Figure 8: Flowchart of Presentation to decision makers and decision-making. 

The steps that are included in this flowchart refer to the different activities that have 
to be performed. Additionally, the people that are involved in each one of the steps is 
identified (square for the decision makers, triangle for the Lean manager or the people 
with Lean knowledge, circle for the simulation engineer and star for the project team). 
Table 8 gives a brief description of each one of these steps.  

Table 8: Summary of the steps. Presentation to decision makers and decision-making. 

Step Description Responsible Input Output 
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The conclusions and knowledge obtained either via a Lean alone 
approach or by the use of Lean and SMO will be the important in-
put for decision-making. When choosing a Lean alone perspective, 
the future state VSM, A3 reports, kaizen workshop results, etc. can 
be the tools used to present conclusions to management; while in 
the combined approach, the simulation and optimization, as well 
as the post-optimality results, can be presented as quantitative in-
put to management in order to take highly informed quality deci-
sions. These results can be presented in an A3 report. 

Everyone involved in the process should be present at this stage. 
The simulation engineer will provide with the dynamics of the sim-
ulation and optimization, while the Lean manager and the project 
team will provide with their knowledge about the process. The de-
cision makers will take a decision about what to implement de-
pending on the information received and taking into account the 
Lean principles. 

-Decision 
makers (man-
agers, group 
leaders, etc.) 

- Lean Man-
ager / Lean 
Knowledge 

- Simulation 
Engineer 

- Project team 

- Knowledge, de-
sign rules, prior-
itized improve-
ment options 

- Results, 
knowledge 

- Lean tools 

- Lean principles 

- Decision 

 

  

Role/Needed knowledge:
‐ Decision makers (managers, group leaders, etc.)
‐ Lean Manager / Lean knowledge
‐ Simulation Engineer
‐ Project Team

Presentation to 
decision makers and 
Decision‐making

Knowledge, design rules, 
prioritized improvement 

options

Decision

Lean 
Principles

Lean Tools

Knowledge, results
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Implement and evaluate the implementation 
The flowchart with the detailed steps, inputs, outputs, and people involved in this stage 
is shown below.  

 

Figure 9: Flowchart of Implement and evaluate implementation. 

The steps that are included in this flowchart refer to the different activities that have 
to be performed. Additionally, the people that are involved in each one of the steps is 
identified (square for the decision makers, triangle for the Lean manager or the people 
with Lean knowledge, circle for the simulation engineer and star for the project team). 
Table 9 gives a brief description of each one of these steps. 

Table 9: Summary of the steps. Implement and evaluate implementation. 

Step Description Responsible Input Output 

Im
p

le
m

en
ta

ti
on

 

Once the decision about what to implement has been decided, then 
the project team together with the Lean manager will start the im-
plementation phase. This means to go to the Gemba and try what 
has been designed to see if the outcome will reach the target condi-
tion when implementing it in the real world. 

At this stage, and depending on the project, Lean tools and the Kata 
approach will play an important role. Additionally, if it has been de-
cided that different technical improvements in machines or equip-
ment have to be made to achieve the target condition, they will be 
done at this stage. 

After the implementation phase, which will take more or less time 
depending on the project, it will be time to get the results and ana-
lyze them. 

- Lean Man-
ager / Lean 
Knowledge 

- Project team 

- Decision 

- Technical 
improvements 

- Kata 

- Lean Tools 

- Results 
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s It is important that the results from the implementation stage are 
analyzed and conclusions are drawn to see whether the target con-
dition has been achieved as planned or there have been deviations 
in the way. The project team and the Lean manager will be respon-
sible for this task. 

- Lean Man-
ager / Lean 
Knowledge 

- Project team 

 

Need/Op-
portunity for 
system de-
sign and im-
provement 
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Table 9 (cont.): Summary of the steps. Implement and evaluate implementation. 

Step Description Responsible Input Output 
C

or
re

ct
 

im
p

le
-

m
en

ta
ti

on
 

If the implementation has not been correctly performed, then it 
has to be corrected. If it has been correctly done, then the process 
continues to the next step. 
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If the TC has been achieved, then the system has successfully been 
designed or improved. On the contrary, if it hasn’t been achieved, 
then the process analyzes if a new TC is required. 
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If the TC hasn’t been achieved, there is a decision to take. Either a 
new TC is decided, then the process will return to the previous 
step Establish target and TC. Or if a new TC isn’t needed, the pro-
cess will go back to Design the TC. 

   

 

Detailed flowchart 
The following flowchart presents the interactions between all the steps presented in 
the sections above. 
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Considerations and recommendations 
These are some of the considerations and recommendations that have to be taken into 
account when implementing the evaluation module of the framework: 

• Depending on the project, the simulation model for evaluation purposes may be a very 
detailed model. In these cases, the model will require more process data and expertise 
from the simulation engineer. The simulation model will probably also take a longer time 
to develop. 

• Depending on the aggregation level needed by the project and also the educational back-
ground of the project team related to simulation and optimization, some activities will be 
performed by a specialized simulation engineer or by the team itself, or by both of them. 
There are production engineers with the knowledge to build simulation models and run 
optimization without the need for a simulation engineer. 

• Optimization and post-optimality analysis used for the evaluation purpose will provide 
with a high level of information and knowledge about the system to support the decision-
making process. But will also require more knowledge from the simulation engineers in 
order to run them. And also more time will be required to get the results, but once the 
results are obtained, then to choose among the existing alternatives will probably be faster 
and more accurate, the implementation will be focused on what is needed to be improved 
or based on how the new system design should look like. 

• This module will be very useful when taking complex decisions that require a thorough 
analysis, to analyze the design of new non-existing systems, or complex systems.  

• When running a project for evaluation purposes, a recommendation is to ensure that the 
needed equipment is available and ready for the project kick-off. 

• The simulation engineer is the one building the model. However, a continuous collabora-
tion with the project team and the Lean manager/people with Lean knowledge, has been 
presented under this evaluation process as a key element. It is important that all the roles 
work as a team in the whole SMO process because a more collaborative approach will lead 
to better results and more engagement to achieve the established targets. The traditional 
approach where the project team just waits for the SMO results is no longer valid in the 
framework presented in the thesis. 

• Strategic, tactical and operational projects are considered in the flowcharts presented un-
der the evaluation process. The required data and model aggregation will be different and 
chosen accordingly, the project team will also have a different profile, but the steps will be 
the same. This also applies to the facilitation process. 

• It is important to consider the Lean principles at all the stages of the evaluation process. 

• Compared to the facilitation process, the evaluation process will take a longer time and 
will probably require more expertise from the modeler, but the analysis and knowledge 
obtained will be much richer. 
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Evaluation survey about usability
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APPENDIX III: 
SURVEY ABOUT USABILITY 
 

This appendix presents the survey submitted to users and decision makers who used 
the framework in real-world cases. The surveys were distributed online and are still 
available in the following links: 

• User survey: https://surveyhero.com/c/e820e43f 

• Decision maker and project leader survey: https://surveyhero.com/c/c8df93a8 

 

The ones attached in this thesis are a copy of the original ones that can be found in the 
links provided above. 

A detailed analysis of the obtained results is also attached in this appendix. 
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USER SURVEY 

Bringing together Lean, Simulation and Optimiza-
tion for system design and improvement 

 

Thank you for taking part in this survey and for contributing to my research!  

