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ABSTRACT 
Manufacturing companies are increasingly required to deal with and introduce 
significant changes in their production systems to gain a competitive advantage. 
The production system design process is widely considered a means of introducing 
such changes, and decisions made during design are viewed as critical to its 
characterization and performance. However, this presents a problem because 
committing to decisions that involve significant changes implies not only dealing 
with requirements, products, challenges, or expectations that are different from 
what currently exists, but also addressing uncertainties regarding both the 
information necessary for committing to a production system design decision and 
the actual benefits that can be achieved as a result of these changes. One way to 
support the production system design decisions in this context is through the use of 
Discrete Event Simulation (DES). However, understanding of DES use when 
supporting production system design decisions in this domain remains limited.      

Therefore, the objective of this thesis is to explore the use of DES in support of 
production system design decisions when significant changes are introduced. Data 
are collected through a multiple case study method and DES from three real-time 
production system design projects at one manufacturing company. All production 
system design projects studied involved the introduction of significant production 
system changes for which limited experience existed. The cases and results are 
presented in three appended publications.  

The findings establish the purpose of DES use when supporting production system 
design decisions in this context. To this end three groups of DES model objectives 
are identified: communicating decisions and visualizing results, evaluating a 
production system design concept focused on operational performance, and 
experimenting with what-if scenarios while predicting production system outputs. 
The points of DES use when supporting production system design decisions are 
specified in relation to current theoretical understanding of a production system 
design process. Then, challenges and contributions of DES use supporting 
production system design decisions are identified.  

A framework is presented to facilitate the use of DES supporting production system 
design decisions when significant changes are introduced. The framework is based 
on the identification of high-level strategic objectives and relates these to 
production system design decisions. It defines DES use in support of these decisions 
and establishes milestones for DES use during production system design. Based on 
an analysis of the challenges and contributions of DES use, the framework helps 
formulate the purpose of DES use to achieve production system design decision 
support.  
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SAMMANFATTNING 
Tillverkningsföretag möter i allt större utsträckning krav på att införa och hantera 
betydande förändringar i sina produktionssystem för att vinna konkurrensfördelar. 
Processen för att planera produktionssystem anses allmänt vara ett sätt att införa 
sådana förändringar, och beslut fattade under denna process ses som avgörande för 
dess egenskaper och effektivitet. Detta skapar emellertid problem, eftersom att 
efterleva beslut som medför betydande förändringar inte bara innebär att hantera 
krav, produkter, utmaningar eller förväntningar som skiljer sig från de vanliga, utan 
också att ta itu med osäkerhet beträffande såväl den information som krävs för att 
genomföra ett beslut rörande planeringen av ett produktionssystem som de faktiska 
fördelar som kan uppnås med dessa förändringar. Ett sätt att stödja beslut om 
planering av produktionssystem i detta sammanhang är att använda Discrete Event 
Simulation (DES). Kunskap om hur man använder DES i stöd av beslut rörande 
planering av produktionssystem i detta område är emellertid begränsad. 

Syftet med denna avhandling är därför att undersöka användning av DES som stöd 
för beslut rörande planering av produktionssystem när betydande förändringar 
införs. Data har inhämtats genom multiple-case-metod och DES i tre realtidsprojekt 
med planering av produktionssystem vid ett tillverkningsföretag. Alla undersökta 
projekt med planering av produktionssystem innebar införande av betydande 
förändringar i produktionssystemen med begränsad erfarenhet av sådana 
förändringar. Fallen och resultaten presenteras i tre bifogade publikationer. 

Resultaten bekräftar syftet med att använda DES som stöd för beslut rörande 
planering av produktionssystem i detta sammanhang. För detta ändamål har tre 
grupper med olika syften med DES-modellen identifierats: förmedla beslut och 
visualisera resultat, utvärdera ett produktionssystemplaneringskoncept inriktat på 
operativ effektivitet och experimentera med tänk-om-scenarier när man beräknar 
produktiviteten i produktionssystemet. Användningen av DES som stöd för beslut 
rörande produktionssystemplanering definieras i förhållande till aktuell teoretisk 
förståelse av processen för planering av produktionssystem. Därefter identifieras 
utmaningar och fördelar med användning av DES som stöd för beslut rörande 
produktionssystemplanering. 

En metod presenteras som underlättar användning av DES i stöd av beslut rörande 
planering av produktionssystem när betydande förändringar införs. Metoden 
grundar sig på fastställande av strategiska mål på hög nivå och ställer dessa i relation 
till beslut om produktionssystemplanering. Den förklarar användning av DES som 
stöd för sådana beslut och sätter milstolpar för DES-användning vid planering av 
produktionssystem. Med grund i en analys av utmaningar och fördelar med 
användning av DES bidrar metoden till att formulera syftet med användning av DES 
för att få stöd för beslut rörande produktionssystemplanering. 
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1 INTRODUCTION 
This chapter establishes the importance of the research area, supporting decisions in 
production system design when significant changes are introduced at manufacturing 
companies. The concept of Discrete Event Simulation is presented and its relation 
to the topic established. A research problem is formulated. Then the objective of this 
thesis is defined. Three research questions supporting the objective are developed. 
The chapter concludes with a delimitation and outline of the thesis.  

1.1 RESEARCH BACKGROUND 
The manufacturing industry faces growing challenges unlike those encountered in 
the past. Aggressive international competitors, changing manufacturing 
technologies and processes, shortened product lifecycles, and growing product 
diversity defy the continued success of prevailing manufacturing practices (Heap 
and Kuivanen 2008; Michalos et al. 2010; Hu et al. 2011; Naudé and Szirmai 2012). 
Indeed, current literature proposes that in order to meet these challenges, 
manufacturing firms cannot rely exclusively on the set of practices that have enabled 
their present success but are increasingly required to competently develop and 
introduce significant changes in a production system to gain a competitive advantage 
(Skinner 1992; Pisano 1997; Reichstein and Salter 2006; Holweg 2008).  

Research and manufacturing companies have concentrated their efforts in the 
development of new products to achieve competitiveness (Eppinger and Chitkara 
2006; Trott 2008). In spite of its importance, the introduction of significant changes 
to a production system has received limited attention notwithstanding its critical 
contributions to sustaining a competitive edge (Utterback and Suarez 1993; 
Krzeminska and Eckert 2015). Significant changes include elements of novelty in 
the production system that are new to a manufacturing company but not new to its 
industry (Holweg 2008). These changes introduce novel production and 
organizational processes as well as component technologies that are different from 
a manufacturing company’s current capabilities (Utterback 1994; Holweg 2008). 
Involving novelty in the introduction of significant production system changes is 
important because doing so enables producing newly developed products, attaining 
efficiency gains, reducing time to market, and creating strong competitive barriers 
that lead to an increased market share (Reichstein and Salter 2006; Wheelwright 
2010). To achieve the abovementioned benefits, researchers have proposed 
production system design as a way of introducing significant changes at 
manufacturing companies (Pisano 1997; Bellgran and Säfsten 2010).  

Production system design has been defined as the conception and planning of the 
overall set of elements and events constituting a production system, together with 
rules for their relationship in space and time (CIRP 1990). The design of a 
production system has long been considered of strategic importance to the 
development and competitiveness of manufacturing companies (Skinner 1969). The 
above is achieved by connecting high-level strategic objectives to the means and 
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activities that facilitates a factory’s operation (Cochran et al. 2002). Thus, designing 
a production system is viewed as a comprehensive process including the 
configuration, selection, planning, verification, and introduction of process, 
technological and organizational changes (Pisano 1997).  

Central to the design of a production system are those decisions that characterize 
what a production system looks like and how a production system achieves the fit 
between a proposed change and the strategic objectives pursued by a manufacturing 
company (Duda 2000; Wu 2001a; Cochran et al. 2002; Masood and Weston 2013). 
These decisions are referred to as production system design decisions. Production 
system design decisions require addressing a manufacturing company’s internal 
capabilities and the effect of external factors (Choudhari et al. 2010). Past findings 
suggest that efficient and effective production system design decisions are crucial in 
the introduction of significant changes in a production system. These arguments 
maintain that production system design decisions guide the introduction of 
significant change during the production system design process (Bellgran and 
Säfsten 2010), and enforce the strategy a manufacturing company follows to secure 
competitiveness (Hayes and Wheelwright 1984).  

Acknowledging the need to support production system design decisions in this 
context, researchers have looked into the use of simulation during production system 
design (Wöhlke and Schiller 2005; Kühn 2006; Chryssolouris et al. 2009; 
Maropoulos and Ceglarek 2010). Although many such simulation approaches exist, 
the use of Discrete Event Simulation (DES) has often been endorsed. DES involves 
the modeling of a series of events when  state changes occurs at discrete points in 
time (Law 2015). DES has been associated with the analysis of decisions in 
production system design because of its modeling of the location and size of 
inventory buffers, evaluation of a change in product volume or mix, throughput 
analysis, etc. (Michalos et al. 2010). Additional benefits of DES use in support of 
the study of a production system during its design include its ability to take 
production system dynamics into account (Klingstam and Olsson 2000), the 
evaluation of what-if scenarios, or the potential for time reduction in the design steps 
(Heilala and Voho 2001). 

1.2 PROBLEM STATEMENT 
Although methodologies and frameworks that guide the design of a production 
system exist (Cochran et al. 2000; Wu 2001b; Rösiö 2012) and tools that support 
production system design decisions are present (Luong et al. 2002; Chakraborty 
2011; Choudhari et al. 2013; Lateef-Ur-Rehman 2013), committing to decisions that 
involve significant changes is challenging. These significant changes imply dealing 
with requirements, products, challenges, or expectations that are different from what 
currently exists (Bellgran and Säfsten 2010). Further, significant changes require 
dealing with uncertainties about the information necessary to commit to a 
production system design decision (Schlosser and Paredis 2007), a situation that 
challenges the actual benefits that can be achieved as a result of these changes 
(Carrillo and Gaimon 2002). Although DES use has been suggested in support of 



3 
 

decisions in production system design to gain an understanding of decisions before 
commitment (Johansson 2009), prior studies indicate the need to acquire additional 
knowledge (Randell 2002). Based on current understanding, this research identifies 
three key limitations that inhibit DES use to support production system design 
decisions when significant changes are introduced.  

The first limitation is related to determining the purpose of DES when supporting 
production system design decisions in the abovementioned context. Prior research 
efforts have called for investigating this limitation (Klingstam, 2001). According to 
theory, DES supports decisions by accomplishing specific objectives that allow for 
the comprehensive study of a decision (Banks et al. 2000; Robinson 2004; Law 
2015). Past publications have identified DES objectives that include comparing 
production system alternatives (Heilala et al. 2008), generating insight (Gogi et al. 
2016), communicating findings (Haveman and Bonnema 2015), or exploring a 
concept (Peplinski et al. 1996). Further, findings also suggest that not all DES model 
objectives can be realized throughout the design of a production system. For 
example, Haveman and Bonnema (2015) point out the limitation of DES model 
optimization during early production system design and highlight the need to 
acquire additional information found at later stages of the design process to achieve 
an optimization objective. Although significant contributions have been made to this 
area, few empirical studies have shown whether DES can support production system 
design decisions throughout the production system design process prior to the 
verification of an already chosen alternative or an implemented production system 
solution (Ng et al. 2007; Andersson et al. 2012). Furthermore, current understanding 
does not reveal whether different DES objectives are used to this effect. Providing 
empirical evidence from a context when significant changes are introduced into a 
production system would help establish whether DES can support production system 
design decisions in this context. More importantly, the emergence of patterns on the 
basis of empirical data could facilitate an understanding of DES in design decisions 
throughout the production system design process. 

The second limitation deals with the identification of challenges of DES use when 
supporting production system design decisions when significant changes are 
introduced. The existence of challenges of DES use when designing a production 
system has been explicitly pointed out in the past (Fowler and Rose 2004; Ericsson 
2005; Wang and Chatwin 2005; Mönch et al. 2011). The identification of challenges 
has so far focused on the use of DES during the operation of a production system or 
in the final stages of the production system design process. Here commitment to 
production system design decisions exists or is near completion (Barton et al. 2001; 
Bruch and Bellgran 2012). Therefore, current theory could benefit from empirical 
studies that corroborate whether previously identified challenges of DES use are 
found throughout the production system design process, particularly in the early 
stages when limited understanding and high uncertainty exist. Doing so would 
provide evidence to extend current theory regarding the challenges of DES use into 
the early stages of production system design. This would contribute to a general 
understanding of challenges involving DES to support production system design 
decisions when significant production system changes are introduced.  
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The third limitation concerns investigating the manner in which DES contributes to 
supporting production system design decisions when manufacturing companies 
introduce significant changes. The introduction of production system change and 
novelty has been associated to high uncertainty and low analyzability of information 
(Adler 1995). Therefore, past findings emphasize the importance of understanding 
such changes throughout the production system design process before being 
implemented on the factory floor (Pisano 1996). This has led researchers to call for 
the use of simulation before implementation to identify potential problems related 
to significant production system changes (Carrillo and Gaimon 2002; Maropoulos 
and Ceglarek 2010). From a DES perspective this situation is problematic because 
it requires developing a DES model of a production system that does not exist in 
real life and dealing with input data that are not available or are different from 
current ones (Robinson 2004). The above circumstances upset the validity of the 
developed DES models and question the credibility of its results. Nevertheless, 
recent findings claim that the additional information provided by a DES model could 
be more beneficial than no model at all (Robinson 2012). However, current literature 
does not provide a clear description of the manner in which DES use contributes to 
production system design decisions when significant changes are introduced. 
Additionally, no clear distinction is made between whether such benefits are to be 
expected from DES model results, the process of developing a DES model, or both. 
The above highlights the need to provide empirical substantiation for this issue. 
Then, on the basis of these findings analyze previous conclusions that have aimed 
at making better design decisions during the design process through modeling and 
simulation (Haveman et al. 2014). This could help establish stronger inferences 
regarding the manner in which DES use contributes to production system design 
decisions when significant changes are introduced. 

1.3 RESEARCH OBJECTIVE AND RESEARCH QUESTIONS 
This chapter has established the importance of significant production system 
changes, and the relevancy of production system design decisions when introducing 
such changes. Although DES has been proposed as a means of supporting 
production system design decisions in this context, limitations of current knowledge 
exist.  

Acknowledging the above, the long-term vision of this doctoral journey is to develop 
knowledge that leads to better decisions when designing the production system. 
Therefore, the objective of this thesis is to explore the use of DES in support of 
production system design decisions when significant changes are introduced. To 
meet the research objective of this thesis, three research questions were developed.  

Research Question 1 – When and for what purpose can DES support production 
system design decisions when significant changes are introduced? 

Research Question 2 – What are the challenges of using DES when supporting 
production system design decisions when significant changes are introduced? 
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Research Question 3 – How could DES use contribute to supporting production 
system design decisions when manufacturing companies introduce significant 
changes? 

Achieving the objective above requires a scheme including the interpretation and 
use of research findings to support production system design decisions. Hence a 
framework to facilitate the use of DES supporting production system design 
decisions when significant changes are introduced will be developed. 

1.4 SCOPE OF THE THESIS 
This thesis looks to explore the use of DES for supporting production system design 
decisions when significant changes are introduced. The concepts of production 
system design, production system design decisions, and DES delimit this thesis.  