Aim: You have been part of a project where you have employed the framework combining 
lean, simulation and optimization as a guide to work with a system design or improvement 
project in a company. Therefore, the aim of this survey is to gather your opinion about some 
quality characteristics of the framework, including its usability. 

Anonymity: The information obtained from this questionnaire will be employed just for 
research purposes and the anonymity of the participants is ensured. No individual infor-
mation will be disclosed.  

Duration: The questionnaire will take about 15 minutes to complete. 

Researcher:  

Ainhoa Goienetxea Uriarte 
Production and Automation Engineering Division 
School of Engineering Science, University of Skövde 
Phone: (+46) 0500 – 44 85 82  
E-mail: ainhoa.goienetxea@his.se 
 

Tack! 
Ainhoa 
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Some information before you start… 
The framework for combining lean simulation and optimization for system design, im-
provement and decision-making support will hereafter be named as "the framework". 

The characteristics to be analyzed in this survey are part of the attributes for quality 
and usability defined in different ISO standards (ISO 9241-11, ISO 25010, ISO 25022, 
ISO 25066). Although some questions may seem to be similar, they try to measure 
specific aspects of certain attribute.  

In each slide you will find the main characteristic to be analyzed as the heading, fol-
lowed by the sub-characteristics (highlighted in bold) and the questions related to 
them. The questionnaire has Likert type scale questions (strongly agree ... strongly 
disagree), and open questions where you can motivate your answers.  

The following figure shows the characteristics that will be evaluated in this question-
naire: 
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Functional suitability 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Functional  
completeness 

I think that the framework covers all 
the needed steps for system design 
and improvement including how to 
combine lean, simulation and opti-
mization, when, where and who 
should be involved in each step. 

☐ ☐ ☐ ☐ ☐ 

Functional  
correctness 

I think that the framework provides 
the correct processes (evaluation, 
facilitation, and education) to con-
duct system design and improve-
ment projects combining lean, sim-
ulation and optimization. 

☐ ☐ ☐ ☐ ☐ 

I think that the processes have the 
needed degree of precision and de-
tail. 

☐ ☐ ☐ ☐ ☐ 

Functional  
appropriateness 

I think that the framework facili-
tates the accomplishment of system 
design and improvement projects. 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answers: 

 

 

 

Compatibility 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Co-existence and 
interoperability 

I think that the framework can be 
integrated as a new standard 
within the standards of the com-
pany (e.g. existing project man-
agement standards). 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answer: 

 

 

 

Usability 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Appropriateness 
recognisability: 

I think that the framework is an 
appropriate guide to support sys-
tem design and improvement 
projects. 

☐ ☐ ☐ ☐ ☐ 

Learnability I think that the provided descrip-
tion of the framework allowed me 
to learn how to use it with effec-
tiveness and efficiency to support 
system design and improvement. 

☐ ☐ ☐ ☐ ☐ 

I think that other people working 
with system design and improve-
ment will be able to learn how to 
use the framework. 

 

 

☒ ☐ ☐ ☐ ☐ 
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Sub-characteristic Question 
Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Operability and 
aesthetics 

I think that the framework is vis-
ual and easy to understand. 

☐ ☐ ☐ ☐ ☐ 

I think that the framework is 
easy to use. 

☐ ☐ ☐ ☐ ☐ 

Accessibility I think that the framework can 
be used by different type of peo-
ple (production engineers, lean 
engineers, simulation engineers, 
project teams, etc.) when con-
ducting system design and im-
provement projects. 

☐ ☐ ☐ ☐ ☐ 

User experience I think that the framework 
achieves my needs and expecta-
tions for combining lean, simula-
tion and optimization for system 
design and improvement. 

     

 

Please motivate your answers: 

 

 

 

Usability – quality in use 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Effectiveness I think that the framework has 
provided me with a standard, ac-
curate and complete way to con-
duct my project of system design 
and/or improvement and 
achieve the established goals. 

☐ ☐ ☐ ☐ ☐ 

Efficiency I think that the framework has 
provided me with a standard, ac-
curate and complete way to con-
duct my project of system design 
and/or improvement and achieve 
the established goals in a time 
and cost efficient way. 

☐ ☐ ☐ ☐ ☐ 

Satisfaction, useful-
ness and trust 

In overall, I am satisfied with the 
framework and its support for 
system design and improvement. 

☐ ☐ ☐ ☐ ☐ 

I have considered the framework 
useful to support me to achieve 
my goals regarding system de-
sign and improvement. 

☐ ☐ ☐ ☐ ☐ 

I would like to use the framework 
in future projects related to sys-
tem design and improvement. 

☐ ☐ ☐ ☐ ☐ 

I trust on the functionality of the 
framework to support system de-
sign and improvement. 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answers: 
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Freedom from risk – quality in use 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Risk mitigation The framework supports me 
avoiding the errors of missing 
important steps or not taking 
into account important princi-
ples in the process of system de-
sign and improvement. 

☒ ☐ ☐ ☐ ☐ 

 

Please motivate your answer: 

 

 

 

Context coverage – quality in use 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Context complete-
ness and flexibility 

I think that the framework could 
be used in other organizations to 
support system design and im-
provement. 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answer: 

 

 

 

Additional comments 
Please feel free to add any comments or suggestions (e.g. improvement suggestions, 
experienced problems, weaknesses and strengths of the framework, etc.): 
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DECISION MAKER SURVEY 

Bringing together Lean, Simulation and Optimiza-
tion for system design and improvement 

 

Thank you for taking part in this survey and for contributing to my research!  

Aim: You have been part of a project where you have employed the framework com-
bining lean, simulation and optimization as a guide to work with a system design or 
improvement project in your company. Therefore, the aim of this survey is to gather 
your opinion as project leader or decision maker about some quality characteristics of 
the framework, including its usability. 

Anonymity: The information obtained from this questionnaire will be employed just 
for research purposes and the anonymity of the participants is ensured. No individual 
information will be disclosed.  

Duration: The questionnaire will take about 15 minutes to complete. 

Researcher:  

Ainhoa Goienetxea Uriarte 

Production and Automation Engineering Division 

School of Engineering Science, University of Skövde 

Phone: (+46) 0500 – 44 85 82  

E-mail: ainhoa.goienetxea@his.se 

 

Tack! 
Ainhoa 
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Some information before you start… 
The characteristics to be analyzed in this survey are part of the attributes for quality 
and usability defined in different ISO standards (ISO 9241-11, ISO 25010, ISO 25022, 
ISO 25066). Although some questions may seem to be similar, they try to measure 
specific aspects of a certain attribute.  

In each slide you will find the main characteristic to be analyzed as the heading, fol-
lowed by the sub-characteristics (highlighted in bold) and the questions related to 
them. The questionnaire has Likert type scale questions (strongly agree ... strongly 
disagree), and open questions where you can motivate your answers.  

The following figure shows the characteristics that will be evaluated in this question-
naire: 
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Usability – quality in use 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Effectiveness I think that to follow the frame-
work combining lean, simulation 
and optimization has provided 
me with the needed alternatives, 
information and trade-offs to 
support my decision-making 
process regarding system design 
and improvement projects. 

☐ ☐ ☐ ☐ ☐ 

Efficiency I think that to follow the frame-
work combining lean, simulation 
and optimization has provided 
me with the needed alternatives, 
information and trade-offs to 
support my decision-making 
process regarding system design 
and improvement projects in a 
time and cost efficient way. 