Production system design can be seen as a series of complex decision processes 
(Bennett and Forrester 1993). Accordingly, production system design decisions are 
significant constituents of a production system’s capabilities and involve a process 
that requires identifying, prioritizing, and detailing those decisions that help meet 
the strategic objectives of a manufacturing company (Cochran et al. 2002). To gain 
an understanding of this issue and that of designing a production system, this work 
is based on a systems and a process perspective to understand production system 
design in accordance with current literature (Bellgran and Säfsten 2010). A system 
perspective emphasizes the need to consider all parts within a production system 
and the importance of their interplay (Hubka and Eder 2012). A process perspective 
underscores the activities, tools, and guidelines that contribute to the design of a 
production system. This thesis is scoped within the boundaries of the production 
system design process. Therefore, further stages in a production system life cycle 
such as realization, start-up, operation, operation refinement, and termination have 
not been included. 

In this thesis the process of designing a production system is a limited part of how 
a production system develops. This is based on current understanding which 
describes that activities involving the design of products and the implementation 
or operation of the production system are considered beyond its boundaries 
(Pisano 1997). Likewise, a production system’s realization, startup, operation, 
operation refinement, and termination are excluded from its design process 
(Wiktorsson 2000; Attri and Grover 2012). 

According to Law (2008), DES concerns the modeling of a system as it evolves over 
time by a representation in which the state variables change instantaneously at 
separate points in time. In a DES model events happen in a chronological sequence 
and change the state of a system (Jahangirian et al. 2010). DES has been used 
extensively to model production systems because their behavior can be 
characterized effectively in terms of events happening at discrete points in time 
(Mönch et al. 2011). This thesis has relied on the development of DES models when 
designing the production system. Development of DES models in this work is 
limited to existing knowledge. Methodologies for DES model development have 
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relied on the works of Banks et al. (2000), Robinson (2004), and Law (2015). All 
DES models in this thesis were developed with the use of ExtendSim software 
version 8.0.1 (That 2011). 

Empirical data were drawn from different production system design projects from 
one Swedish manufacturing company with multiple manufacturing sites across the 
world. All cases have focused on the design of production systems that involved the 
introduction of significant changes. All production system design projects studied 
in this thesis involved currently available products.  

1.5 OUTLINE OF THE THESIS 
Chapter 2 presents the frame of reference used in this work. Chapter 3 includes its 
research method. Chapter 4 discusses the empirical findings. Chapter 5 presents the 
analysis of this work. The concluding Chapter 6, shows the contribution of the, and 
discusses the next steps in this doctoral journey. Finally, the three papers informing 
this thesis are appended.   
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2 FRAME OF REFERENCE  
This chapter presents the frame of reference. Current presets in the areas of 
production system design, production system design decisions, and Discrete Event 
Simulation are presented.  

2.1 PRODUCTION SYSTEMS DESIGN 

2.1.1  Production Systems  

Production system design entails changes that lead to modifying an existing 
production system or developing an entirely new one to accommodate products 
or processes different from the ones that currently exist (Bellgran and Säfsten 
2004). Chapter 1 illustrated the relevance of production system design at 
manufacturing companies when introducing significant changes to a production 
system. The importance of this activity is further emphasized by the commitment 
of resources to a production system during its design and its impact beyond the 
design activity (Wiktorsson 2000; Inman et al. 2013), and by the limited ability 
to enforce major changes once the production system is operational (Bruch 2012). 
A first step to understanding production system design is defining what 
production is.  

Colloquially the terms manufacturing, production, and assembly are 
indistinguishable. This thesis subscribes to the clear differentiation of terms 
argued for in the past (Bellgran and Säfsten 2010; Bruch 2012; Rösiö 2012). This 
argument contends that manufacturing is hierarchically superior to production. In 
this understanding, manufacturing is organized for the creation of production but 
includes additional functions to achieve that end such as sales, design, and 
shipping (CIRP 1990), while production is the act or process of physically making 
a product from its material constituents (CIRP 1990). 

Modern production requires a number of elements to transform raw materials into 
finished products. A system perspective is used to describe the reality of today’s 
manufacturing companies and provide a holistic understanding as well as a 
hierarchical classification of all elements involved in production (Bellgran and 
Säfsten 2010). The holistic consideration permits a comprehensive assessment of 
all elements within production, their interrelation, and the dynamics necessary for 
the consistently successful design of a production system (Hubka and Eder 2012). 
Hierarchically, a systems perspective bounds the elements within a production 
system and sets a limit between it and its environment. Furthermore, the 
hierarchical classification of a production systems clearly identifies the inputs and 
outputs necessary to specify how a product is made (Wu 1994). No consensus 
exists among scholars on the constituents of a production system. However, past 
findings have identified human, computer and information, technical, material 
handling, and building premises as systems within production (Rösiö 2012).  
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2.1.2  Production System Design as a Process 

Integrating the arrangement and operation of machines, tools, material, people, 
and information into a smoothly functioning whole within a production system is 
the objective of production system design (Cochran et al. 2002). Arguably, the 
design of a production system is not solely constituted by the definition of the 
elements within a production system, but also by the process that makes this 
characterization possible (Cochran 1999; Wu 2001a; Bellgran and Säfsten 2010). 
A process perspective is utilized to this end. In the design of a production system 
a process perspective refers to both the series of actions that lead to its conception, 
and the coordination of work among activities included during production system 
design (Gu et al. 2001).  

Thus the production system design process is understood as a tool needed to 
manage the design activities that lead to the successful implementation of a 
production system (Cochran, Hendricks, et al. 2016). This process begins with 
the identification of a need. Then the act of designing involves taking this need 
and creating a finished output that satisfies the need. How the production system 
design process is realized involves a combination of creativity, analysis, testing, 
and iteration (Duda 2000). Nonetheless, careful consideration of the phases that 
transform a need into a finalized production system design is strongly advocated 
in literature (Bennett and Forrester 1993; Wu 1994; Gu et al. 2001; Bellgran and 
Säfsten 2010).  

Designing a production system involves a continuum of phases that include: 
defining a problem, analyzing its background, formulating objectives, designing 
a conceptual design, evaluating design alternatives, and selecting a final solution 
(Wu 1994; Gu et al. 2001; Bellgran and Säfsten 2010). These phases establish the 
requirements and activities that consider how the intended system should meet 
organizational goals, why the system is needed, what alternatives might exist, the 
implications of these alternatives for various stakeholders, and how the 
stakeholders’ interests and concerns are addressed (Yu 1997). Figure 2.1 
describes the production system design process, its phases, and typical activities 
according to Bellgran and Säfsten (2010). The production system design process 
presented in Figure 2.1 resembles an orderly progression of activities; however, 
this process is characterized by continuous iterations and activity overlaps (Wu 
2001a).   
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Figure 2.1 The production system design process, its phases, and activities 
according to Bellgran and Säfsten (2010) 
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2.2 PRODUCTION SYSTEMS DESIGN DECISIONS 

2.2.1  Decisions Guiding the Design of Production Systems 

Manufacturing companies begin their production system design processes from 
different starting points and pursue diverse objectives through design. It is 
therefore appropriate to assume that a design process should be adapted to suit 
the particular production system design of a given manufacturing company. 
Hence an appropriate means of guiding the user through the relevant production 
system design process tasks is required (Wu 2001b). Decisions made during the 
production system design process are instruments that guide what the designed 
production system looks like and how the manufacturing company will achieve 
its strategic objectives during design (Hayes and Wheelwright 1979).  

Production system design decisions involve a specific commitment to action and 
resources (Mintzberg et al. 1976), and must address the questions that arise 
throughout the production system design process (Bellgran and Säfsten 2010). 
Therefore production system design decisions link a manufacturing company’s 
high-level objectives to the detailed design issues that affect the interaction 
among various components of the production system (Cochran et al. 2002).  

Consequently a manufacturing company’s success has been associated with the 
coherence of patterns across production system design decisions (Hayes and 
Wheelwright 1984; Clark 1996), and the realization that committing to decisions 
during production system design inevitably leads to compromises and trade-offs 
(Skinner 1969). Thus decision areas or categories meant to guide the most 
important decisions during production system design are advised (Hayes and 
Wheelwright 1984; Díaz Garrido et al. 2007). These decision areas have been 
grouped into structural and infrastructural categories. Decision areas from a 
structural category are distinguished by their long-term impact, their resistance to 
change, and major capital investment, while decisions belonging to infrastructural 
categories are often of a tactical nature, arise from a decision making process, and 
demand minor investments. Table 2.1 presents a synthesis of structural and 
infrastructural categories based on Rudberg and Olhager (2003). 

Literature recommends that production system design decisions should be guided 
by the manufacturing company’s strategy not only because different functions are 
to be aligned with a  common goal (Cochran et al. 2002), but also because doing 
so prioritizes a manufacturing company’s strategic objectives over local solutions 
(Duda 2000). Proponents of a strategic approach to decisions in the production 
system design, such as Wu (2001b), urge that decisions undergo a process 
initiated by a clarification of a company’s manufacturing strategy, followed by 
an analysis of its current situation, and finalized with the design decisions of the 
production system. An expected result from this approach is that design decisions 
based on a manufacturing company’s strategy benefit lower-level operational 
targets. 
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Table 2.1 – Production system design decision areas according to Rudberg and 
Olhager (2003) 

Categories for 
Decision Areas 

Hayes and 
Wheelwright (1984) 

Fine and 
Hax (1985) 

Samson 
(1991) 

Miltenburg 
(2005) 

Skinner 
(1969) 

Hill and 
Hill (2009) 

Structural categories 

Process technology √ √ √ √ √ √ 

Capacity √ √ √ √ √ √ 

Facilities √ √ √ √ √ √ 

Vertical integration √   √ √ √ √ 

Infrastructural categories 

Human resources √ √ √ √ √ √ 

Organization √   √ √   √ 

Quality √ √ √     √ 

Production planning 
and control √   √ √ √ √ 

New product 
development √ √ √     √ 

Performance 
measurement system √     √ √ √ 

 

Further, a design decision must specify how does the designed production system 
adjusts to the demands from its environment and develop a production system’s 
internal capabilities (Miller 1992). Managing the fit between environment and 
internal capabilities has proven a difficult task for manufacturing companies, as 
exemplified by Ruffini et al. (2000). However congruence between environment 
and internal capabilities when committing to production system design decisions 
has been strongly encouraged to harness both a successful production system 
design and a competitive advantage (Hayes and Wheelwright 1984; Choudhari et 
al. 2010). Congruence between environment and internal capabilities requires 
exposing the process by which a production system is designed and achievement 
of an intended design outcome is realized (Ruffini et al. 2000). Thus identification 
of production system design decisions and the means by which these decisions 
are established is imperative (Choudhari et al. 2013).  

2.2.2  Approaches to Production System Design Decisions 

The manner in which production system design decisions should be made is 
strongly influenced by a normative approach which suggests the existence of a 
best suited production system for realizing each specific manufacturing strategy 
(Bellgran and Säfsten 2010). A normative standpoint concedes that different 
strategies may be sought by manufacturing companies, and that the specifics of 
production system design decisions across different companies will differ (Suh et 
al. 1998). Nonetheless, the same principles and procedures that lead to 
committing to a production system design decisions can be practiced regardless 
of the specific nature of the functional requirements that a designed production 
system must satisfy.  
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A normative approach assumes that production system design decisions are 
rationally made. As a result, not only do alternatives to production system design 
decisions exist and are known, but also one best alternative can be chosen.  
Furthermore, such an alternative meets the decision maker’s goals, objectives, 
desires, and values (Chakraborty 2011). Rationality in production system design 
decisions looks to provide the transparency of choice that underpins a production 
system design process through clear rules and structured approaches (Love 1996).  

Recently alternative approaches the normatively made production system design 
decisions have been put forward (Brettel et al. 2014). Here production system 
design decisions are no longer interpreted as entirely rational. Instead, this 
approach argues that in as-much-as rationality provides transparency of choice, 
managers and production system designers rely on personal experiences and 
beliefs to commit to decisions made during the design of a production system 
(Jonassen 2012). Accordingly, the inclusion of experience and uncertainty 
present in production system design decisions alongside normative approaches 
when making decisions is considered desirable in production system design 
(Brettel et al. 2014).  

2.3 DISCRETE EVENT SIMULATION 

2.3.1  DES in the Production System Design Process 

DES describes the dynamic behavior of a production system through an array of 
snapshots that represent the evolution of the system through time (Banks et al. 2000). 
In this manner variation, production system element interrelation, and their effects 
are accounted for (Robinson 2004). Although the use of simulation in production 
systems is generally limited (Ericsson 2005), DES stands as the most popularly used 
technique in the design and operation of production systems at manufacturing 
companies (Jahangirian et al. 2010).  

DES has been extensively used during production system design at manufacturing 
companies (Smith 2003; Jahangirian et al. 2010; Negahban and Smith 2014). Two 
distinct approaches to DES in the production system design process are found. On 
the one hand, a vast number of publications report the use of DES as a one-time 
exercise during production system design. Here DES supports long-term production 
system design decisions such as facility layout and system capacity when designing 
facilities, material handling areas, production cells, and flexible production systems 
(Smith 2003). On the other hand, DES use is proposed as a continuum throughout a 
production system’s lifecycle including its design. This approach is in direct 
opposition to DES use as a one-time exercise. Its proponents contend that 
emphasizing DES use as a one-time exercise promotes the cure of problems in a fire 
fighting manner and limits the comprehensive development of a production system 
(Randell 2002).  

Consequently, the use of DES is viewed as an evolving process parallel to that of 
the production system design. This claim originates from a broader scope that 
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includes simulation and the design of systems. According to Hitchens and Ryan 
(1989), simulation models should initially be broad-based and answer concept 
questions. Then the results from these initial models lead to decisions that allow the 
construction of more detailed models during design, and eventually the detailed 
models contribute to the implementation of what is being designed.  

To this extent, current understanding of DES has identified both its support to the 
production system design process and suggested where to use DES in this process. 
It is important to note however, that prior publications have not made a distinction 
of those cases that include the introduction of significant changes in the production 
system design process. DES use parallel to and supporting the production system 
design process has been developed by Holst (2001), Klingstam (2001), Randell 
(2002), Heilala et al. (2008), and Johansson (2006). These studies coincide on the 
steps necessary to develop a DES model during the production system design 
process. However, there are discrepancies regarding each author’s interpretation of 
the phases needed to design a production system. 

Addressing the need for a structured approach to DES use in the production system 
design process, Klingstam (2001) and Heilala et al. (2008) agree on the points in 
time for DES use during production system design. In both instances DES use is 
meant to assist in the continuous verification of a designed production system in the 
production system design process and beyond. Therefore specific checkpoints for 
DES use are suggested between the production system design phases of problem 
conceptualization and detailed design. This is described in Table 2.2. 

Table 2.2 – Use of DES in production system design phases adapted from Klingstam 
(2001)  

Production System Design Phases Concept and Pre-Study Design and Industrialization 

Type of DES Model Strategic 
Conceptual 
Analytical 

Preliminary 
Detailed 
Verified 
Approved 

 

Two dimensions for the use of DES in this context have been identified (Randell 
2002). One dimension includes the development of different DES models across the 
phases of a production system design processes. Here DES models evolve in detail 
level with the passing of phases of the production system design process from 
general to specific. An additional dimension incorporates the development of 
several DES models within each phase of the production system design process. In 
this second dimension DES models represent different sub-systems in a production 
system and across a production system design phase. Because different DES models 
may be required to represent a designed production system, modularity in DES use 
is emphasized (Johansson 2006). Modularity involves not only the representation of 
the different sub-systems through DES models but also their interrelation. 
Furthermore, to achieve DES support during the production system design process, 
a qualitative and quantitative requirement identification and trade-off analysis prior 
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to the development of a DES model is encouraged (Holst 2001). Awareness of DES 
model requirements and trade-offs is emphasized with the intent of providing 
guidance during first-time use or continued adoption of DES use during the 
production system design process at manufacturing companies.  

2.3.2  DES Support of Production System Design Decisions 

A core tenet underpinning current DES theory is that DES exists for the purpose of 
supporting decisions. This principle is achieved via the accomplishment of specific 
objectives that allow for the comprehensive study of a decision (Banks et al. 2000; 
Robinson 2004; Law 2015). Hence, it is a DES model’s objective that guides the 
development of the model, and decision support is achieved based on the correctness 
of the results of a DES model in relation to its objectives (Page Jr 1994).  

An analysis of current publications focusing on DES supporting production system 
design decisions at manufacturing companies confirms the relevancy of DES in this 
domain. Current publications illuminate the prevalent objectives of DES when 
supporting production system design decisions. The evaluation and selection of a 
design alternative remains the core objective of DES use when supporting 
production system design decisions, as exemplified by Gallo et al. (2007), Semini 
et al. (2006), Mönch et al. (2011), Barton (2013), and AlDurgham and Barghash 
(2008). DES support of production system design decisions limits itself to 
evaluating a previously designed alternative, and through selection of a qualitative 
parameter one best alternative is chosen given a set of conditions.  

Objectives of DES models supporting production system design decisions include 
experimenting with what-if scenarios and using DES to predict production system 
parameter outputs (Heilala et al. 2010). Alternately, DES has also been used in this 
context for the experimentation, evaluation, and selection of previously defined 
parameters (Kleijnen et al. 2011). Conversely, Greasley (2008) and Van Der Zee 
and Van Der Vorst (2005) have shown the manner in which DES models support 
objectives related to creating knowledge, generating understanding, communicating 
production system design decisions across different functions, and visualizing 
results. 

Differentiation of decision support types in DES has been associated with improving 
or enhancing individual or organizational decision making. DES-supported 
decisions can be separated in a spectrum that spans a) routine and well-structured 
situations, b) semi-structured decision situations, or c) decision studies that involve 
experts in special decision studies intended for specific use (Power and Sharda 
2007). Although there is a long-standing tradition of quantitative approaches of DES 
realizing production system design decision support, DES can provide both 
qualitative and quantitative substantiation for the different decision support types 
(Eldabi et al. 2002). Additionally, DES use for supporting production system design 
decisions calls for understanding the decision making process and DES model 
development prior to effectively supporting decisions (Pooch and Wall 1992). 
Hence identification of where DES can be applied in the decision process, when 
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DES is most applicable, and how to develop a DES model is necessary. Likewise, 
differentiating production system elements and their interrelation, problem 
modelling, selecting model abstraction level, and having a common language to 
communicate DES requirements and results  are necessary (Mönch et al. 2011).  

Success of DES use in support of production system design decisions relies on four 
aspects (Van Der Zee and Van Der Vorst 2005). First, an explicit notion of actors, 
roles, control policies, processes, and flows in a DES model. Second, the ability to 
calculate the values of multiple performance indicators at all times. Third, active 
and joint participation of problem owners and decision makers in the simulation 
study involving DES use with the purpose of creating trust and increasing the quality 
of the DES model. Fourth, creating simple and easy-to-understand DES models to 
support a decision. The manner in which DES models contribute to supporting 
decisions has been identified by Robinson (2004), Banks et al. (2000), and Law 
(2015). These contributions of DES in support of decisions are not structured across 
a production system design process, but are meant as a generalization of any 
circumstance under which DES decision support exists. Table 2.3 presents these 
authors’ findings.  

Table 2.3 – Contributions of DES models supporting a decision 

Reference Objectives Pursued by DES Models for the Study of a Decision 
Robinson (2004) Fostering creativity 

Creating knowledge and understanding 

Visualizing and communicating 

Consensus building 

Banks et al. (2000) Experimenting with interaction of elements within a system 

Studying system changes and their effects 

Understanding which variables in a system significantly contribute to a desired outcome 

Training and educating system users 

Experimenting with a design before implementation 

Verifying analytical solutions 

Recognizing element interaction within a system 

Law (2015) Controlling experimental conditions 

Studying a system with a long time frame or in expanded time 

Comparing design alternatives 

Estimating  a system's performance 

 

2.3.3  Challenges of DES use when supporting Production 
System Design Decisions 

Current use of DES at manufacturing companies is limited (Ericsson 2005), and 
research suggests that an even lower use of DES exists during production system 
design (Negahban and Smith 2014). Addressing this issue, considerable research 
effort has been set forth to pinpoint the challenges of DES use when supporting 
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production system design decisions (Wang and Chatwin 2005; Heilala et al. 2010; 
Fischbein and Yellig 2011; Mönch et al. 2011). Table 2.4 classifies the challenges 
of DES support of production system design decisions based on the DES model 
process phases described by Fowler and Rose (2004) and classifies the above 
mentioned studies according to previously identified challenges. Three additional 
challenges that emerged from the literature review not present in Fowler and Rose 
are included: development of simulation and production system knowledge, 
software diversity and lack of standardization (Wang and Chatwin, 2005), and trade-
off consideration and non-intuitive decisions (Mönch et al., 2011). 

Table 2.4 – Challenges of DES support of production system design decisions at 
manufacturing companies adapted from Fowler and Rose (2004) 

DES Model 
Process 

Challenges of DES Supporting 
Production System Design Decisions 

Wang & 
Chatwin 
(2005)  

Fischbein 
& Yellig 
(2011) 

Fowler 
& Rose 
(2004) 

Heilala 
et al.  

(2010) 

Mönch 
et al 

(2011) 
Design Decision support restricted by 

question specific model formulation. 
What problem and how addressed? 

√ √ √ 
  

√ 

Representation of production system 
dynamics and complexity   √       
Validity of a model’s detail level   √       
Simplification of production system 
complexity and factor interdependence   √ √ √   
Non-uniform abstraction level for 
model simplification     √   √ 

Modelling combinatorial explosion of 
options in a production process         √ 

Incomplete and conflicting production 
system knowledge         √ 

Development of simulation and 
production system knowledge √ √       
Software diversity and lack of 
standardization √         

Development Model verification and validation √   √     
Model development time √   √   √ 
Input data collection and its analysis √ √ √ √ √ 
Input data availability and quality √ √   √ √ 

Deployment Model interoperability and 
information sharing across models √   √     
DES industry acceptance   √ √     
Communication of results for effective 
decision making       √   
Simulation model maintenance       √ √ 
Consideration of trade-off and non-
intuitive decisions         √ 

High cost and low re usability of 
models     √     

 

Identification of challenges in DES use for decision support has preponderantly 
centered on difficulties of developing DES models. This approach stems from the 
realization that a single DES model is often incapable of supporting all production 
system design decisions and that detailed questions about a production system’s 
performance will arise during the design process (Fowler and Rose 2004).  
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Also, the modelling perspective for challenge identification arises from the need to 
build trustworthy DES models for factory management to commit to production 
system design decisions (Fischbein and Yellig 2011). This situation underscores the 
issues that arise when determining which elements of a production system to 
represent when supporting decisions through DES during production system design 
and thereby achieve a successful implementation of DES models (Wang and 
Chatwin 2005).  

Salient literature based on a manufacturing context offers different perspectives on 
the challenges of DES use when supporting production system design decisions 
based on the centrality of DES model development. Thus Fowler and Rose (2004) 
address the challenges of DES use for decision support of current and future 
production systems. Heilala et al. (2010) analyze the support of production system 
design and operations decisions based on DES use. Wang and Chatwin (2005) and 
Fischbein and Yellig (2011) describe the key issues in successful DES model 
implementation and difficulties in supporting decisions for production system 
evaluation, respectively. Finally, Mönch et al. (2011) offer an analysis grounded on 
a the logistic point of view of production system.   

2.4 REFLECTIONS ON LITERATURE ON ADDITIONAL 
CHALLENGES 

The material reviewed so far would lead to belief that sufficient knowledge exists 
for research findings to influence manufacturing practice and thereby contribute 
to efficient and effective production system design processes. Yet studies that 
report on how the production system design process is undertaken in practice 
empirical findings provide a different account. This summarizes reviewed 
literature on outstanding challenges affecting production system design decisions 
when significant changes are introduced.  

2.4.1  Production System Design Process 

Empirical findings indicate that manufacturing companies experience severe 
limitations when dealing with production system design. Rösiö and Bruch (2014) 
and Duda (2000) point out the presence of ad hoc practice and a lack of structured 
approaches in production system design practice at manufacturing companies. 
Trial and error remain the most frequent way of designing production systems at 
manufacturing companies (Chryssolouris 2013).  

This hit-and-miss approach is defined by the guess work through which a 
production system is considered suitable and by a limited evaluation of 
production system performance that is strongly dependent on economic 
objectives. This situation is aggravated by the firefighting manner with which 
production system design practice is carried out at manufacturing companies (Wu 
2001b). Bellgran and Säfsten (2010) and Cochran et al. (2002) reason that these 
shortcomings are explicated by a prioritization of product design capabilities over 
production system design process capabilities  as a means of securing  
competitiveness.  
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The lack of a structured approach to the design of a production system constitutes 
a severe limitation of the introduction of significant changes and novelty. Without 
the capability of competently designing production systems, manufacturing 
companies find it increasingly difficult to introduce the next generation of 
production processes and technologies (Pisano and Shih 2009). Since significant 
production system changes are characterized by high levels of uncertainty 
(Frishammar et al. 2013; Parida et al. 2016), the importance of a production 
system design process is apparent when clarifying the long-term benefits 
associated with significant changes and their alternatives (Carrillo and Gaimon 
2002). The existence of a structured approach to the design of a production system 
involving changes for which there is limited experience is necessary to better deal 
with the uncertainties associated with these changes (Pisano 1996).  

2.4.2  Production System Design Decisions 

Committing to production system design decisions faces severe limitations in 
every-day use at manufacturing companies when normative approaches are 
applied. The introduction of novelty and significant production system changes 
further accentuates these limitations. This constitutes a challenge to the support 
of production system design decisions at manufacturing companies. 

Normative approaches require input data necessary to provide a description of the 
real life production system. However, data are often nonexistent at manufacturing 
companies, and when information does exist, it is frequently subject to 
inaccuracies. This has long been pointed out (Kouvelis 1992) and remains a 
current issue for DES (Barlas and Heavey 2016). Furthermore, introducing 
significant production system changes requires taking into account a production 
system that does not currently exist in real life.  

In these cases data necessary to support decisions are not only absent but cannot 
be collected. Hence estimations from various sources and intelligent guesses fuel 
data absence (Robinson 2004). This leads to a situation of uncertainty that 
involves the probability that certain assumptions made during design are incorrect 
or that the presence of entirely unknown facts has a bearing on the future of a 
designed production system (de Weck Olivier and John 2007).  

Further, the use of a normative approach to production system design decisions 
includes the need to qualitatively describe large numbers of attributes necessary 
to accurately depict a designed production system (Chakraborty 2011). This 
requires representing the sub-systems within a production system as well as the 
interrelation of inputs, consequences, processes, and activities necessary for 
committing to a decision. A valid representation of these elements and their 
interrelations often exceeds the time and resources that can be allocated to their 
solution through normative approaches (Kulak et al. 2010).  
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3 RESEARCH METHOD 
This chapter describes the research method. The research approach and how it meets 
the research objective is presented. The selection of a case study method is 
explained. A description of the research design, data collection, and analysis 
follows. The chapter ends with a discussion on the quality of the research.  

3.1 RESEARCH APPROACH 

The objective of this thesis is to explore the use of DES in support of production 
system design decisions when significant changes are introduced. Contributing to 
knowledge requires that there is an existing field of knowledge to contribute to and 
that contributions add to existing understanding (Karlsson 2010). Chapter 1 
identified what current research in the fields of production system design and DES 
has achieved in relation to supporting production system design decisions. Based on 
this, knowledge gaps were identified. Then suggestions of how further research 
would contribute to present understanding of DES supporting production system 
design decisions were put forward. These suggestions focused on the introduction 
of significant changes at manufacturing companies. This thesis is situated in the field 
of operations management. Contributions to knowledge in this field require 
academic and practical relevance (Karlsson 2010).  

There are distinct research approaches to achieve a knowledge contribution that has 
both academic and practical relevance; they differ on how deeply the researcher is 
involved in practice (Mathiassen 2002; Karlsson 2010). This thesis is strongly 
influenced by a collaborative research approach. Collaborative research is defined 
as an emergent and systematic inquiry process (Adler et al. 2004). Embedded in a 
partnership between researchers and members of a living system, collaborative 
research aims at building organizational knowledge and conducting research as a 
knowledge foundation to address significant issues in the organization where the 
research is performed (Shani et al. 2007).  

The reason for the selection of a collaborative research approach stems from an 
interest in the acquisition of knowledge based on problems with significant practical 
implications, and where acquired knowledge serves organizational and research 
purposes (Shani et al. 2007). Thus, research was conducted at a manufacturing 
company that realized the importance of introducing significant changes to their 
production system. The manufacturing company admitted that insufficient 
knowledge and a lack of mechanisms to deal with such changes were present. This 
practical problem and its implications were recognized as research opportunities for 
narrowing the gap between current understanding and the theoretical limitations 
described in Chapter 1. DES use was proposed in all production system design 
projects included in this thesis. This decision was made with the intent of providing 
knowledge to the manufacturing company and conducting research as a knowledge 
foundation to address theoretical limitations. 
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Additional reasons for selecting a collaborative research approach were the 
responsibilities of the members in the partnership (Shani et al. 2012). Members of 
the manufacturing company looked to increase knowledge that would lead to 
resolving a practical issue. From a research viewpoint, acquiring knowledge that 
could be generalized beyond the practical problem was central.  

My position as a researcher in this collaborative research approach included 
developing scientific knowledge independent of interaction with the organization in 
accordance with theoretical understanding in this domain (Shani et al. 2007). 
Analysis of empirical data and all writing with the intent of scientific publication 
was done regardless of company-related activities. Company interaction included 
my participation as a team member of all production system design projects in which 
research was undertaken. Contributions to these projects included the development 
of DES models, active participation in meetings, workshops, data collection, 
benchmarking, and factory visits.  

My position in this thesis is that of an industrial PhD student. This position requires 
working for an academic outcome and being involved in the manufacturing 
company for which research is performed. Naturally, there may be concerns 
regarding the validity and bias of the research process and outcome. Therefore, 
making clear and transparent choices available for the inspection of others was 
considered fundamental (Coghlan and Brannick 2014). This was attempted via an 
explicit description of the research method.  Likewise, making research assumptions 
clear and providing empirical evidence that challenged these assumptions was 
necessary to make the research open to critique. Lastly, bias concerns regarding the 
conclusions of this thesis were addressed by providing an interpretation of empirical 
observations based on theory.  

3.2 RESEARCH METHOD 

Answering the three research questions in Chapter 1 and addressing the research 
objective required selecting an appropriate research method. The research method 
describes the techniques and procedures used to collect and analyze data (Karlsson 
2010). According to Shani et al. (2007), Adler et al. (2004), and Mathiassen (2002) 
a collaborative research approach does not replace but includes diverse research 
methods to generate knowledge. A case study method was selected. Three 
arguments support this decision.  