☐ ☐ ☐ ☐ ☐ 

Satisfaction, useful-
ness and trust 

I define myself satisfied with the 
knowledge I have received to 
support my decision-making 
process regarding system design 
and improvement. 

☐ ☐ ☐ ☐ ☐ 

I have considered the frame-
work useful to support my deci-
sion-making process regarding 
system design and improvement. 

☐ ☐ ☐ ☐ ☐ 

I think that it is interesting to 
use the framework in future pro-
jects related to system design 
and improvement to support my 
decision-making process. 

☐ ☐ ☐ ☐ ☐ 

I trust on the functionality of the 
framework to support my deci-
sion-making process. 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answers: 

 

 

 

Freedom from risk – quality in use 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Risk mitigation I think that the framework com-
bining lean, simulation and opti-
mization guides towards sup-
porting a knowledge-driven deci-
sion, reducing the risk to take a 
wrong decision. 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answer: 
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Context coverage – quality in use 
Sub-characteristic Question 

Strongly 
disagree 

Disagree Neutral Agree 
Strongly 

Agree 

Context complete-
ness and flexibility 

I think that the framework could 
be used in other organizations to 
support system design, improve-
ment and decision-making. 

☐ ☐ ☐ ☐ ☐ 

 

Please motivate your answer: 

 

 

 

Additional comments 
Do you have any further comments? (e.g., improvement suggestions, experienced prob-
lems, weaknesses and strengths of the framework, etc.) 
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ANALYSIS OF THE RESULTS: USER SURVEY 

The main conclusions of this analysis are explained in Chapter 4. However, the de-
tailed statistical analysis of the answers is provided below.  

The analysis has been conducted in two different areas: analyzing the quality of the 
framework and the quality in use. Different characteristics and sub-characteristics 
have been analyzed in each one of them as shown in the figure below. 

 
Figure 4: Characteristics and sub-characteristics analyzed in the survey to users. 

 

The general statistics about the individual question are shown in Table 1. 

Table 1: Descriptive statistics about the users’ answers. 
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N Valid 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
Miss-
ing 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mean 4,4 4,5 4,2 4,1 4,5 4,4 4,0 4,3 4,7 4,3 4,3 4,4 4,2 4,0 4,5 4,4 4,7 4,5 4,2 4,1 
Std. Error 
of Mean 

,15 ,15 ,19 ,18 ,20 ,15 ,21 ,15 ,14 ,15 ,24 ,15 ,19 ,19 ,15 ,20 ,14 ,20 ,23 ,22 

Median 4,0 5,0 4,0 4,0 5,0 4,0 4,0 4,0 5,0 4,0 5,0 4,0 4,0 4,0 5,0 5,0 5,0 5,0 4,0 4,0 
Mode 4 5 4 4 5 4 4 4 5 4 5 4 4 4 5 5 5 5 5 4 
Std. Devi-
ation 

,52 ,52 ,64 ,60 ,68 ,52 ,70 ,50 ,46 ,50 ,80 ,52 ,64 ,63 ,52 ,68 ,46 ,68 ,78 ,75 

Variance ,27 ,27 ,41 ,36 ,47 ,27 ,49 ,25 ,21 ,25 ,65 ,27 ,41 ,40 ,27 ,47 ,21 ,47 ,61 ,56 
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The statistics divided by group of users (supervised vs. unsupervised) are shown below: 

Table 2: Statistics divided by group of users (supervised vs. unsupervised). 
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Mean 4,5 4,4 4,1 4,1 4,4 4,4 4,00 4,2 4,8 4,4 4,2 4,4 4,4 4,1 4,4 4,2 4,7 4,5 4,1 4,2 
N 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
Std.  
Deviation 

,53 ,53 ,69 ,37 ,78 ,53 ,81 ,48 ,37 ,53 ,75 ,53 ,53 ,69 ,53 ,75 ,48 ,53 ,69 ,75 

Std. Error 
of Mean 

,20 ,20 ,26 ,14 ,29 ,20 ,30 ,18 ,14 ,20 ,28 ,20 ,20 ,26 ,20 ,28 ,18 ,20 ,26 ,28 

Median 5,0 4,0 4,0 4,0 5,0 4,0 4,0 4,0 5,0 4,0 4,0 4,0 4,0 4,0 4,0 4,0 5,0 5,0 4,0 4,0 

U
n

su
p

er
vi

se
d

 Mean 4,2 4,7 4,5 4,2 4,7 4,5 4,2 4,5 4,5 4,2 4,5 4,5 4,0 3,7 4,7 4,7 4,7 4,5 4,5 4,0 
N 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Std.  
Deviation 

,50 ,50 ,57 ,95 ,50 ,57 ,50 ,57 ,57 ,50 1,0 ,57 ,81 ,50 ,50 ,50 ,50 1,0 1,0 ,81 

Std. Error 
of Mean 

,25 ,25 ,28 ,47 ,25 ,28 ,25 ,28 ,28 ,25 ,50 ,28 ,40 ,25 ,25 ,25 ,25 ,50 ,50 ,40 

Median 4,0 5,0 4,5 4,5 5,0 4,5 4,0 4,5 4,5 4,0 5,0 4,5 4,0 4,0 5,0 5,0 5,0 5,0 5,0 4,0 

T
ot

al
 

Mean 4,4 4,5 4,2 4,1 4,5 4,4 4,0 4,3 4,7 4,3 4,3 4,4 4,2 4,0 4,5 4,4 4,7 4,5 4,2 4,1 
N 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
Std.  
Deviation 

,52 ,52 ,64 ,60 ,68 ,52 ,70 ,50 ,46 ,50 ,80 ,52 ,64 ,63 ,52 ,68 ,46 ,68 ,78 ,75 

Std. Error 
of Mean 

,15 ,15 ,19 ,18 ,20 ,15 ,21 ,15 ,14 ,15 ,24 ,15 ,19 ,19 ,15 ,20 ,14 ,20 ,23 ,22 

Median 4,0 5,0 4,0 4,0 5,0 4,0 4,0 4,0 5,0 4,0 5,0 4,0 4,0 4,0 5,0 5,0 5,0 5,0 4,0 4,0 

 

The results of the Mann-Whitney test to analyze the differences between both groups 
of users (supervised vs. unsupervised) is shown in Table 3. The output significance 
tests showed that the p-values are all above 0.05 (see the row Exact Sig. [2*(1-tailed 
Sig.)], therefore, it can be concluded that there is no statistically significant difference 
between the answers of both groups of users. 

Table 3: Output significance test. 