First, the need to understand a real-world context when a lack of control over 
behavioral events was anticipated (Yin 2013). This thesis is set in a manufacturing 
context, and studies the use of DES supporting production system design decisions 
when significant changes are introduced. Hence, observing and collecting data close 
to the subject of study was considered necessary for problem understanding. More 
importantly, achieving the generation of knowledge was expected to occur on the 
basis of empirical data. The case study method aims at generating scientifically valid 
knowledge based on empirical data,  a reasoning process, and the construction of 
claims (Ketokivi and Choi 2014). Additionally, as pointed out in the problem 
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formulation section, knowledge contributions with regard to DES and production 
system design decisions necessitate empirical substantiation to extend and confirm 
present findings. The case study method is well suited to provide empirical evidence 
when such data are lacking (Voss et al. 2002; Eisenhardt and Graebner 2007). 

Second, production system design decisions and DES models were expected to 
develop and change while the numerous activities that shape the design of a 
production system occurred (Bellgran and Säfsten 2010). Scrutinizing these changes 
for the purpose of understanding was favored. Making use of a research method that 
allowed for the comprehension of dynamic or historical and evolving patterns 
through multiple sources of evidence was prioritized.  

Third, numerous examples of the case study method in support of this end exist in 
operations management literature (Leonard-Barton 1990; McCutcheon and 
Meredith 1993; Voss et al. 2002; Yin 2013), production system design (Wiktorsson 
2000; Bruch 2012; Rösiö 2012), and DES in production system design (Randell 
2002; Holst 2004; Johansson 2006). Therefore, the use of a case study method had 
a significant in the area of interest. Furthermore, resorting to past publications that 
had followed a case study method was considered useful when relating past findings 
to the study of production system design decisions in the context of this thesis.  

3.3 RESEARCH DESIGN 

Following the selection of a research method, a plan to carry out the research was 
developed. This was achieved through the research design, which involves stating 
the choices about the steps to answer and connect the research questions to a study’s 
data and conclusion (Saunders et al. 2011; Yin 2013). Following the advice of Voss 
et al. (2002), the starting point of this research design was the development of a 
conceptual framework and the formulation of research questions based on literature 
reviewed. The conceptual framework helped establish the key concepts and 
constructs used in this thesis: production system design process, production system 
design decisions, and DES. Afterwards, initial research questions were formulated. 
Although preliminary, the initial research questions helped guide data collection.  

Research question adjustment occurred during the development of the case study, as 
often happens when using the case study method (Voss et al. 2002; Yin 2013). 
Indeed, the research questions evolved based on supervisor feedback, additional 
assessment of the literature, and minor adjustments during data collection. Three 
production system design projects (from here on referred to as cases) were selected 
to answer the research questions. Based on these three cases, data were collected 
and analyzed, and results were published over a period of two and a half years. 
Figure 3.1 shows the relationship between cases, research questions, and 
publications appended in this thesis. Case 1 is reported in appended Papers 1 and 2, 
Case 2 is described in Paper 2, and Case 3 is informed by appended Paper 3.  
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Figure 3.1 – Development of research overtime in relation to research questions, 
and publications. 

In addition to framework development and research question formulation,  
Williamson and Johanson (2013) stress that well-designed research should contain 
a description of case selection, unit of analysis, data collection and data analysis. 
These points are explained and supplemented by in the following sections regarding 
the number of cases, the use of real-time studies, a description of the cases, and the 
adoption of mixed method research. 

3.3.1 Number of Cases 

Complexity in the study of production system design decisions was foreseen during 
research design. Selecting a multiple case design instead of a single case one was 
considered necessary to avoid the risk of misjudging conclusions based on a single 
event and overemphasizing available data (Voss et al., 2002). Likewise, this decision 
meant to provide more compelling evidence that would support the study’s findings 
and increase robustness of the research design.  Thus the answers to the Research 
Questions in Chapter 1 are based on the study of three different cases.  

3.3.2  Real-Time Studies 

This thesis made use of real-time studies. The selection of real-time studies is a 
consequence of understanding DES use to support production system design 
decisions when significant changes are introduced. Here changes are expected to 
unfold during the course of production system design.  Real-time studies employ 
longitudinal data collection by combining interviews and observation of events as 
they unfold (Eisenhardt and Graebner 2007). Although time consuming, performing 
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real-time studies increases richness of data and, according to Leonard-Barton 
(1990),  helps clarify the causes that lead to a research outcome.  

Furthermore, choosing a collaborative research approach calls for the use of real-
time studies. A collaborative research approach requires studying events in the 
present tense and developing an inquiry process that evolves with interaction (Adler 
et al. 2004; Shani and Coghlan 2014). Finally, my position as a researcher and a 
member of all production system design projects dealt with in this thesis allowed for 
close, continued, and rich interaction with participants as events took place. This 
was seen as an opportunity to develop an understanding of empirical observations.   

3.3.3 Case Sampling and Selection 

All cases in this thesis took place at one manufacturing company; nevertheless, cases 
were sampled and selected according to operations management research practice. 
Case sampling was performed in accordance with Miles et al. (2013). First, a theory 
driven framework was formulated to establish a basic understanding of the subject 
area and judge whether potential cases fit the intent of research questions. Then, 
cases were bounded by their connection to the research questions, time available to 
both the researcher and the manufacturing company, and access to potential cases.  

Case selection followed purposeful selection strategy according to which settings, 
persons, or activities are deliberately chosen to provide information that is 
particularly relevant to a research question (Maxwell 2012). As a multiple case 
design was realized, the selection of cases followed a replication logic to highlight 
similarities or differences across cases (Yin 2013). Criteria for case selection 
included a) design of production systems, b) introduction of significant production 
system changes, and c) DES support of production system design decisions.  

a) Studying production system design decisions requires selecting cases that 
deal with design of production systems. Potential cases were selected based 
on the manufacturing company’s intention to achieve a competitive 
advantage as a consequence of production system design. Since production 
system design is performed through projects at the manufacturing company, 
potential cases were selected from currently available projects.  

b) This thesis focuses on design decisions when significant production system 
changes are introduced. Hence, selection required production system design 
projects that were initiated because significant changes were introduced into 
a production system. These changes could be new to the industry or new to 
the firm, and novelty and lack of experience when designing a production 
system involving these changes were considered relevant. 

c) Cases were selected when the manufacturing company was interested in 
using DES during the course of a production system design project. Here 
cases were selected based on the company’s awareness that additional 
information was necessary to characterize the designed production system, 
and DES was seen as a means to do so. The use of DES was proposed during 
the production system design project. Two cases in which DES was used and 
one case in which intent of use was present but not realized are included. This 
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choice was made with the purpose of comparing and contrasting DES support 
of production system design decisions in the context of study.   

3.3.4  Unit of Analysis 

The unit of analysis constitutes specific information about the unknown that the 
researcher wants to enlighten (Grünbaum 2007). Bounded by the research questions 
and the reasons that justify case selection, the unit of analysis may exist at more than 
one level (Yin 2013). In this thesis the production system design project is the unit 
of analysis. The production system design decisions within a project and DES 
constitute its embedded units of analysis as shown in Figure 3.2.  

 

Figure 3.2 – The production system design project as a unit of analysis. 

Production system design at the company investigated was carried out in the form 
of projects. Each project involved a formal organizational initiative by which 
resources, staff, and facilities were assigned for a period of time with the purpose of 
designing a production system. Having the production system design project as a 
unit of analysis allowed studying the conception and planning of the overall 
elements and events constituting a production system during its design. 

The objective of this thesis is to explore the use of DES in support of production 
system design decisions when significant changes are introduced. Therefore, an 
embedded unit of analysis that investigated production system design decisions and 
one that looked into DES were required. The aforementioned unit and embedded 
unit of analysis were used in all three cases in this thesis to facilitate cross case 
analysis.  

3.3.5  Mixed Method Research 

This thesis looks to increase the strength of its research contribution by making use 
of mixed method research. Here mixed method research describes a combination of 
methods for collecting and analyzing data, as exemplified by Karlsson (2010). Case 
study and quantitative model based research methods were employed. These two 
methods were used in connection with the same research questions, thus aiming for 
richer and stronger evidence through complementary collection of data as suggested 
by Yin (2013).   

Quantitative model based research has been classified in operations management as 
a rational knowledge generation approach (Karlsson 2010). It is based on the 
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assumption that an objective model can be built to explain the real-life behavior of 
an operational process. DES relates to the modeling of a system as it evolves over 
time (Law 2015). Therefore DES has been included in qualitative model based 
research in operations management (Eldabi et al. 2002). DES is a central part of this 
thesis. The choice of this research method was considered necessary to develop an 
understanding of DES in relation to the identified limits of current understanding 
described in Chapter 1. 

As mentioned at the beginning of this chapter, the use of DES was proposed in all 
production system design projects included in this thesis. A total of seven DES 
models were used. Five DES models were developed for Case 1 and two DES 
models for Case 3. A chronology of cases and DES models in each case is shown in 
Figure 3.3. In addition to proposing the use of DES, I was directly responsible for 
all steps in a simulation study for the five DES models in Case 1. In Case 3 two 
resources, external to the manufacturing company, were responsible for the 
development of DES models.  

 

Figure 3.3 – Chronology of cases and DES models in each case. 

Recognizing the need for a series of structured steps to develop a DES model and 
collect necessary data, Banks et al. (2000) have identified the steps in a simulation 
study (Figure 3.4). There is extensive literature employing these steps for the 
development of DES in a production system design context (Klingstam 2001; 
Randell 2002; Holst 2004; Johansson 2006). Following the steps in Figure 3.4 was 
considered necessary to comply with existing theoretical underpinnings, and it was 
useful to contrast past findings with empirical results from the production system 
design projects studied in this thesis. Therefore all DES models used in the 
production system design projects in this thesis have complied with the above 
mentioned steps. 
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Figure 3.4 – Steps in a simulation study according to Banks et al. (2000). 

3.4 DATA COLLECTION 

This thesis is based on data collected from three cases and seven DES models in real 
time. There were contextual differences between the cases, and data collection was 
adjusted accordingly. Data triangulation was used in all cases to strengthen the 
research conclusions. A description of the data collection process and the nature of 
data collected for each case follows. 

All data were collected at one Swedish manufacturing company with multiple sites 
around the world. The company is a global supplier of high complexity products 
with a diverse product portfolio. The company offers numerous product options 
within each product family. Diversity of products options and families exists in all 
of its manufacturing sites.  
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3.4.1 Case 1, Case 2, and Case 3 

Real-time studies Case 1, Case 2, and Case 3 followed three production system 
design projects separately. In these production system design projects the 
manufacturing company looked to introduce significant changes to its assembly 
system to gain a competitive advantage. Strategically, the manufacturing company 
wanted to satisfy customer requirements and improve the utilization of its assembly 
operations. Top management set forth a long-term initiative through which a 
common product architecture permitted the assembly of multiple products. The 
manufacturing company had no previous experience in the design or operation of 
multi-product assembly systems. This situation required a significant change from 
their current assembly systems where only one product family was assembled in 
each system. Acknowledging their own limitations, the manufacturing company 
launched production system design projects involving multiple sites and resources 
from around the globe.  

Case 1, presented in Paper 1 and Paper 2, examined a production system design 
project where a new multi-product assembly system concept was developed. Case 1 
involved the design of a production system in which altogether different product 
families and all variations in each product were to be produced in the same assembly 
system. The production system designed in Case 1 was not implemented. Data 
collection for Case 1 took place from January 2014 until the project ended in January 
2015. Data collection focused on production system design decisions and DES. 

Case 2, exhibited in Paper 2, dealt with the design of a new multi-product assembly 
system of powertrains. Here different types of powertrains were to be assembled in 
one multi-product assembly system. Case 2 was designed and implemented. Case 2 
was followed from the start of the production system design project in December 
2014 until the assembly system was implemented in January 2016. Data collection 
in Case 2 centered on production system design decisions during production system 
design. 

Case 3, described in Paper 3, involved a production system project with substantial 
modification of a production system where different families of cabs were 
assembled. Here the manufacturing company decided to change its product specific 
assembly system to a multi-product assembly one. Case 3 was limited to the design 
of a production system up to its conceptual phase. In Case 3 data was collected from 
February to June of 2016. Data collection were directed to production system design 
decisions and DES.  

Data triangulation occurred via multiple sources of evidence for all cases. A case 
study protocol was developed for each case to specify data and where it came from, 
as well as who provided the data collected. Data collected during Cases 1, 2 and 3 
were compiled in a case study data base where all information collected was stored 
for ease of access and retrieval. Tables 3.1, Table 3.2, and Table 3.3 summarize data 
collection activities and the techniques used in support of this research. 
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Table 3.1 – Case 1 data collection 

Technique No. Duration Type of data collected 
  (minutes)  

Interviews 5 38 - 73 
Participant background, reasons for start of production system 
design project, production system design process, conclusion 
and consequences of the designed production system. 

   
Respondents: logistics developer, production system design 
consultant, manufacturing research manager, manufacturing 
engineer manager, manufacturing engineer  

Participant Observation   

Weekly project 
meetings 40 60 Project status, progress, activities, responsibilities,  

benchmarking presentations, DES status and project findings 

Workshop 4 Full day 
Project scope and formulation, development of design 
methodology, production system conceptual development, DES 
findings 

Prototype 
demonstration 1 Full day Project findings, feedback,  

Site visits 4 Full day DES model development data collection 
Informal 
conversation 

 Continually Feedback, opinions, activity updates 

Documents   Full access   
 

 

 

Table 3.2 – Case 2 data collection 

Technique No. Duration Type of data collected 
  (minutes)  

Interviews 5 40 - 76 
Participant background, reasons for start of production system 
design project, production system design process, conclusion 
and consequences of the designed production system 

   
Respondents: production system design project leader, 
manufacturing engineer site 1,  manufacturing engineer site 2, 
manufacturing engineer site 3, production system design 
consultant 

Participant Observation   

Weekly project 
meetings 40 60 Project status, progress, activities, responsibilities and 

benchmarking presentations by project team members 

Workshop 5 480 
Data collection, discussion about challenges of production 
system design, production system design activities, consensus 
building 

Informal 
conversation 

 Continually Feedback, opinions, activity updates 

Floor shop visits 2 480 
Identification of challenges of designing a multi-product 
assembly system when compared to the current production 
system 

Documents   Full access   
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Table 3.3 – Case 3 data collection 

Technique No. Duration Type of data collected 
    (minutes)   

Interviews 5 50 - 120 

Participant and production system design project background, 
and project description. Identification of design decisions, 
uncertainties challenging production system design, uncertainty 
reduction activities during design 

   
Respondents: manufacturing engineering manager, multi-
product assembly system concept owner, production system 
design project leader, logistics developer, a manufacturing 
engineer  

Participant Observation   
Weekly project 
meetings 10 60 Project status, progress, activities, responsibilities and 

benchmarking presentations by project team members 

Workshop 1 480 
Review of data collection and DES study, discussion about 
challenges of production system design, production system 
design activities 

DES meetings 4 60 - 120 

Definition of purpose, objective, time plan and activities of DES 
model use. Verification and validation of collected data for DES 
model use. Model verification and validation. Presentation of 
DES model results 

Informal 
conversation 

 Continually Feedback, opinions, activity updates 

Floor shop visits 3 120 - 180 
Identification of challenges and uncertainties of designing a 
multi-product assembly system when compared to the current 
production system 

Documents   Full access   
 

A collaborative research approach affected data collection, and so did my position 
as a researcher and a member of the production system design project teams in Case 
1, Case 2, and Case 3. Interaction with production system design project members 
in all cases was continual. This was seen as an opportunity to collect relevant 
information through participant observation. Thus, data collection relied on 
observations as they took place in the natural context of occurrence among the actors 
who would naturally be participating in the interaction (Adler and Adler 1994). 
Participant observation data were first recorded as events happened and included 
observations, impressions, hunches, and questions. Then data collected were 
summarized in a case study protocol. Participant observations took place in weekly 
project meetings, workshops, prototype demonstrations, floor shop visits, DES 
related meetings, and informal conversations with the production system design 
project team members.  

Additionally, access was granted to all documents in Case 1, Case 2, and Case 3. 
Case documents included Power Point presentations, minutes, project directives, 
and project start and closure documents. Possible explanations regarding data 
collected and preliminary results were discussed constantly with thesis supervisors. 
These discussions led to reflection on preliminary research findings, and collection 
of additional data. 

Ten narrative interviews following the approach suggested by Bauer (1996) were 
conducted in Case 1 and Case 2, five per each case. Interviewed informants were 
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asked to narrate their experience of the production system design project. Each 
informant described the reasons behind the start of production system design as well 
as the series of activities from start to finish involved in the design of the production 
system. Finally, informants reported on the conclusions and consequences of the 
designed production system. A concluding part during which previously prepared 
questions were asked in the informant’s terminology ended the interview. Since 
production system design decisions are at the core of this thesis, ideas for follow-up 
questions were influenced by previous decision making studies at manufacturing 
companies (Mintzberg et al. 1976). Interviews were recorded and transcribed. 
Afterwards, informants were individually contacted and shown the transcribed texts 
for approval. At this point, clarification questions were asked. 

Interviews were also conducted in Case 3. Interviews followed a semi-structured 
format and began with an explanation of the purpose of the study and its intended 
outcome. Literature on production system design decisions served as a guide for the 
content of interview. Interview content focused on the background of the respondent 
and the production system design project, production system design project 
description, design decision identification, identification of uncertainties 
challenging production system design decisions, and description of production 
system design activities. Interviews were recorded and transcribed, and respondents 
were contacted individually at a later date for verification of the transcribed texts. 

3.4.2 DES Data Collection 

As stated above, my position involved the development of DES models in Case 1. 
The manufacturing company recognized the need to acquire additional knowledge 
concerning the introduction of significant changes in their production system. DES 
was used to provide an understanding of change introduction during the production 
system design process. Five DES models were developed during the production 
system design process.  

Data collected for DES models included assembly times, product mix and demand, 
disturbances in the assembly line, operation sequence, and worker assignment rules. 
No physical real-world existed from which DES model data could be collected. 
Thus, data for all simulation models were estimated following input data estimation 
approach suggested by Robinson (2004). DES models developed in Case 1 followed 
the steps in a simulation model described by Banks et al. (2000).  

Collected data for assembly times and process disturbances were estimated based 
on data collected and processed by manufacturing engineers from three Swedish 
sites and one site in America. These sites assembled the product families included 
in Case 1. Demand forecasts for each product family were collected from the 
aforementioned sites, compared with historical values, and validated by product 
experts and production managers associated to Case 1. Data regarding the operation 
sequence that an operator was meant to perform and the time each operation would 
consume were collected after an analysis performed by product experts involved in 
Case 1. Worker assignment rules, i.e. the conditions under which an operator crew 
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would perform work in the assembly line, were established by the design team in 
Case 1. Table 3.4 outlines data collected for DES model development. 

Table 3.4 – Case 1 DES data collection 

Data Source 

Assembly times Manufacturing engineering estimates based on data collected from 3 Swedish 
and one site in the Americas 

Disturbances Manufacturing engineering estimates based on data collected from 3 Swedish 
and one site in the Americas 

Product demand Forecasts for 3 Swedish and one site in the Americas, compared and adjusted to 
historical values, validated by product experts and production managers 

Operation sequence Product expert analysis 
Worker assignment rules Production system design project team analysis 

 

In Case 3, two DES models were developed by two resources external to the 
manufacturing company. My participation included being a member of the 
production system design project, and my participation in regard to DES was limited 
to meetings and discussions involving the collection of DES data, conceptual 
models, and DES model results. However, full access was granted to DES model 
data including DES model results, conceptual models, and collected DES data as 
outlined in Table 3.5 

Table 3.5 – Case 3 DES data collection 

Data Source 

Assembly times Swedish site operations data base, manufacturing engineers, operators, maintenance 
log and data base 

Disturbances Swedish site operations data base, manufacturing engineers, operators, maintenance 
log and data base 

Product demand 2015 demand for 3 products at Swedish site, 2016 demand forecast supplied by 
management functions 

Production schedule Swedish site operations data base 
Operation sequence Estimates from manufacturing engineering department 

 

3.5 DATA ANALYSIS 

Data analysis followed three streams of concurrent activities (Miles et al. 2013): 
data condensation, data display, and conclusion drawing. Data condensation refers 
to abstracting raw case data, data display is the compression of data in visual form 
to draw conclusions from, and conclusions drawing concerns a search for the 
meaning of case happenings. These three streams were not linearly followed and 
required backtracking and several iterations as data analysis progressed. In spite of 
the concurrent nature of data analysis, a series of steps could be identified.  

Data condensation included two steps. First, to achieve an initial comprehension of 
the research subject, a theoretical understanding was developed based on literature 
reviewed as suggested by Yin (2013). Key terms and concepts were identified, and 
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an initial group of coded categories emerged. For example, in studying production 
system design decisions codes such as strategic decisions, operational decisions, 
decision areas, challenges, and decision rules were identified. In the case of DES, 
challenges, decision support, objectives, and contributions to production system 
design were identified.  

Then empirically drawn data from each case were also condensed. Here collected 
data were first divided into three groups: interviews, field notes, and DES model 
data. The material was read several times. Reflection in connection with the subject 
at hand took place. Collected data were coded based on previously identified 
literature based codes, but new codes also surfaced from collected case data. In 
production system design decisions, empirical codes included experience, 
opportunities, gut feeling, management vision, and team contribution. Empirically 
emergent DES codes included uncertainty, problem definition, design process, and 
decision support.  

Data display involved the synthesis of theoretically based codes and data collected 
ones. Data were stored on a spreadsheet to facilitate data presentation.  Condensed 
data from theory and each case were stored separately.  

Subsequently each case was first treated individually as a separate study. 
Conclusions in each case were drawn on the basis of condensed data displayed in 
spreadsheets. Then a cross case synthesis was employed to gain a comprehensive 
understanding across cases (Yin 2013). At this point cross case analysis took place. 
Data from each case were considered. Then these findings were compared and 
contrasted with theoretical findings. Data were rearranged, and patterns across cases 
were identified. Preliminary conclusions were formulated and continually discussed 
with supervisors at this point. Conclusions were finalized based on the comparison 
and contrasting of theoretical findings with cross case synthesis. Comparison of case 
data with theory did not attempt to question the generality of case result to other 
empirical contexts, but to question whether a sense of generality could be found in 
terms of theory as recommended by Ketokivi and Choi (2014).  

3.6 QUALITY OF RESEARCH 

Research quality provides credibility and trustworthiness to the research process and 
its results. Construct validity, internal validity, external validity, and reliability are 
described in accordance with operations management standards of research quality 
when applied to the case study method (Karlsson 2010). An explicit description of 
construct, internal and external validities as well as reliability according to 
McCutcheon and Meredith (1993), Gibbert et al. (2008), and Voss et al. (2002) was 
presented to account for concerns about the rigor of the case study method. The 
following was enacted for all cases included in this thesis. 

Construct validity refers to the specification of concepts and their relation to the 
original study objectives. Its fulfillment requires identifying the concepts being 
studied, establishing a chain of evidence, and relying on multiple sources of 
evidence (Yin 2013). To attain construct validity, this thesis linked its research 
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objective and questions, identified the units of analysis, and related the unit of 
analysis to the research objectives. All case studies on which this thesis is based 
were verified for compliance with the aspects above. Rigor in construct validity was 
sought, as suggested by Gibbert et al. (2008), through data triangulation from 
multiple sources (archival records, interview data, participatory observation, DES 
model input data, and DES model results). Data analysis adhered to previously 
described approaches commonly used in the field of operations management. 

Internal validity is the extent to which causal relationships are established, by which 
a chain of conditions is demonstrated (Voss et al. 2002). Mixed method research 
was used to uphold conclusions on the basis of evidence provided through different 
ways of collecting data. Additional data were triangulated to support argument 
strength (Karlsson 2010). Theory was used extensively to gain an understanding of 
current perspectives and the limitations discussed in Chapter 1. This was used to 
compare and contrast case findings to explain how and why something happened, 
ruling out rival explanations (Yin 2013). Constant discussions with supervisors were 
important to reflect and question the thinking process from which conclusions were 
developed. Supervisor discussions were also seen as a necessary step to add distance 
and reflect on the research findings and actions, given my position as member of all 
production system design projects. 

External validity refers to the generalizability of research findings and the extent to 
which the results can account for populations or settings beyond those of the subject 
of study (Williamson and Johanson 2013). This thesis has not attempted a statistical 
generalization of its findings but, as suggested by Yin (2013) and Gibbert et al. 
(2008), relied on an analytical one. Analytical generalization was conducted relying 
on theory as suggested by Maxwell (2012), Yin (2013), and Ketokivi and Choi 
(2014) when employing case study methods. Identification of a general 
understanding of DES support of production system design decisions was developed 
in accordance with theoretical underpinnings. Then, key limitations to current 
knowledge in the context of significant production system change introduction were 
formulated. A theoretical framework provided a basic logic to understand DES use, 
challenges, and contributions supporting production system design decisions. This 
general logic was compared and contrasted with data drawn from an empirical 
context of cases that included the introduction of significant changes to a production 
system. Additionally, conformity with methodological rigor was attempted by 
providing a rationale for case selection and case study context (Cook and Campbell 
1979), and a cross case analysis was performed to strengthen the conclusions of this 
thesis. 

Reliability, a study’s operational and result reproducibility (Yin 2013) was ensured 
by documenting research procedures and developing case study protocols to report 
the manner in which each case study was conducted. Transparency and replication 
were targeted to achieve this (Gibbert et al. 2008). Transparency was realized 
through a case study protocol that reported how each case was conducted. As 
proposed by Karlsson (2010), the case study protocol indicated from whom and from 
where different sets of information were sought, the questions to be used in 
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interviews, the subjects covered during interviews, and the specific data each 
question was meant to acquire. Replication was attained by compiling a case study 
data base that facilitated retrieval and replication. The case study database was 
created for each case and included theoretical framework findings, archival notes, 
interview protocols, manuscripts, and quantitative data.  

Table 3.6 presents a summary of the activities used in this work to achieve research 
quality. The quality standards of construct validity, internal validity, external 
validity, and reliability are presented in connection with each case. Further, the 
activities supporting the abovementioned quality standards per each case are 
included.  

Table 3.6 – Strategies used to achieve research quality 

Quality Standard Activities Supporting Research Quality Case 
1 

Case 
2 

Case 
3 

Construct Validity Linking research objective and research questions 
to case X X X 

Identified unit of analysis X X X 
Data triangulation X X X 

Internal Validity Data triangulation X X X 
Use of different research methods X   X 
Discussion with supervisors X X X 
Development of theoretical framework X X X 

External Validity Development of theoretical framework. X X X 
Identification of key concepts per existing theory X X X 
Rational for case selection and sampling X X X 

Reliability Documenting research procedures X X X 
Development of research protocols X X X 
Use of case study data base X X X 
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4 EMPIRICAL FINDINGS 
This chapter presents the empirical findings from the three cases included in this 
thesis. Each case is described separately, followed by a detailed description of the 
empirical findings in each cases in relation to DES use supporting production system 
design decisions when significant changes are introduced.  

4.1 INTRODUCTION OF SIGNIFICANT PRODUCTION 
SYSTEM CHANGE 

Empirical findings in this thesis are based on research performed at one Swedish 
manufacturing company. All three cases were initiated by a corporate decision to 
allocate resources and actions to the transformation of product specific into multi-
product assembly systems. These significant changes to the assembly systems were 
seen as a means for the company to increase its competitive advantage by shortening 
lead time to customers, reducing manufacturing footprint, and providing a common 
architecture for its products. Design and implementation of multi-product assembly 
systems was a corporate objective included in the manufacturing company’s 
strategy. The above is explained in detail in Papers 1, 2, and 3. 

4.2 CASE 1  

Case 1 relates to the design of a multi-product assembly system where five different 
product families and all variations in each product were to be assembled in the same 
assembly line. The new multi-product assembly system was based on shared 
technical solutions, assembly processes, tools, assembly operators, and logistics. 
The aim of the production system design project in Case 1 was to increase the 
flexibility of manufacturing sites in addition to meeting the company’s strategic 
objectives previously mentioned. This case is described in Papers 1 and 2. 

The design of the multi-product assembly system was developed between January 
2014 and January 2015. A production system design project team was deployed that 
included a cross functional team of manufacturing research management, program 
managers, manufacturing engineers from seven global sites, a consultant supporting 
technical solutions in assembly system design, and  three PhD students (including 
myself). In Case 1 the manufacturing research manager was also the production 
system design project manager. A steering committee consisting of top level 
management representatives from production engineering and product design 
supervised the production system design project. The manufacturing research 
manager and I were the only team members familiar with DES use. A series of 
presentations were held to increase awareness of DES in the project team and 
communicate how DES could contribute to the production system design process in 
relation to taking into account variations in the process and dynamically evaluating 
an assembly system.  

No standardized process for the introduction of significant production system 
changes existed at the manufacturing company. Therefore Case 1 followed a 
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production system design process proposed by the manufacturing research manager. 
This process was strongly influenced by theoretical underpinnings and the 
manufacturing research manager’s background. The process guided the design team 
through a series of production system design phases meant to turn a production 
system design proposal into a fully developed production system ready for 
implementation. Since the team had no prior experience of a multi-product assembly 
system, an analysis of the assembly sequence and the flow of products as they were 
currently assembled on the factory floor was a project priority. The designed 
assembly system was not implemented because of changing market conditions that 
severely limited the allocation of resources. However, the finalized design was 
accepted as mature enough and ready for factory floor testing.  

The production system design project manager saw the opportunity to represent the 
assembly concept dynamically, and therefore the project team entered the DES 
domain. Empirical results show that DES was used in Case 1 to learn more about an 
untested assembly system of which the design team had no experience. DES was the 
only means of providing a dynamic evaluation of the designed assembly system in 
Case 1. 

Five DES models (DES models 1, 2, 3, 4, and 5) were developed during the 
production system design project. DES models were developed between the project 
development and pilot test phases. Figure 4.1 shows the phases in the production 
system design process followed in Case 1 and the places where DES models were 
used.  

 

Figure 4.1 – DES use during the production system design process in Case 1 

The summary of DES models in support of production system design decisions in 
Case 1 is presented in Table 4.1. The objectives of each DES model are shown, and 
these are matched with the evaluation parameters and input data employed for each 
DES model. Supported production system design decision areas are indicated. 

Empirical results reveal that all DES models were developed to support production 
system design decisions, but these decisions were not explicitly stated in a model’s 
objective. Also case documents show that there was no selection process or 
guideline for which production system design decision areas to support. Production 
system design decisions were provisionally made during design based on team 
member intuition. There were concerns about the consequences of such decisions. 
Hence DES models were developed to resolve these concerns, and model objectives 
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were defined accordingly. DES model 1 exemplifies. One of the first compromises 
during production system design was layout selection. Therefore DES model 1 was 
developed with the objective of selecting a layout by providing a visual 
representation of the production process flow of five different assembly concepts.  