Test Statisticsa 

 

F
u

n
ct

io
n

al
 C

om
pl

et
en

es
s 

F
u

n
ct

io
n

al
 C

or
re

ct
n

es
s 

 
(c

or
re

ct
 p

ro
ce

ss
es

) 

F
u

n
ct

io
n

al
 C

or
re

ct
n

es
s 

(P
re

-
ci

si
on

 a
n

d
 d

et
ai

l)
 

F
u

n
ct

io
n

al
 A

pp
ro

pr
ia

te
n

es
s 

C
o-

ex
is

te
n

ce
 a

n
d

  
in

te
ro

p
er

ab
il

it
y 

A
p

p
ro

pr
ia

te
n

es
s 

 
re

co
gn

is
ab

il
it

y 

L
ea

rn
ab

il
it

y 

L
ea

rn
ab

il
it

y 
(o

th
er

 p
eo

pl
e)

 

O
pe

ra
bi

li
ty

 a
n

d
 a

es
th

et
ic

s 
(v

is
u

al
, e

as
y 

to
 u

n
d

er
st

an
d

) 

O
pe

ra
bi

li
ty

 a
n

d
 a

es
th

et
ic

s 
(e

as
y 

to
 u

se
) 

A
cc

es
si

bi
li

ty
 

U
se

r 
E

xp
er

ie
n

ce
 

E
ff

ec
ti

ve
n

es
s 

E
ff

ic
ie

n
cy

 

Sa
ti

sf
ac

ti
on

, u
se

fu
ln

es
s 

an
d

 
tr

u
st

 (
ov

er
al

l)
 

Sa
ti

sf
ac

ti
on

, u
se

fu
ln

es
s 

an
d

 
tr

u
st

 (
u

se
fu

l t
o 

go
al

s)
 

Sa
ti

sf
ac

ti
on

, u
se

fu
ln

es
s 

an
d

 
tr

u
st

 (
fu

tu
re

) 

Sa
ti

sf
ac

ti
on

, u
se

fu
ln

es
s 

an
d

 
tr

u
st

 (
tr

u
st

) 

F
re

ed
om

 fr
om

 r
is

k 

C
on

te
xt

 C
ov

er
ag

e 

Mann-
Whitney 

U 
9,5 9,5 10 12 11 13 11,5 11 9 11,5 11 13 9,5 9,5 9,5 9 13,5 13 9,5 11 

Wilcoxon 
W 

19,5 37,5 38 40 39 41 39,5 39 19 21,5 39 41 19,5 19,5 37,5 37 41,5 41 37,5 21 

Z -,98 -,98 -,84 -,44 -,66 -,21 -,52 -,67 -1,2 -,56 -,62 -,21 -,95 -,99 -,98 -1,0 -,12 -,22 -,91 -,61 

Asymp. 
Sig. (2-
tailed) 

,32 ,32 ,39 ,65 ,50 ,82 ,60 ,49 ,22 ,57 ,53 ,82 ,34 ,32 ,32 ,28 ,90 ,82 ,35 ,54 

Exact Sig. 
[2*(1-
tailed 
Sig.)] 

,41b ,41b ,52b ,78b ,64b ,92b ,64b ,64b ,41b ,64b ,64b ,92b ,41b ,41b ,41b ,41b ,92b ,92b ,41b ,64b 

a. Grouping Variable: Group 
b. Not corrected for ties. 
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The statistical analysis of the answers provided to each sub-characteristic and the com-
ments provided by the users are presented in the following sections. 

Analysis of the functional suitability 
 

Functional Completeness 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 6 54,5 54,5 54,5 

Strongly agree 5 45,5 45,5 100,0 

Total 11 100,0 100,0  

 
Figure 2: Analysis of the answers. Functional completeness. 

 
Functional Correctness (correct processes) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 5 45,5 45,5 45,5 

Strongly agree 6 54,5 54,5 100,0 

Total 11 100,0 100,0  

 
Figure 3: Analysis of the answers. Functional correctness (correct processes). 
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Functional Correctness (Precision and detail) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 9,1 9,1 9,1 

Agree 6 54,5 54,5 63,6 

Strongly agree 4 36,4 36,4 100,0 

Total 11 100,0 100,0  

 
Figure 4: Analysis of the answers. Functional correctness (precision and detail). 

 
Functional Appropriateness 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 9,1 9,1 9,1 

Agree 7 63,6 63,6 72,7 

Strongly agree 3 27,3 27,3 100,0 

Total 11 100,0 100,0  

 
Figure 5: Analysis of the answers. Functional appropriateness. 
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Users’ comments: 

• Overall the framework functions very well. Some of the flow charts could, however, be 
more streamlined. 

• The steps and detail level depend a lot on the user. However, it seems good balanced for 
different levels of expertise both in industry and academia. 

• Själva metoden beskriver väl utförligt hur man ska gå till väga för att kombinera Lean, 
simulering och optimering. Metoden är tillräckligt detaljerad för att det ska finnas en 
chans för att göra personliga ändringar för att det ska passa till just ens egna projekt. 

• Overall a complete framework; that step by step guide through all of the different steps 
and processes that are needed. 

• Overall very good, some texts are a bit too general and can benefit from a more detailed 
level. 

• I think that if you have some knowledge in lean, simulation and optimization, you can use 
the framework with great success. 

• Eftersom pärmen främst vänder sig till människor i ledande roller som redan förväntas 
ha grundläggande förståelse för produktion/sjukvård anser jag att de steg som presente-
ras och detaljnivån på dessa är väl avvägd. Om man i framtiden önskar rikta sig mot 
mindre erfarna läsare behövs kanske en mer detaljerad och ingående text och fler exempel 
från arbetslivet, exempel som illustrerar hur författaren använt sig av metoder i skarpa 
projekt.  

 

Analysis of the compatibility 
 

Co-existence and interoperability 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 9,1 9,1 9,1 

Agree 3 27,3 27,3 36,4 

Strongly agree 7 63,6 63,6 100,0 

Total 11 100,0 100,0  

 
Figure 6: Analysis of the answers. Co-existence and interoperability. 
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Users’ comments: 

• Because it is a complete project template that is easy to follow and therefore cheap to use 
and implement. 

• At no point did I experience the framework coming in conflict with established standards 
or work procedures. 

• It is really useful to bring up cooperation between different role players in this kind of 
projects. 

• It's an easy way for a company to start with Lean since the framework has a good structure 
and examples/exercises (the user is probably referring to the handbook). 

• Metoden skulle kunna integreras som en standard för att få personalen att arbeta efter ett 
standardiserat arbetssätt. Det finns en lucka för ändringar och varje företag bör göra dessa 
ändringar för att kunna få ut det mesta av metoden. 

• I think that if the framework is to be integrated in the company, it would depend on the 
company itself. If the company has the vision to become lean and has a structure to absorb 
new technology, it can work. 

• The framework is easy to use, understand and motivate. 

 

Analysis of the usability (quality) 
 

Appropriateness recognisability 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 6 54,5 54,5 54,5 

Strongly agree 5 45,5 45,5 100,0 

Total 11 100,0 100,0  

 
Figure 7: Analysis of the answers. Appropriateness recognisability. 
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Learnability 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 2 18,2 18,2 18,2 

Agree 6 54,5 54,5 72,7 

Strongly agree 3 27,3 27,3 100,0 

Total 11 100,0 100,0  

 
Figure 8: Analysis of the answers. Learnability. 

 
Learnability (other people) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 7 63,6 63,6 63,6 

Strongly agree 4 36,4 36,4 100,0 

Total 11 100,0 100,0  

 
Figure 9: Analysis of the answers. Learnability (other people). 
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Operability and aesthetics (visual, easy to understand) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 3 27,3 27,3 27,3 

Strongly agree 8 72,7 72,7 100,0 

Total 11 100,0 100,0  

 
Figure 10: Analysis of the answers. Operability and aesthetics (visual, easy to understand). 