Table 4.1 – DES use during production system design in Case 1 

Model DES Objectives Evaluation 
parameters Input Data 

Supported Production 
System Design Decision 
Area 

DES  
Model 1 

Layout selection Visual representation 
of production process 
flow 

Takt time 
Demand 
Assembly stations 

Facilities 

          
DES 
Model 2 

Confirmation of designed 
production system in 
conceptual phase 

Efficiency, products 
assembled, lead time 

Assembly times 
Production mix 
Demand 

Facilities, Process 
Technology, Capacity, 
Performance Measurement 
System 

          
DES 
Model 3 

Refinement of designed 
production system and 
identification of production 
system design problems 

Efficiency, products 
assembled, lead time 

Assembly times 
Production mix 
Demand 
Disturbances 

Facilities, Process 
Technology, Capacity, 
Performance Measurement 
System 

          
DES 
Model 4 

Evaluating assembler 
assignment rules, and 
efficiency of designed 
production system 

Operator utilization, 
production system 
efficiency, products 
assembled, lead time 

Assembly times 
Production mix 
Demand 
Disturbances 
Operation sequence 
Assembler assignment 
rules 

Facilities, Process 
Technology, Capacity, 
Organization, Performance 
Measurement System 

          
DES 
Model 5 

Evaluating efficiency of 
designed production 
system ready for floor shop 
tests 

Efficiency, products 
assembled, lead time 

Assembly times 
Production mix 
Demand 
Disturbances 
Operation sequence 
Assembler assignment 
rules 
Factors A, B, C, D 

Facilities, Process 
Technology, Capacity, 
Organization, Performance 
Measurement System 

 

Evaluation parameters linking the objectives of a DES model to supported 
production system design decision areas were not uniform across the different DES 
models and changed depending on the objective of the model. Evaluation parameters 
were selected based on project members’ need to evaluate the performance of the 
assembly concept. The parameters included assembly system efficiency, products 
assembled, lead time, and operator utilization. There was no standardized procedure 
across the different sites of how to measure these evaluation parameters. Therefore, 
evaluation parameter calculation was agreed on by the project team.  

Development of all DES models was highly iterative and required continuous 
discussion with project members. Empirical findings exhibit that the DES model 
detail level increased consistently during production system design. Initially, a basic 
DES model was built representing the assembly process flow of five alternative 
assembly concepts. This initial model relied on the visual representation of assembly 
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process flow in each concept, and no evaluation parameters were used for assembly 
concept selection. Based on the assembly process flows represented by the DES 
model, team members discussed and selected one alternative. Refinement of the 
selected assembly system concept continued. Different DES models were used to 
iteratively evaluate this concept through the abovementioned evaluation parameters. 
Similar to the increased level of DES model detail, input data for each model 
increased consistently with the design of the multi-product assembly system. 

DES model results supporting production system design decision areas were first 
communicated within the project team. Communication of DES model results to the 
production system design project team required interpretation. DES results were 
summarized in presentations, and the visual capabilities of DES models were used 
to illustrate the assembly process flow. Once these results were presented rich 
discussions ensued. Communication on the implications of design decisions was 
effective, and based on DES model results, potential trade-offs when committing to 
a design decision surfaced and were examined in the project team. Then 
commitment to production system design decisions was made based on DES model 
results and other design activities. When decisions had been taken by the production 
system design project team, results were presented to the steering committee. The 
steering committee questioned why and how design decisions were specified in the 
assembly concept but did not introduce any design decisions of their own.  

There were limitations to the use of DES in support of production system design 
decisions. The production system design process employed in Case 1 did not 
indicate in which phases of the design process DES could be used, nor how DES 
would support the production system design decisions. Insight into DES use and its 
contributions to production system design came from project members’ 
backgrounds. Although five different DES models were developed, no plan for 
model interrelation or model re-use existed.  

Assumptions regarding assembly process flow were made to develop all DES 
models in Case 1 until the production system design process unveiled new 
information; when no new information was found assumptions were maintained. 
There were also simplifications based on the choices of what features and 
capabilities of the designed assembly system were represented in each DES model 
and how they were represented (e.g. whether or not sub-assembly stations should be 
included in the DES models). Since there was no standardized way of modeling the 
designed assembly system existed, a non-uniform level of abstraction was present 
across the DES models in Case 1.  

Input data relied heavily on the assumptions of production system experts who 
participated in the project. This was a consequence of the high level of uncertainty 
regarding the design of a multi-product assembly system and the limited experience 
of the design and operation of such assembly systems. Assumptions about input data 
were based on existing production systems which were different from the envisioned 
multi-product assembly system. As noted above, input data increased consistently 
from DES models 1 through 5. Whenever possible, input data and DES model results 
were reused in later phases of the production system design process. No traces of 
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interoperability across any of the DES models in Case 1 were present, and once a 
DES model provided a solution it was no longer used during the production system 
design process. 

DES model validation and verification made extensive use of project team member 
feedback, comments, and questions. Participation by the production system design 
project team in DES problem formulation, objectives, data collection, model 
building, and experimentation was frequent. A continuous and dynamic dialogue 
between members of the design team and DES model developers was necessary. 
This affected the DES model development time and was seen as the only means of 
acquiring credibility in lack of a real world with which to validate the DES models.  

4.3 CASE 2 

Case 2 concerned the design of an assembly system in which powertrains of five 
different product families could be assembled in the same multi-product assembly 
line. When designing the multi-product assembly system, the design project aimed 
at minimizing product cost and investment levels required to design a multi-product 
assembly system while at the same time complying with the manufacturing 
company’s strategic objectives. Case 2 is detailed in Paper 2.  

This assembly system was designed between December 2014 and January 2016. 
Eight sites contributed to this production system design project with assembly 
process information about five powertrain product families. Production system 
design responsibilities were shared by a cross functional team consisting of 
manufacturing managers, a program manager, manufacturing engineers from four 
global sites, logistics developers, technical experts, a consultant supporting technical 
solutions in assembly system design, and myself. The program manager was 
responsible for leading the production system design project team. A steering 
committee consisting of top level management representatives from production 
engineering and product design supervised the production system design project. 
The program manager and the consultant had previously participated in Case 1, and 
DES knowledge was limited to these participants and myself. In Case 2 DES use 
during production system design was proposed; there was interest in using DES in 
the production system design project team, but DES was ultimately not used during 
production system design.  

The manufacturing company had no standardized process for the introduction of 
significant production system changes. Additionally, the project team had limited 
experience of the design of multi-product assembly systems. Although three team 
members in Case 2 had previously participated in the design of a multi-product 
assembly system (Case 1), the specific character of powertrain assembly in terms of 
product characteristics, assembly processes, and diversity of components limited 
previously acquired experience.  

Initially Case 2 made use of a product design process employed for the introduction 
of advanced technologies to design the multi-product assembly system. However, 
the project manager discarded this process shortly after production system design 
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initiation. The reasons for discarding the process were the differences that existed 
between activities required to characterize a product versus a production system. 
Instead the project manager chose to loosely follow the production system design 
process described in Case 1.  

Halfway through the completion of the production system design project, one of the 
company’s Latin American sites became interested in implementing the multi-
product assembly system designed in Case 2. This site not only assembled all of the 
powertrain product families envisioned in the multi-product assembly system, but 
also looked to achieve the company’s strategic objectives. Production system design 
completion was urgent. The multi-product assembly system designed in Case 2 was 
later implemented at this site. 

In Case 2 the introduction of significant changes in the form of a multi-product 
assembly system required an extended period of system understanding that delayed 
design activities. This period of understanding was characterized by the 
uncertainties that came as a consequence of introducing changes to the production 
system. These uncertainties were associated with selecting what parts of a 
transmission to include in a multi-product assembly system and which transmission 
families to assemble in it. Agreeing on these issues dominated the early months of 
design work. After definition of these terms, an extensive investigation and 
acquisition of information on how to assemble the selected transmissions in one 
assembly line followed. This required the extensive acquisition of information on 
currently assembled powertrains at eight different sites in the manufacturing 
company. The time allocated for requirements setting and data collection exceeded 
the original plan. As a result concept generation, detailed development, and 
evaluation activities overlapped in a short time frame. Additionally, the urgency of 
delivering a finalized assembly concept to the Latin American site shortened the 
original time allocated to the design process. Hence, time allocated to evaluation of 
the designed assembly system was reduced and evaluation between concept 
generation and detailed design was discarded.  

DES use during the design of the assembly system was suggested in project 
proposal, initiation, and planning phases of the design project. Numerous 
presentations were held to inform how DES had been used during the design of the 
multi-product assembly system in Case 1. This presentation focused on the 
importance of considering variations affecting an assembly system, such as 
differences in assembly times, demand, disturbances, etc. Also presentation to the 
design project team emphasized the capabilities inherent in DES models in 
representing the process flow in an assembly system. Project team members 
welcomed the idea of using DES during Case 2. In lack of a production system 
design process that clearly indicated where to use DES, suggestions of DES use in 
Case 2 relied on findings from Case 1. The points in time where DES use was 
suggested during production system design in Case 2 are indicated in Figure 4.2.  

When evaluation of the assembly concept started, the project manager requested the 
development of a DES model that would help evaluate the effects that changes in 
powertrain demand would have on the multi-product assembly system. However 
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DES use was discarded. Empirical findings show that reasons for hindering the use 
of DES in Case 2 come from issues surfacing in the production system design 
process.  

 

Figure 4.2 – Production system design in Case 2 and proposed DES use. 

When an assembly system concept emerged from the design process, limited time 
to develop a DES model remained before implementation. In Case 2 potential use 
of DES came at a trade-off involving the development of a DES model that provided 
a dynamic representation of the designed assembly system and the decision support 
this model could offer. Representation of the assembly system dynamics was only 
achievable through an oversimplification of the assembly system, a situation that 
impaired the validity of the DES model. A timeline was proposed that exceeded the 
time in which evaluation results were expected, and thus DES was not used in the 
production system design project.   

Instead of using a DES model, spreadsheet calculations were used to evaluate the 
designed multi-product assembly system. Here rough assumptions and 
simplifications were made regarding the input data that supported the evaluation 
(e.g. assembly times were based on average values of the most widely produced 
powertrain product, and no disturbances were taken into account). These 
assumptions and simplifications also affected the representation of the designed 
assembly system (e.g. evaluations did not represent the changes in demand that all 
powertrain families experienced in the past and were expected to experience in the 
future).  

Notwithstanding these limitations specific design issues and high level strategic 
objectives were considered. Production system design decisions from both 
infrastructural and structural categories were taken into account (e.g. number of 
assemblers, layout, number of stations, etc.). Evaluation parameters included 
assembled products, number of operators, work shifts, floor space, quality cost, 
equipment investment, and tied up capital. No standard procedure for evaluation 
parameters existed; these were selected by the project team to address the concerns 
from the site interested in implementing the multi-product assembly system. 
Slideshow presentations were developed to illustrate assembly process flow. Table 
4.2 summarizes the findings of the evaluation made of the assembly system designed 
in Case 2. 
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Table 4.2 – Evaluation made design assembly system in Case 2 

Evaluation Objectives Evaluation parameters Input Data 
Supported Production 

System Design Decision 
Area 

Providing quantitative 
and qualitative benefits 
of designed assembly 
system 

Assembled products, number of 
assembly operators, work shifts, 
floor space, quality cost, equipment 
investment, tied up capital 

Assembly times 
Product takt times 
Production mix 
Demand variation 
Material flow 
Assembly area 

Process technology, 
Capacity, Facilities, Human 
Resources, Organization, 
Quality, Performance 
measurement system 

4.4 CASE 3 

The production system design project introduced a multi-product assembly system 
to replace the site’s existing product specific assembly system in which different 
families of cabs could be assembled in the same line. The designed production 
system aimed to comply with the manufacturing company’s strategic objectives as 
well as target the site’s need to increase production system efficiency and reduce 
assembly line space. Case 3 is described in Paper 3. 

Case 3 examined a production system design project at one of the manufacturing 
company’s Swedish sites between February and June 2016. Case 3 was limited to 
designing an assembly system in a conceptual phase, but production system design 
activities were expected to continue. Documents reviewed during Case 3 revealed 
that a multi-product assembly project had been initiated at least twice before, and 
that changing market conditions and numerous changes in site management were 
responsible for stopping previous design projects. 

In Case 3 production system design project support was present in the form of a 
project team that included a manufacturing research manager, two production 
engineers, production engineering manager, logistics developer, assembly concept 
owner, program manager, two thesis workers, and three PhD students (myself 
included). The manufacturing research manager, a consultant supporting technical 
solutions in assembly system design, two PhD students, a production engineer, and 
the program manager had participated in Case 1. Project management 
responsibilities were carried out by the production engineering manager. A steering 
committee composed of top level production engineering managers and the site’s 
manager supervised the production system design project. All of these participants 
were acquainted with the design of a multi-product assembly system. Regular 
participants had previously experienced the use of DES during a production system 
design process, yet competence for developing a DES model was limited to the two 
thesis workers and myself. 

There was a stage gate model at the site of Case 3 for controlling administrative 
milestones during the design of a production system, but no formal production 
system design process for introducing significant changes existed at this 
manufacturing site. Case 3 followed neither the stage model familiar to the site nor 
the production system design process in Case 1. When inquired about this, the 
project manager explained that stage gate model disengagement came as a 
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consequence of the many times a multi-product assembly system project had been 
shut down and restarted in the past, and consequently plans were not followed 
anymore. Furthermore, the site had witnessed numerous changes of site 
management responsibilities in the last three years providing no continuity to past 
multi-product assembly project initiatives. Also, the production system design 
process was perceived by the project manager as inadequate for designing a 
production system involving changes for which limited experience existed. DES use 
during the design of the assembly system was suggested by myself and the 
manufacturing research manager. This required a number of presentations informing 
how DES could contribute to the design of the assembly system. The project 
manager approved the use of DES in Case 3.  

Although no formal production system design process was employed in Case 3, 
Figure 4.3 chronologically identifies production system design activities and signals 
the point at which DES models were used. 

 

Figure 4.3 – DES use during the production system design in Case 3 

In spite of several project team members having participated in Case 1, there was 
limited experience of the design and operation of a multi-product assembly system 
at the manufacturing site. Therefore a crucial first step in the project was to build 
understanding of the consequences of production system design and thereby support 
the production system design decisions of Case 3. An assembly system concept 
strongly endorsed by management emerged early during production system design.  

Production system design activities targeted the characterization of this assembly 
concept and included the development of two DES models that would compare the 
current product specific assembly system (DES model 6) with the envisioned and 
future multi-product one (DES model 7). Three different scenarios affecting both 
DES models were used. First, the effects of disturbances on both existing and the 
designed assembly system were determined. Second, the consequence of 
introducing a new product in both existing and designed assembly systems was 
evaluated. Third, the effect of changes in product demand for products assembled in 
both the existing and designed assembly systems were assessed. These three 
scenarios were studied based on the project manager’s request and were developed 
to address changes anticipated by site management that could occur in the period 
between design of the multi-product assembly system and its implementation. Each 
scenario was considered independently to highlight its effect, and later all scenarios 
were aggregated. 
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Data showing DES use in support of production system design decisions in Case 3 
are presented in Table 4.3. Supported production system design decision areas in 
Case 3 focused on the design of the multi-product assembly system. Accordingly, it 
is in the future multi-product assembly system (DES model 7), and not in the 
existing assembly system (DES model 6), that decision areas are identified. DES 
model objective, evaluation parameters, and input data were equivalent in both DES 
model 6 and DES model 7.  