 
Operability and aesthetics (easy to use) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 7 63,6 63,6 63,6 

Strongly agree 4 36,4 36,4 100,0 

Total 11 100,0 100,0  

 
Figure 11: Analysis of the answers. Operability and aesthetics (easy to use). 
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Accessibility 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 2 18,2 18,2 18,2 

Agree 3 27,3 27,3 45,5 

Strongly agree 6 54,5 54,5 100,0 

Total 11 100,0 100,0  

 
Figure 12: Analysis of the answers. Accessibility. 

 
User Experience 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 6 54,5 54,5 54,5 

Strongly agree 5 45,5 45,5 100,0 

Total 11 100,0 100,0  

 
Figure 13: Analysis of the answers. User experience. 
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Users’ comments: 

• The framework was a great guide for us to use in our last year project. Especially because 
of the fact that it stated which tools and which people to use in different stages of the 
project. 

• The usability may be highly dependent on which areas of lean, simulation and optimiza-
tion the subject is familiar with before using the framework. As someone who was familiar 
with all three areas, it was easy to pick up the concepts. The experience may vary for some-
one who is new to simulation for example, but with the introductory chapters and support 
from other project members, this may not be an issue. 

• Some minimum background in this kind of tools should be required to use it. 

• The use of it is widely and fits everyone in a production chain. 

• Jag tror att metoden är lämplig för personer som redan har en bred kunskap kring dessa 
ämnen och för att det ska kunna användas effektivt tror jag att man måste lära sig att 
använda de olika delarna. Jag ser det som en "learning curve" där man hela tiden utveck-
las och lär sig metoden mer utförligt. Metoden innehåller visuella medel som är till hjälp 
för att beskriva olika delar och steg i metoden vilket är väldigt enkelt att följa och anamma. 
Jag har ingen motivering till om den är lämplig för just alla dessa typer av personer som 
står listade ovan, men det skulle nog kunna fungera. 

• Den är tydlig och enkel att följa eftersom upplägget följer ett logiskt mönster. Texten är 
också den tydlig och inte onödigt komplicerad som den annars kan vara i läroböcker.  

• On the Accessibility: some text can be hard to fully grasp if the user do not have enough 
experience 

Analysis of the usability (quality in use) 
 

Effectiveness 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 9,1 9,1 9,1 

Agree 6 54,5 54,5 63,6 

Strongly agree 4 36,4 36,4 100,0 

Total 11 100,0 100,0  

 
Figure 14: Analysis of the answers. Effectiveness. 
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Efficiency 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 2 18,2 18,2 18,2 

Agree 7 63,6 63,6 81,8 

Strongly agree 2 18,2 18,2 100,0 

Total 11 100,0 100,0  

 
Figure 15: Analysis of the answers. Efficiency. 

 
Satisfaction, usefulness and trust (overall) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 5 45,5 45,5 45,5 

Strongly agree 6 54,5 54,5 100,0 

Total 11 100,0 100,0  

 
Figure 16: Analysis of the answers. Satisfaction, usefulness and trust (overall). 
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Satisfaction, usefulness and trust (useful to goals) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 9,1 9,1 9,1 

Agree 4 36,4 36,4 45,5 

Strongly agree 6 54,5 54,5 100,0 

Total 11 100,0 100,0  

 
Figure 17: Analysis of the answers. Satisfaction, usefulness and trust (useful to goals). 

 
Satisfaction, usefulness and trust (future) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 3 27,3 27,3 27,3 

Strongly agree 8 72,7 72,7 100,0 

Total 11 100,0 100,0  

 
Figure 18: Analysis of the answers. Satisfaction, usefulness and trust (future). 
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Satisfaction, usefulness and trust (trust) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 9,1 9,1 9,1 

Agree 3 27,3 27,3 36,4 

Strongly agree 7 63,6 63,6 100,0 

Total 11 100,0 100,0  

 
Figure 19: Analysis of the answers. Satisfaction, usefulness and trust (trust). 

 

Users’ comments: 

• I do not view the framework as "complete" in the sense that it is the only tool being used. 
It does encompass the entire process, but a major strength of the framework is the ability 
to apply other tools alongside it to support the process. 

• It's not easy to measure the performance of the framework regarding the development of 
the projects. 

• Personligen så tycker jag att metoden fungerade väldigt bra för mig, då den svarade på 
flera frågor som jag hade. Mitt examensarbete hade en tydlig röd linje som var på grund 
av metoden som jag använde. Dessutom hade jag hjälp av min handledare som varit med 
och skrivit metoden, så jag fick svar på alla frågor jag hade kring metoden. I framtiden 
skulle jag gärna använda mig utav metoden när jag genomför framtida projekt.) 

• Svårt att svara på ett bra sätt. 
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Analysis of the freedom from risk 
 

Freedom from risk 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 2 18,2 18,2 18,2 

Agree 4 36,4 36,4 54,5 

Strongly agree 5 45,5 45,5 100,0 

Total 11 100,0 100,0  

 
Figure 20: Analysis of the answers. Freedom from risk. 

 
Users’ comments: 

• The visualization prohibits those errors. 

• The framework provides a solid foundation for the design and improvement process. 
Without it the project would rely on the experience of the participants, and without a cen-
tral framework the coordination of the project could suffer. 

• Följer man metoden steg för steg så är det svårt att göra fel, självklart går det att göra fel 
fast då har man inte följt metoden till 100 %. 

• The handbook where the framework is explained, lists some potential sources of errors 
and disadvantages but not so much on how to avoid errors and overcome disadvantages. 

• Samma svar som tidigare men min uppfattning är att den kommer att hjälpa mig att und-
vika fel när jag väl använder ramverken. 

• If you follow the guide step by step, it is certainly hard to miss steps. 
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Analysis of the context coverage 
 

Context Coverage 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 2 18,2 18,2 18,2 

Agree 5 45,5 45,5 63,6 

Strongly agree 4 36,4 36,4 100,0 

Total 11 100,0 100,0  

 
Figure 21: Analysis of the answers. Context coverage. 

 

Users’ comments: 

• I believe the framework is "generic" enough to be applied to many different kinds of areas 
as long as the participants can frame the problems and target conditions in the right way. 

• Useful for different case studies. 

• Självklar går det att använda i en organisation då stegen i slutet är optimering och stän-
diga förbättringar är alltid med. 

 

General comments 
• I think that a deeper explanation of the steps in a simulation model would be helpful. 

• Se mitt svar om målgrupp. Som det är just nu tror jag att förkunskaper är ett krav för att 
få ut det mesta ur ramverken. Jag hade gärna sett fler exempel på då du eller någon annan 
använt sig av föreslagna metodik i projekt och vad det gav för utfall. 

• For overall the framework was good! It was easy to read and follow. Cannot see any needs 
of major or minor improvements of the parts we read and handled. 

  

0 0 2
5 4

0

2

4

6

8

10

Strongly
disagree

Disagree Neutral Agree Strongly
agree

Context Coverage



APPENDICES 

 

218 

ANALYSIS OF THE RESULTS: DECISION MAKER SURVEY 

The main conclusions of this analysis are also explained in Chapter 4. However, a de-
tailed statistical analysis of the answers is provided below.  

This analysis is divided into three different concepts: usability, freedom from risk and 
context completeness and flexibility as shown in the figure below. 

 
Figure 22: Characteristics and sub-characteristics analyzed in the survey to decision makers. 

 

The general statistics of the individual question are shown in Table 4. 

Table 4: Descriptive statistics of the decision makers’ answers. 

 
Usability 

Freedom 
from risk 

Context 
coverage 

 

Effective-
ness 

Effi-
ciency 

Satisfac-
tion overall 

Satisfac-
tion  

(useful) 

Satisfaction 
(interesting) 

Satisfac-
tion 

(trust) 

Wrong de-
cision miti-

gation 

Context 
complete-
ness and 
flexibility 

N Valid 4 4 4 4 4 4 4 4 
Missing 0 0 0 0 0 0 0 0 

Mean 3,75 3,75 4,25 4,50 4,50 4,50 4,50 4,25 
Std. Error of 
Mean 

0,250 0,250 0,250 0,289 0,289 0,289 0,289 0,250 

Median 4,00 4,00 4,00 4,50 4,50 4,50 4,50 4,00 
Mode 4 4 4 4a 4a 4a 4a 4 
Std. Deviation 0,500 0,500 0,500 0,577 0,577 0,577 0,577 0,500 
a. Multiple modes exist. The smallest value is shown 

 

The statistical analysis of the answers provided to each sub-characteristic and the com-
ments provided by the users are presented in the following sections. 

 

Analysis of the usability (quality in use) 
This analysis is divided into three different concepts: effectiveness, efficiency and satisfac-
tion. An individual statistical analysis for each of the questions is presented in the following 
figures.  
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Effectiveness 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 25,0 25,0 25,0 

Agree 3 75,0 75,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 23: Analysis of the answers. Usability-effectiveness. 

 
Efficiency 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral 1 25,0 25,0 25,0 

Agree 3 75,0 75,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 24: Analysis of the answers. Usability-efficiency. 
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Satisfaction overall 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 3 75,0 75,0 75,0 

Strongly Agree 1 25,0 25,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 25: Analysis of the answers. Satisfaction overall. 

 
Satisfaction (usefulness) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 2 50,0 50,0 50,0 

Strongly Agree 2 50,0 50,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 26: Analysis of the answers. Satisfaction (usefulness). 
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Satisfaction (interest and willingness) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 2 50,0 50,0 50,0 

Strongly Agree 2 50,0 50,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 27: Analysis of the answers. Satisfaction (interest and willingness). 

 
Satisfaction (trust) 

 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 2 50,0 50,0 50,0 

Strongly Agree 2 50,0 50,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 28: Analysis of the answers. Satisfaction (trust). 

Decision makers’ comments: 

• The projects that I have sponsored have helped sort out alternatives and paths forward. 
The work would have been more effective and efficient if I had been better at defining the 
proper delimitations on the scope of the project (not too small, not too wide) at an earlier 
stage. The combination of the framework is effective. 
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• I'm not sure if the framework provided me with information of the "needed alternatives", 
I understand system improvement alternatives. 

 

Analysis of the freedom from risk 
 

Freedom from risk 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 2 50,0 50,0 50,0 

Strongly Agree 2 50,0 50,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 29: Analysis of the answers. Freedom from risk. 

 

Decision makers’ comments: 

• The lean perspective with a focus on involving the people who live with and drive the pro-
cess reduces the risk of coming up with theoretically good but impractical solutions. The 
simulation approach visualizes the question of capacity and variation in a dynamic situa-
tion which can be difficult to capture using traditional static lean methods. 

• Support to decision makers on the presented tools and its combination is extremely use-
ful. 
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Analysis of the context completeness and flexibility 
 

Context completeness and flexibility 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Agree 3 75,0 75,0 75,0 

Strongly Agree 1 25,0 25,0 100,0 

Total 4 100,0 100,0  

 

 
Figure 30: Analysis of the answers. Context completeness and flexibility. 

 

Decision makers’ comments: 

• In an industrial context we have and are used to capturing process data and we have log 
files with time stamps, which helps even if we still lack some types of data or they are not 
detailed enough. I assume that in some other organizations producing different services 
there is less process data already in systems. Maybe my perception is wrong. But without 
this data it will take much longer to get to a good basis for decision-making. 

• It's a good methodology to support the development of this kind of projects. 

 

General comments 
• From my point of view I will ask to put in some check points earlier in the process to 

discuss the key decisions that we are trying to make, in order to see if we can adjust scope 
to move faster and if we can make assumptions to simplify the simulation work. In my 
world speed to get to a decision is more valuable than precision. 
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APPENDIX IV

Evaluation survey about perceived usefulness 
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APPENDIX IV: 
SURVEY ABOUT PERCEIVED  
USEFULNESS 
 

The main results of the survey about perceived usefulness are provided in Chapter 4.  

This appendix presents the survey questions provided to subject matter experts to 
measure the perceived usefulness of the concept and framework of combining lean, 
simulation and optimization. A detailed analysis of the results obtained with this sur-
vey is also presented.  
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THE SURVEY 

Bringing together Lean, Simulation and Optimiza-
tion for system design and improvement 

Thank you for taking part in this survey and for contributing to my research!  

Aim: The aim of this survey is to gather data about your interest and your perception 
on the usefulness of the concept and framework presented during the workshop about 
combining lean, simulation and optimization. That is, your interest on a structure to 
guide you to introduce simulation and optimization as a natural step in your working 
standards and to support you in system design, improvement and decision-making.  

Anonymity: The information obtained from this questionnaire will be employed for 
research purposes and the anonymity of the participants is ensured. No individual in-
formation will be disclosed. Please do not write your name in the survey. 

Duration: The questionnaire will take about 10-15 minutes to complete. 

Researcher:  

Ainhoa Goienetxea Uriarte 

Production and Automation Engineering Division 

School of Engineering Science, University of Skövde 

Phone: (+46) 0500 – 44 85 82  

E-mail: ainhoa.goienetxea@his.se 

 

Tack! 
Ainhoa 

  



APPENDICES  

 

229 

General Information 

1. My organization is from the following sector: 
☐ An industrial com-
pany 

☐ A healthcare insti-
tution 

☐ A research and/or 
academic institution 

☐ A consultancy 
firm 

☐ A political 
institution 

 ☐ Other (specify):______________________________ 
 

2. The size of my organization is: 
☐ Small & Medium (SME): Less than 250 employees. ☐ Big: More than 250 employees 

3. In my job, I mainly work with (you may choose 1 or more answers): 
☐ System design and improvement (e.g. production 

technician/engineer, process engineer, operations 
manager, etc.). 

☐ Simulation (e.g. simulation engineer) 

☐ Decision-making (production manager, department 
manager, etc.) 