Table 4.3 – DES use during production system design in Case 3 

Model Model Objectives Evaluation 
parameters Input Data Supported Production System 

Design Decision Area 
DES  
Model 6 
(Current 
Assembly) 

Understanding 
consequence of 
production system 
design by comparing 
an existing production 
system to a designed 
one 

Assembled products, 
lead time, number of 
assembly operators 

Assembly times 
Product takt times 
Production mix 
Demand 
Disturbances 

Process technology, Capacity, 
Facilities, Organization, 
Performance measurement 
system 

          
DES  
Model 7 
(Designed 
Assembly 

Understanding 
consequence of 
production system 
design by comparing 
an existing production 
system to a designed 
one 

Assembled products, 
lead time, number of 
assembly operators 

Assembly times 
Product takt times 
Production mix 
Demand 
Disturbances 

Process technology, Capacity, 
Facilities, Organization, 
Performance measurement 
system 

 

Empirical findings show that in Case 3 DES was used to support production system 
design decisions. Neither a selection process nor guidelines for supporting 
production system design decision areas existed. Production system design 
decisions were made based on team member intuition and centered on the assembly 
concept endorsed by management. DES use to support production system design 
decisions was accomplished by DES model objectives that focused on 
understanding the consequences of production system design by comparing an 
existing assembly system with the designed one.  

Results from Case 3 show that DES support of design decisions did not occur 
through a number of alternative models. Instead, a multi-product assembly system 
concept existed from the start of the production system design. Design activities in 
Case 3 were directed towards the refinement of this multi-product assembly concept. 
Once the designed assembly concept was mature enough, DES was used for the 
purpose of comparing its performance against that of the site’s existing assembly 
system. The consequences of DES use when supporting production system design 
decisions in Case 3 helped characterize the designed assembly system. The number 
of assembly stations, type of work performed, assembly time, assembly process, and 
number of assembly workers were defined. Additionally, DES use created 
awareness of the importance of variation in an assembly process during production 
system design, a situation that was supported by DES model results when 
considering disturbances, changes of demand, and new product introduction.  
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The use of DES provided the means for dynamically analyzing production system 
behavior in Case 3. DES models were developed by two thesis workers who did not 
belong to the staff of the manufacturing company. The development of DES models 
6 and 7 was highly iterative and included rich dialogue between project team 
members, factory floor experts, and site management. Continuous dialogue and 
iterative DES model development were necessary to understand both the existing 
and the designed assembly system, as well as gain credibility and trust in DES at the 
manufacturing site.  

DES model results were based on the comparison of the existing and the designed 
assembly system through the evaluation of parameters. Evaluation parameters 
linking DES model objectives to production system design decisions were agreed 
upon in the project team and focused on evaluating the performance of the designed 
multi-product assembly system compared with the existing assembly system. 
Evaluation parameters included assembled products, lead times, and number of 
assembly operators. 

Communication of DES model results required interpretation by the thesis workers 
in charge of DES model development. DES model results were first presented in 
question and answer sessions to the project team and the production engineering 
managers. Then DES model results were presented to the entire production system 
design project team and finally to site employees from engineering and production 
functions who had not taken part in the design team. DES results were summarized 
in presentations, and visual capabilities of DES models were employed to gain trust 
in a model’s representativeness of the existing and designed assembly systems by 
demonstrating how the flow of assembled cabs took place in both DES model 6 and 
DES model 7.   

Consideration of potential trade-offs to production system design decision 
commitment was highlighted during the presentation of DES model results. Trade-
offs to a multi-product assembly system concept were discussed in relation to new 
product introduction, disturbance effects, and repercussions of changes in product 
demand. This required the input from those project team members who had been 
previously involved in Case 1 and were aware of DES use. The project team agreed 
that DES could be used to assess these trade-offs. However, a trade-off analysis was 
never performed. The thesis workers’ participation was not considered for the next 
steps of production system design, and thus changes to DES models in Case 3 could 
not be implemented or interpreted by resources from the manufacturing site. There 
were a number of challenges in the use of DES in Case 3 including the lack of a 
production system design process and the project’s starts and stops mentioned 
above. Indications of when and for what purpose to use DES relied exclusively on 
the experiences of project team members’ who had previously participated in Case 
1. DES model objectives were directed to specific design issues while high level 
objectives were disregarded. Further, DES use in Case 3 was limited to a one-time 
exercise, supporting decisions for one assembly system design alternative strongly 
endorsed by management.  



46 
 

DES model representativeness of the assembly system in Case 3 showed 
simplifications and non-uniform abstractions due to the type of decisions the DES 
models were to support. Support of production system design decisions through 
DES was restricted by the project manager’s concern for specific design issues in 
the proposed assembly concept. These restrictions translated into DES model 
objectives, scenarios, and considerations of only one assembly system design 
alternative. 

The DES models in Case 3 were in fact partial solutions to the designed assembly 
system. Empirical data showed the presence of uncertainties affecting a complete 
characterization of the designed assembly system. These uncertainties were 
distinguished by a lack of information that came as a consequence of the 
introduction of changes necessary to implement a multi-product assembly line. 
Therefore, additional information and understanding of design decision 
consequences for all production system design decision areas, and not only those 
addressed by the DES model, was necessary. The manner in which uncertainties, 
DES model results, and all production system design decision areas would 
interrelate for a fully characterized multi-product assembly system was not 
addressed during the period in which research was performed in Case 3. Nor was a 
plan developed to do so. 

Collection of input data for DES model use was problematic. Key input data about 
the existing production system (DES model 6) was not up-to-date or did not exist 
(e.g. assembly times and year to date takt times). Input data frequently relied on the 
assumptions of production engineer and operator. DES model validation and 
verification made extensive use of project team member feedback, comments, and 
questions. Historical data were used to ensure that the current state DES model 
represented past assembly system behavior. However, behavior of the assembly 
system based on future changes in demand, new product introduction, and 
disturbances in both the current and the designed assembly system relied on 
feedback from the production system design project team.   

Continuous communication between members of the design team and DES model 
developers was necessary to achieve credibility. Communication of DES results 
required interpretation for effective support of production system design decisions. 
Comparison of DES model results and acceptance of DES model validity were 
highly dependent on DES know-how. The consequences of non-intuitive design 
decisions, for instance, an increase in the number of assembly operators that did not 
lead to shortening of lead time, required building an understanding between 
simulation experts and the staff acquainted with the assembly process.   
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5 SUPPORTING PRODUCTION SYSTEM DESIGN 
DECISIONS THROUGH DISCRETE EVENT 
SIMULATION 

This chapter analyzes the empirical findings. Answers to the research questions are 
provided. Then a framework is presented with the purpose of increasing knowledge 
of DES use in support of production system design decisions when significant 
changes are introduced.  

5.1 DES USE SUPPORTING PRODUCTION SYSTEM DESIGN 
DECISIONS 

Research Question 1 looked to determine when and for what purpose DES can be 
used to support production system design decisions when significant changes are 
introduced at manufacturing companies. Empirical findings show the importance of 
a production system design process in relation to where in that process DES is used 
and whether DES use occurs at multiple times as shown in Paper 1.  

Case data show that the presence of a production system design process did not 
determine whether DES would be used or not, as DES was used in both Case 1 and 
Case 3. However, the differences between Case 1 and Case 3 suggest that the 
adoption of a production system design process affected the approach taken to DES 
use as either continuous or a one-time exercise. These results are important in a 
context of significant change introduction because they suggest that the adoption of 
a production system design process would enable the introduction of the next 
generation production processes and technologies (Pisano and Shih 2009). 
Furthermore, these findings also show the influence that the design of a production 
system has in relation to the use of DES when supporting production system design 
decisions.  

Case 1 relied on a production system design process enforced by its project manager 
and made extended use of DES with five different DES models. In contrast, Case 3 
exhibited an unstructured approach and the presence of ad-hoc practices during 
production system design followed by the use of DES as a one-time experiment to 
compare an existing assembly system with a designed one. Identification of when 
DES models are used in production system design is shown in Table 5.1  

Observational data from Case 1 show the influence that the production system 
design process and project manager had in the continued use of DES to support 
production system design decisions. First a simple DES model was developed and 
awareness of the contribution of DES to the characterization of the designed 
production system was realized as described by Hitchens and Ryan (1989). 
Understanding of DES potential in supporting production system design decisions 
followed, and DES was used in later phases of the production system design process. 



48 
 

The above was facilitated by a project manager who had prior understanding of DES 
use.  

Findings that relate DES use to the production system design process could explain 
why DES use was experienced as a one-time exercise in Case 3 and  is 
overwhelmingly reported as a one-time exercise in the literature (Smith 2003). 
Continued use of DES to support design decisions requires the adoption of a 
structured process for production system design. Yet manufacturing companies deal 
with the design of a production system through the use of guess work and a lack of 
formalized processes (Chryssolouris 2013; Rösiö and Bruch 2014). Thus DES use 
during production system design is experienced as a single event. Case 3 not only 
showed a lack of a structured process during production system design, but also the 
use of DES in support of production system design decisions as a one-time event. 

Additionally, Case 1 corroborated one of the two dimensions of continuous DES use 
during production system design reported by Randell (2002). In Case 1 DES models 
were initially broad in scope and increased in detail level during production system 
design (Hitchens and Ryan 1989). This paralleled the design of the assembly system. 
First several broad assembly system concepts existed, one of which was selected 
and then specified. The second dimension pointed out by Randell (2002), parallel 
development of several DES models during production system design, did not occur. 
This could be explained by the lack of staff in project team in Case 1 with sufficient 
DES know-how needed to develop these models. Still, this fact did not hinder the 
continuous use of DES during production system design in Case 1. 

Table 5.1 – Identification of when DES was used in the production system design 
process. 

Production System 
Design Phases 

Empirically Identified Activities During 
Production System Design  DES Models Case 1 DES Models Case 3 

Initiation Project Proposal     
        
Preparatory Design Project Initiation     

Project Planning     
Requirements and data DES Model 1  

        
Detailed Design Concept generation DES Model 2   

Evaluation DES Model 3   
Detailed design DES Model 4   
Evaluation   DES Model 6 

DES Model 7 
Proposal and plan for pilot     
Pilot DES Model 5   

 

Empirical results indicate that when DES is used continuously to support production 
system design decisions, it is in the preparatory and detailed design phases of the 
production system design process. These results are relevant to current theoretical 
understanding of DES use in the production system design process in a context of 
significant changes for two reasons. First, empirical results coincide with the 
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theoretical proposition by Klingstam (2001), and dissent from those by Heilala et al. 
(2008), Randell (2002), and Holst (2001) in relation to where DES should be used 
during production system design. While Heilala et al. (2008) do not explain the 
occurrence of DES use in a preparatory design phase, which Case 1 exemplifies, 
Randell and Holst point to the use of DES through production system design but do 
not clearly define where this occurs. Therefore, case results empirically strengthen 
Klingstam’s proposition of where DES should be used during production system 
design, and distinguish it from other proposals.  

Second, all propositions above were developed without taking into account the 
introduction of significant changes. Nonetheless empirically drawn data in Case 1 
agree with Klingstam’s findings. This would support the claim that current 
theoretical underpinnings that inform where DES can be used during production 
system design could be transferred to cases involving the introduction of significant 
changes.  

This is not to be interpreted as DES use existing only in those empirically identified 
activities. However, the coincidences between case data and theory do imply that 
DES use occurs in the preparatory and detailed design phases of the production 
system design process when significant changes are introduced. Consequently, 
future production system design projects introducing significant changes that make 
use of DES to support production system design decisions could rely on such 
theoretical underpinnings to establish where to use DES.  

Empirical results from Case 1 and Case 3 show that all DES models were developed 
to support production system design decisions. In both Case 1 and Case 3, decisions 
characterizing the assembly systems were made based on team member intuition as 
described in Papers 2 and 3. There were concerns about the consequences of such 
decisions. Then, DES was used to address these concerns, and the objectives of each 
DES model were defined accordingly. Table 5.2 presents findings from Case 1 and 
Case 3. Objectives of the DES models, and their relation to the supported production 
system design decision areas are presented. Findings from Case 1 and Case 3 concur 
with Law (2015) in that support of decisions through DES requires establishing the 
specific objectives of a DES model. Furthermore, empirical findings emphasize the 
importance of defining a DES model objective in relation to the purpose of DES use 
in support of a decision (Robinson 2008). This would therefore indicate that the 
purpose of DES use when supporting production system design decisions is 
specified by the objective of a model.  

The above is further strengthened by the concurrence of empirically found DES 
model objectives and those DES model objectives supporting production system 
design decisions previously reported in literature. Based on the literature, three sets 
of DES model objectives were found when DES was used for supporting production 
system design decisions. DES model 1 focused on generating understanding, 
communicating decisions, and visualizing results (Van Der Zee and Van Der Vorst 
2005; Greasley 2008). Communicating decisions and visualizing results were used 
in all DES models, but only DES model 1 embraced this as its main objective. DES 
models 2 through 5 followed clearly defined objectives closely associated with 
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evaluation parameters that focused on operational performance (efficiency, products 
assembled, lead time, etc.) as described by Gallo et al. (2007), Semini et al. (2006), 
Mönch et al. (2011), Barton (2013), and AlDurgham and Barghash (2008). 
Similarly, DES models 6 and 7 in addition to the latter also made use of 
experimenting with what if scenarios and predicting production system parameter 
outputs (Heilala et al. 2010).  

Table 5.2 Identification of DES model objectives in Case 1 and Case 3 

DES Models Empirically Found  
DES Model Objectives 

Production System Design Decision 
Areas Supported by DES Models 

DES model 1 Layout selection Facilities 
      
DES model 2 Confirmation of designed production system in 

conceptual phase 
Facilities, Process technology, Capacity, 
Performance Measurement System 

      
DES model 3 Refinement of designed production system 

identification of production system design problems 
Facilities, Process technology, Capacity, 
Performance Measurement System 

      
DES model 4 Evaluating assembler assignment rules and efficiency 

of designed production system 
Facilities, Process technology, Capacity, 
Organization, Performance Measurement 
System 

      
DES model 5 Evaluating efficiency of designed production system 

ready for shop floor tests 
Facilities, Process technology, Capacity, 
Organization, Performance Measurement 
System 

      
DES model 6 
DES model 7 

Understanding consequence of production system 
design by comparing an existing production system 
with a designed one 

Facilities, Process technology, Capacity, 
Organization, Performance measurement 
system 

 

Case data indicates that when DES was used continuously the objectives of a model 
were not abandoned after the DES model had been used. Instead its objectives were 
aggregated in DES models used in later phases of the production system design 
process. This is shown by the objectives of communicating decisions and visualizing 
results, which were the focus of DES model 1 and a secondary function in ensuing 
DES models in Case 1.    

A similar pattern is observed in the production system design decision areas 
supported by DES models in Case 1. In each passing DES model, design decisions 
were aggregated to those supported by earlier DES models. This is interpreted as 
additional evidence supporting the claim that continued use of DES during the 
production system design process facilitates supporting decisions made during 
design (Randell 2002). Empirical findings from Case 1 and Case 3 support the claim 
that clearly defined operational objectives are not only necessary to develop DES 
models (Robinson 2008) but also facilitate support of production system design 
decisions (Eldabi et al. 2002). This is illustrated by the manner in which all DES 
models were developed and later supported production system design decisions. 
First an issue during production system design arose, then a DES model objective 
was defined, evaluation parameters were established, input data were collected, and 
results were presented in support of decisions as shown in the steps in a simulation 
study (Banks et al. 2000). 
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5.2 CHALLENGES OF DES USE WHEN SUPPORTING 
PRODUCTION SYSTEM DESIGN DECISIONS 

Research Question 2 is concerned with identifying the challenges of DES use when 
supporting production system design decisions when significant changes are 
introduced. To this end challenges of DES in support of production system design 
decisions presented in the theoretical framework were empirically identified. This 
analysis is presented in Table 5.3. The decision to perform the empirical analysis 
based on a case and not on a DES model is conscious. This choice was made because 
performing an analysis of challenges of DES models alone would limit the insight 
into challenges that deny the existence of a DES model in the first place.  