☐ Support to other organizations / policy -making (e.g. 
VGR) 

☐ Research and/or education ☐ Consultancy  

☐ Other (specify):_______________________________________________________________ 

4. In my organization we employ the following management philosophies, methods or 

tools (you may choose 1 or more answers): 
☐ Lean (elimination of waste, Value Stream mapping, 

5S, etc.) 
☐ Six Sigma 

☐ Total Quality Management (TQM) ☐ Business Process Reengineering  

☐ Other (specify):__________________________________________ 

 

Maturity 

5. How would you describe the maturity of your organization/or the organizations you 

work with in the following questions? 
Lean / alternative quality im-
provement models 

☐ None ☐ Low ☐ Medium ☐ High 

Simulation ☐ None ☐ Low ☐ Medium ☐ High 

Optimization ☐ None ☐ Low ☐ Medium ☐ High 

 

Interest and perceived usefulness 

Choose the correct answer for each of these statements according to your opinion: 
 

Simulation and optimization 

6. I see simulation and optimization as interesting tools for system design, improvement 

and decision-making support: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 
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7. I think that simulation and optimization should be included as a natural step for sys-

tem design and improvement in my organization / in the organizations I work with: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

 

Lean, simulation and optimization 

8. I think that the concept of bringing together lean, simulation and optimization is in-

teresting: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

9. I have interest on knowing more about how to combine my daily working standards 

with simulation and optimization: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

10. I think that the presented framework for combining lean, simulation and optimization 

can be a useful guide to start introducing simulation and optimization in my organiza-

tion/ in the organizations I work with: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

11. I have interest on following the presented framework of lean, simulation and optimi-

zation in my organization/ in the organizations I work with: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

12. I think that the presented approach of combining lean, simulation and optimization 

can substantially improve the way of working with system design, improvement and 

decision-making of my organization/the organizations I work with: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

13. I think that this approach is needed to face the actual and future challenges of my or-

ganization/ the organizations I work with: 
☐ Strongly disagree ☐ Disagree ☐ Neutral ☐ Agree ☐ Strongly Agree 

 

Additional comments 
Please feel free to add any comments or suggestions: 
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ANALYSIS OF THE RESULTS: SUBJECT MATTER EXPERTS SURVEY 

The main results of the survey conducted with subject matter experts are explained in 
Chapter 4. A more detailed statistical analysis of the answers is provided below. 

 

Analysis of the participants by their organizations’ sector (question 1) 
Sector 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Industrial company 25 50,0 50,0 50,0 

Healthcare institution 20 40,0 40,0 90,0 
Research/Academic Institution 4 8,0 8,0 98,0 
Consultancy Firm 1 2,0 2,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 1: Analysis of the answers. Percentage of participants by their organizations’ sector. 

 

Analysis of the participants by their organizations’ size (question 2) 
 

Size 
 Frequency Percent Valid Percent Cumulative Percent 

Valid SME 4 8,0 8,0 8,0 
Big 46 92,0 92,0 100,0 
Total 50 100,0 100,0  

 
Figure 2: Analysis of the answers. Percentage of participants by their organizations’ size. 
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Analysis of the participants by their job content (question 3) 

Table 1: Analysis of the answers. Number and percentage of participants divided by their job content. 

 
Responses 

Percent of Cases N Percent 
Work 
witha 

System design & improvement 22 33,8% 48,9% 
Simulation 12 18,5% 26,7% 
Decision-making 6 9,2% 13,3% 
Support to other organizations/policy-
making 

10 15,4% 22,2% 

 Research / Education 12 18,5% 26,7% 
Consultancy 3 4,6% 6,7% 

Total 65 100,0% 144,4% 
a. Dichotomy group tabulated at value 1. 

 

Analysis of the participants by their organizations’ management philosophies, meth-
ods and tools (question 4) 
 

Table 2: Analysis of the answers. Number and percentage of participants divided by the management philosophies, 
methods and tools employed by their organizations. 

 

Responses 

N Percent 
Management Methoda Lean 35 53,0% 

6 sigma 20 30,3% 
Total Quality Man-
agement 

7 10,6% 

Business Process 
Reengineering 

4 6,1% 

Total 66 100,0% 
a. Dichotomy group tabulated at value 1. 

 

Analysis of the participants by their organizations’ maturity on lean, simulation and 
optimization (question 5) 

Table 3: Analysis of the answers about the maturity of the organizations in Lean, simulation and optimization. 

 Maturity Lean 
Maturity  

Simulation 
Maturity  

Optimization 
N Valid 50 50 50 

Missing 0 0 0 
Mean 1,70 1,10 1,16 
Median 2,00 1,00 1,00 
Mode 2 1 1 
Std. Deviation ,789 ,974 ,889 

Maturity values: 0 None; 1 Low; 2 Medium; 3 High. 
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The analysis provided below is divided by each component: Lean, simulation and op-
timization. 

Maturity in Lean 

 Frequency Percent Valid Percent Cumulative Percent 

Valid None (0) 3 6,0 6,0 6,0 

Low (1) 16 32,0 32,0 38,0 

Medium (2) 24 48,0 48,0 86,0 

High (3) 7 14,0 14,0 100,0 

Total 50 100,0 100,0  

 
Figure 3: Analysis of the answers. Maturity in Lean. 

 
Maturity in Simulation 

 Frequency Percent Valid Percent Cumulative Percent 

Valid None (0) 15 30,0 30,0 30,0 

Low (1) 21 42,0 42,0 72,0 

Medium (2) 8 16,0 16,0 88,0 

High (3) 6 12,0 12,0 100,0 

Total 50 100,0 100,0  

 

Figure 4: Analysis of the answers. Maturity in simulation. 
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Maturity in Optimization 
 Frequency Percent Valid Percent Cumulative Percent 

Valid None (0) 13 26,0 26,0 26,0 

Low (1) 19 38,0 38,0 64,0 

Medium (2) 15 30,0 30,0 94,0 

High (3) 3 6,0 6,0 100,0 

Total 50 100,0 100,0  

 
Figure 5: Analysis of the answers. Maturity in optimization. 

 

Analysis of the interest and perceived usefulness (questions 6-13) 
This analysis is divided into two concepts:  

• The interest and perceived usefulness of simulation and optimization as tools to be em-
ployed in their organizations. 

• The interest and perceived usefulness on the concept of combining lean, simulation and 
optimization, as well as the framework, to be employed in their organizations. 

An analysis of the responses to individual questions is provided below, as well as an 
analysis of the Likert-type scale answers. 

SMO stands for Simulation-based Multi-objective Optimization and LSMO means 
Lean and Simulation-based Multi-objective Optimization. The latter means the con-
cept of bringing Lean, simulation and optimization or refers to the framework com-
bining those concepts, depending on the question. The number of the questions are 
identified by “Qx”. 
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Table 4: Statistical analysis on answers to individual questions. 
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N Valid 50 50 50 50 50 50 50 50 
Missing 0 0 0 0 0 0 0 0 

Mean 4,62 4,42 4,56 4,34 4,20 4,30 4,38 4,28 

Std. Error of Mean 0,075 0,091 0,076 0,097 0,081 0,091 0,075 0,091 
Median 5,00 4,50 5,00 4,00 4,00 4,00 4,00 4,00 

Mode 5 5 5 5 4 4 4 4 
Std. Deviation 0,530 0,642 0,541 0,688 0,571 0,647 0,530 0,640 

Values: 1 Strongly disagree; 2 Disagree; 3 Neutral; 4 Agree; 5 Strongly agree. 

 

Q6 - SMO interesting (Interest) 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Neutral (3) 1 2,0 2,0 2,0 

Agree (4) 17 34,0 34,0 36,0 
Strongly agree (5) 32 64,0 64,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 6: Analysis of the answers. SMO interesting (Q6). 
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Q7-SMO natural step (willingness to apply) 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Neutral (3) 4 8,0 8,0 8,0 

Agree (4) 21 42,0 42,0 50,0 
Strongly agree (5) 25 50,0 50,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 7: Analysis of the answers. SMO as a natural step (Q7). 

 

Q8-Lean, Simulation and Optimization interesting (interest) 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Neutral (3) 1 2,0 2,0 2,0 

Agree (4) 20 40,0 40,0 42,0 
Strongly agree (5) 29 58,0 58,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 8: Analysis of the answers. Lean, simulation and optimization interesting (Q8). 
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Q9-Know more about Lean, Simulation and Optimization (Willingness to know and apply) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral (3) 6 12,0 12,0 12,0 
Agree (4) 21 42,0 42,0 54,0 
Strongly agree (5) 23 46,0 46,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 9: Analysis of the answers. Know more about Lean, simulation and optimization interesting (Q9). 

 
Q10-Lean, Simulation and Optimization framework useful (Perceived usefulness) 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Neutral (3) 4 8,0 8,0 8,0 

Agree (4) 32 64,0 64,0 72,0 
Strongly agree (5) 14 28,0 28,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 10: Analysis of the answers. Lean, simulation and optimization framework useful (Q10). 
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Q11-Applying the framework (Willingness to know and apply) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral (3) 5 10,0 10,0 10,0 
Agree (4) 25 50,0 50,0 60,0 
Strongly agree (5) 20 40,0 40,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 11: Analysis of the answers. Applying the framework (Q11). 

 
Q12-Improve the way of working (perceived usefulness) 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Neutral (3) 1 2,0 2,0 2,0 

Agree (4) 29 58,0 58,0 60,0 
Strongly agree (5) 20 40,0 40,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 12: Analysis of the answers. Improve the way of working (Q12). 

  



APPENDICES  

 

239 

Q13-Needed for the future (perceived usefulness) 
 Frequency Percent Valid Percent Cumulative Percent 

Valid Neutral (3) 5 10,0 10,0 10,0 
Agree (4) 26 52,0 52,0 62,0 
Strongly agree (5) 19 38,0 38,0 100,0 
Total 50 100,0 100,0  

 

 
Figure 13: Analysis of the answers. Needed for the future (Q13). 

 
The following tables present an analysis of the Likert scale questions related to the 
perceived usefulness of the concept and framework for combining lean, simulation and 
optimization (questions 8-13). 

The correlations among the different individual items are shown below: 

Table 5: Correlation matrix. 

 

 
LSMO 

 interesting 
Know more 

LSMO 
LSMO  
useful 

Applying 
LSMO 

Improve way 
of working 

Needed for 
future 

C
or

re
la

ti
on

 LSMO interesting (Q8) 1,000 0,465 0,357 0,385 0,239 0,304 
Know more LSMO (Q9) 0,465 1,000 0,342 0,500 0,589 0,567 
LSMO useful (Q10) 0,357 0,342 1,000 0,552 0,552 0,457 
Applying LSMO (Q11) 0,385 0,500 0,552 1,000 0,613 0,532 
Improve way of working (Q12) 0,239 0,589 0,552 0,613 1,000 0,522 
Needed for future (Q13) 0,304 0,567 0,457 0,532 0,522 1,000 

 

The less correlated item is the question regarding the interest of combining the con-
cepts of Lean and SMO, this may be because the rest are not evaluating the concept of 
combining them, but the framework instead. 

The reliability coefficient, Cronbach’s alpha is 0,839 which is considered good. 

Table 6: Reliability statistics. 

Case Processing Summary 
 N % 

Cases Valid 50 100,0 
Excludeda 0 ,0 
Total 50 100,0 

a. Listwise deletion based on all variables in the procedure. 
 

Reliability Statistics 
Cronbach's Alpha N of Items 

,839 6 
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These are the summary statistics for the 6 questions (Q8-Q13) comprising the scale.  

Table 7: Scale statistics. 

Mean Variance Std. Deviation N of Items 

Median Mode 

4,3433 0,3734 0,61 6 4 4 

 

And the detailed statistics by sector: 

Table 8: Statistics by sector. 
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Industrial 
company 

N 25 25 25 25 25 25 25 25 
Mean 4,76 4,56 4,68 4,52 4,20 4,40 4,40 4,32 
Median 5,00 5,00 5,00 5,00 4,00 4,00 4,00 4,00 
Std. Deviation ,436 ,583 ,476 ,586 ,645 ,645 ,500 ,690 
Std. Error of Mean ,087 ,117 ,095 ,117 ,129 ,129 ,100 ,138 

Healthcare  
institution 

N 20 20 20 20 20 20 20 20 
Mean 4,50 4,30 4,40 4,15 4,20 4,25 4,35 4,30 
Median 4,50 4,00 4,00 4,00 4,00 4,00 4,00 4,00 
Std. Deviation ,513 ,657 ,598 ,745 ,523 ,639 ,587 ,571 
Std. Error of Mean ,115 ,147 ,134 ,167 ,117 ,143 ,131 ,128 

Research/ 
Academic  
Institution 

N 4 4 4 4 4 4 4 4 
Mean 4,25 4,25 4,50 4,25 4,25 4,00 4,50 4,00 
Median 4,50 4,50 4,50 4,50 4,00 4,00 4,50 4,00 
Std. Deviation ,957 ,957 ,577 ,957 ,500 ,816 ,577 ,816 
Std. Error of Mean ,479 ,479 ,289 ,479 ,250 ,408 ,289 ,408 

Consultancy 
Firm 

N 1 1 1 1 1 1 1 1 
Mean 5,00 4,00 5,00 4,00 4,00 4,00 4,00 4,00 
Median 5,00 4,00 5,00 4,00 4,00 4,00 4,00 4,00 
Std. Deviation . . . . . . . . 
Std. Error of Mean . . . . . . . . 

Total N 50 50 50 50 50 50 50 50 
Mean 4,62 4,42 4,56 4,34 4,20 4,30 4,38 4,28 
Median 5,00 4,50 5,00 4,00 4,00 4,00 4,00 4,00 
Std. Deviation ,530 ,642 ,541 ,688 ,571 ,647 ,530 ,640 
Std. Error of Mean ,075 ,091 ,076 ,097 ,081 ,091 ,075 ,091 

 

The Mann-Whitney test showed that there are no statistically significant differences 
between the answers provided by the different groups of participants from industry 
and healthcare, as the p-values are above 0.05 in all cases (see Asymp. Sig (2-tailed)). 
The questions with largest differences are the ones related to the interest of SMO and 
the willingness to know more about the framework, however, in all of them the pro-
vided scores were high. 

Table 9: Output significance test. 

Test Statisticsa 

 
SMO  

interesting 

SMO  
natural 

step 
LSMO  

interesting 
Know more 

LSMO 
LSMO 
useful 

Applying 
LSMO 

Improve 
way of 

working 
Needed for 

future 
Mann-Whitney U 185,000 196,000 188,500 182,000 246,500 217,500 242,500 240,000 
Wilcoxon W 395,000 406,000 398,500 392,000 456,500 427,500 452,500 450,000 

Z -1,790 -1,387 -1,629 -1,713 -,093 -,826 -,199 -,255 
Asymp.  
Sig. (2-tailed) 

,073 ,166 ,103 ,087 ,926 ,409 ,843 ,799 

a. Grouping Variable: Sector 
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General comments provided by the participants (question 10) 
• Intressant och troligen framgångsrik för vårt företag inom produktion. 

• Great presentation 

• Very interesting work. 

• Tack för en bra föreläsning 
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