Case data show the presence of challenges of DES use supporting production system 
design decisions during DES model process design, development, and deployment 
in all cases. Empirically not all challenges in DES use outlined by theory were 
detected, and different levels of concurrence of challenges in DES use existed across 
cases. Also, case data show the presence of challenges additional to those specified 
in literature when DES supported production system design decisions. These 
additional challenges are related to issues in the production system design process 
when significant changes are introduced and include the absence of a connection 
between high level strategic objectives and DES model objectives, a lack of a 
structured production system design process, and the influence of team member 
background when supporting decisions. The above is important because it suggests 
that current theory relating to the identification of challenges when using DES to 
support production system design decisions provides an initial understanding of the 
subject, but that in a context of introduction of significant changes in the production 
system there are additional issues.  

The challenges of DES use supporting production system design decisions seen in 
the design phase confirm the importance of the objective of a DES model (Robinson 
2012). Identifying the specific questions addressed during DES model formulation 
directed at the characterization of the designed production system (Klingstam 2001) 
was seen as a challenge in all cases. This was related to specifying the right level of 
abstraction for DES models when incomplete and conflicting production system 
knowledge existed (Mönch et al. 2011).  This could be explained by the presence of 
uncertainties that come as a consequence of introducing significant changes (Parida 
et al. 2016) and the lack of overall comprehension of the intricacies of a production 
system during its design (Fowler and Rose 2004).  

Further, specifying what to model and how to do so required the assistance of DES 
experts in all cases. On the one hand, this exposed the lack of resources with the 
right competence to build DES models (Wang and Chatwin 2005). On the other 
hand, this showcased the lack of standards that aid in the development of DES 
models (Randell 2002) and the dependency on individuals instead of processes to 
achieve DES use during production system design.   
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Table 5.3 – Identification of challenges of DES supporting production system design 
decisions based on Fowler and Rose (2004), including development of simulation 
and production system knowledge, software diversity and lack of standardization 
(Wang and Chatwin, 2005), and trade-off consideration and non-intuitive decisions 
(Mönch et al., 2011) 

DES Model 
Process Challenges of DES supporting production system design decisions Case 

1 
Case 

2 
Case 

3 
Design Decision support restricted by question specific model formulation. 

What problem and how addressed √ √ √ 

Representation of production system dynamics and complexity       
Validity of a model's detail level   √   
Simplification of production system complexity and factor 
interdependence     √ 

Non-uniform abstraction level for model simplification √   √ 
Modelling combinatorial explosion of options in a production process       
Incomplete and conflicting production system knowledge √   √ 
Development of simulation and production system knowledge √   √ 

Software diversity and lack of standardization       
Development Model verification and validation √ √ √ 

Model development time √ √   
Input data collection and its analysis √ √ √ 
Input data availability and quality √ √ √ 

Deployment Model interoperability and information sharing across models √     
DES industry acceptance √ √ √ 
Communication of results for effective decision making √   √ 
Simulation model maintenance       
Consideration of trade-off and non-intuitive decisions     √ 
High cost and low re-usability of models √   √ 

 

DES model development in its relation to input data and DES model verification 
was the most frequent of challenges of DES use when supporting production system 
design decisions. This is consistent with current DES literature (Barlas and Heavey 
2016) and was present across all cases studied. The reasons behind this challenge 
were related to the absence of a real world from which to draw data (Robinson 2004) 
and came as a consequence of introducing a change that was significantly different 
from the manufacturing company’s current operations (Carrillo and Gaimon 2002). 
This issue is increased because of the high levels of uncertainty associated to the 
introduction of significant changes (Frishammar et al. 2013; Parida et al. 2016), 
which involve the probability that certain assumptions made during design are 
incorrect or that the presence of entirely unknown facts has a bearing on the future 
of a designed production system (de Weck Olivier and John 2007). In addition to 
the above, key input data about the existing production systems did not exist or was 
not up-to-date thus upsetting input data availability and quality (Wang and Chatwin 
2005), and consequently challenged the validation of DES models (Fischbein and 
Yellig 2011).   
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Challenges associated with the deployment of a DES model in support of production 
system design decisions were also present. These were linked to the limited use of 
DES in the industry and the continuous need to present in what ways DES could 
contribute to the design of production systems to project team members (Fowler and 
Rose 2004). Because DES was not used on a regular basis at the manufacturing 
company, locating the point of use during production system design relied on team 
member experience. Limited understanding of DES was present in all cases, and 
assistance was required to present its benefits. Further, communication of DES 
model results required the interpretation of experts, a situation that limited effective 
decision making by project team members (Heilala et al. 2010). Similarly, the low-
reusability of DES models was linked to the lack of in-house resources with DES 
know-how that could modify or re-use developed models at later times.  

The absence of previously identified challenges does not indicate a disagreement 
with extant theory. The dearth of evidence on this matter is explicated by contextual 
circumstances. The absence of challenges regarding representation of production 
system dynamics and complexity, as well as modelling the combinatorial explosion 
of options in a production process was a consequence of the choice of what 
production system to model and how to model. DES models incurred in assumptions 
and simplifications that limited the representativeness of complexity and options. 
The use of ExtendSim as a DES software in all cases overruled issues of software 
diversity. Challenges affecting simulation model maintenance were not discovered 
because DES models were not re-used after presentation of model results had taken 
place.  

Case data also provided evidence of additional challenges of DES use when 
supporting production system design decisions as described in Paper 2 and Paper 3. 
One such challenge observed in all cases relates to the connection between high 
level strategic objectives and DES model objectives. There was agreement on the 
high level objectives pursued by the manufacturing company in Case 1, Case 2, and 
Case 3. Nevertheless no DES model objective established a direct connection to the 
manufacturing company’s high level strategic ones. This constitutes a severe 
challenge to the characterization of a production system during its design, and its 
production system design decisions (Cochran, Foley, et al. 2016). Furthermore, this 
situation also questions whether DES use in support of production system design 
decisions is achieved through the manufacturing company’s strategic objectives 
(Holst 2001; Chatha and Weston 2006). In this matter, case data also show that 
production system design decisions not only did not take the manufacturing 
company’s strategic objectives into account but also that individuals had already 
made decisions regarding what a production system would look like. This is 
evidenced by data from Case 3, where an assembly system concept strongly 
endorsed by management determined the course of production system design.  

Additionally, DES use was severely limited by the absence of a rigorous production 
system design process. The lack of a structured process suggests the presence of 
challenges in DES use affecting design decision support in Case 2 and Case 3. On 
this matter two issues are apparent. First the absence of clearly defined milestones 
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for DES use during production system design. Admittedly, the manufacturing 
company’s production system design process was not followed, but even if there 
were no specifications for where to use DES in support of production system design 
decisions existed as suggested in the past (Holst 2001; Klingstam 2001; Randell 
2002; Heilala et al. 2008).  

Weak steering committees that prioritized the results of design over a rigorous 
production system design process were also present. Even if DES milestones had 
been in place, case data showed that there were no consequences of production 
system design process disengagement. This situation points to the need of having 
both clearly defined points of DES use during the production system design process 
and rigor in the commitment to processes that indicate where and how to use DES 
when supporting production system design decisions. Case 2 provides evidence of 
how these challenges restricted the use of DES during the production system design 
process. Case 2 presented a lack of a structured approach during production system 
design that was worsened by the urgency to finalize the designed production system. 
Consequently no DES models in support of production system design decisions 
were developed in spite of the production system design team’s interest in doing so. 

Empirical findings evidence the influence of team member background on the type 
of production system design decisions supported by DES use. On the one hand this 
is exemplified by project managers concern about the long term impact of a decision, 
investment costs, and difficulties associated with adjusting the assembly systems 
after design. On the other hand, this challenge is observed in the decisions of team 
members to focus on everyday issues such as assembly system capacity, 
technological processes, and facilities during production system design when 
significant changes were introduced. The above highlights the need to develop a 
comprehensive understanding of a designed production system when significant 
changes are introduced that does not solely rely on team member background. This 
could be achieved by gaining awareness of the decision area categories meant to 
guide the most important decisions during production system design as suggested 
by  Hayes and Wheelwright (1984) and Díaz Garrido et al. (2007).  

5.3 DES CONTRIBUTION TO PRODUCTION SYSTEM DESIGN 
DECISION SUPPORT 

Research Question 3 investigated the manner in which DES contributes to 
supporting production system design decisions when manufacturing companies 
introduce significant changes. That DES use contributes to the analysis of 
production systems beyond a look into the future is well established (Banks et al. 
2000), and prior findings on this matter were presented in the theoretical framework. 
The results of DES contributing to production system design decisions for Case 1, 
Case 2, and Case 3 are outlined separately in Tables 5.4, 5.5, and 5.6. Case data 
show the emergence of patterns across the different cases in relation to the 
contribution of DES use when supporting production system design decisions. 
Empirical findings from all cases agree with Banks et al. (2000) that experimenting 
with a production system concept during design is one of the most important 
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contributions of DES as described in Paper 1. This allowed for understanding the 
consequence of production system changes during the design process before their 
implementation on the factory floor (Pisano 1997). Also the production system 
design project team could acquire a dynamic understanding of the production system 
being designed since DES allowed for the representation of a production system and 
its changes over time (Law 2015).  
 
Table 5.4 – Analysis of the contributions of DES to production system design 
decision support during production system design in Case 1 

Production 
System Design 
Process Phase 

Production System Design 
Decision Areas Supported 
by DES Models 

DES Model and 
Objective 

Contributions of DES Model to 
Supporting a Decision 

Initiation       
Preparatory 
design 

Facilities DES model 1 - 
Layout selection 

- Experimenting with a production system 
- Fostering creativity 
- Creating knowledge/ understanding 
- Comparing alternatives 
- Consensus building 
- Visualizing and communicating 

Detailed design Facilities, Process 
technology, Capacity, 
Performance measurement 
system 

DES model 2 - 
Confirmation of 
designed 
production system 
in conceptual phase 

- Experimenting with a production system 
- Verifying analytical solutions 
- Estimating a system's performance 
- Studying system changes 
- Creating knowledge/understanding 

  Facilities, Process 
technology, Capacity, 
Performance measurement 
system 

DES model 3 - 
Refinement of 
designed 
production system 
and identification 
of production 
system design 
problems 

- Experimenting with a production system 
- Estimating a system's performance 
- Studying system changes 
- Creating knowledge/understanding 

  Facilities, Process 
technology, Capacity, 
Organization, Performance 
measurement system 

DES model 4 - 
Evaluating 
assembler 
assignment rules 
and efficiency of 
designed 
production system 

- Experimenting with a production system 
- Estimating a system's performance 
- Studying system changes 
- Creating knowledge/understanding 

  Facilities, Process 
technology, Capacity, 
Organization, Performance 
measurement system 

DES model 5 - 
Evaluating 
efficiency of 
designed 
production system 
ready for shop floor 
tests 

- Experimenting with a production system 
- Experimenting with interaction of elements 
- Studying system changes 
- Estimating a system's performance 
- Understanding the contribution of variables 
- Element interaction 
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Table 5.5 – Analysis of the contribution of DES to production system design decision 
support during production system design in Case 2 
 
Production 
System Design 
Process Phase 

Production System Design 
Decision Areas Supported 
by DES Models 

DES Model and 
Objective 

Contributions of DES Model to 
Supporting a Decision 

Initiation       

Preparatory 
design       
Detailed design Facilities, Process 

Technology, Capacity, 
Organization, Performance 
Measurement System 

No DES model 
developed - Evaluating 
effects of designed 
production system 
changes 

- Experimenting with a production system 
- Estimating a system's performance 
- Studying system changes 
- Creating knowledge/understanding 

 
 
Table 5.6 – Analysis of the contribution of DES to production system design decision 
support during production system design in Case 3 
 
Production 
System Design 
Process Phase 

Production System Design 
Decision Areas Supported 
by DES Models 

DES Model and 
Objective 

Contributions of DES Model to 
Supporting a Decision 

Initiation       

Preparatory 
design 

      

Detailed design Facilities, Process 
Technology, Capacity, 
Organization, Performance 
Measurement System 

DES model 6 and DES 
model 7 - 
Understanding 
consequence of 
production system 
design by comparing 
an existing production 
system with a 

- Experimenting with a production system 
- Experimenting with interaction of 
elements 
- Studying system changes 
- Estimating a system's performance 
- Understanding the contribution of 
variables 
- Element interaction 
- Verifying analytical solutions 

 
Other than the contributions described above no generalized agreement regarding 
contributions of the DES model to support a decision existed across cases. This is 
interpreted as an outcome of the many uncertainties in existence as a result of the 
production system changes in Case 1, Case 2, and Case 3, a situation that is 
described in Paper 3. The diverse needs to resolve those uncertainties and 
characterize the production system during design has been pointed out the 
theoretical framework. Diversity in DES contributions across cases existed not only 
in the type of contributions, but also when it came to the nature of these contributions 
and whether contributions focused on understanding a context or relied on the 
measurement and analysis of statistical data (Eldabi et al. 2002). Model 1 shows that 
DES contributed with the understanding of a context to the support of a decision by 
fostering creativity, creating knowledge and understanding, building consensus, and 
facilitating the visualization and communication of decisions. Opposite to this, 
contributions of all other DES models more closely resembled the analysis and 
measurement of statistical data for decision support by estimating the performance 
of a conceptual production system. The above confirms the current understanding 
of DES as a means to support production system design decisions from a normative 
standpoint that can rationally explain how a decision was made (Van Der Zee and 
Van Der Vorst 2005).  However, these results also strengthen the arguments of  
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Eldabi et al. (2002) and Greasley (2008) that DES contributions do not only concern 
on the measurement and analysis of statistical data, but also help to achieve 
awareness of the context in which a decision is made.  
 
Data show the important that the steps of making a DES model have in relation to 
supporting production system design decisions. This is exposed by the formulation 
of DES model objectives, evaluation parameters, and input data required to build 
DES models in which production system design project teams were involved in all 
cases. These activities belong to the initial steps when building a DES model 
(Robinson 2008, 2012), and were essential to clarify to both DES experts and 
production system design project teams what is to be found out after the DES results 
are achieved, and how DES results connect to the objective of a DES model (Law 
2008). The specification of evaluation parameters and data input required for the 
development of DES models initiated a series of discussions in production system 
design project teams in all cases. These discussions aided in understanding the 
consequences of the significant changes introduced during production system design 
(Greasley 2008), and allowed for a collaborative process involving production 
system and DES know-how (Johansson 2009). 

When DES models were analyzed in each production system design process phase, 
there was agreement on how DES contributed to supporting decisions. Here the DES 
contributions of studying the changes in and estimating the performance of the 
conceptual production system were present across every case as shown in Banks et 
al. (2000) and Law (2015). This exists in DES models 2 through 7 found in Case 1 
and Case 3. Although no DES model was developed in Case 2 because of time 
constraints, the characteristics of how a DES model would have contributed to 
supporting production system design decisions match those described above. 
 
Results also show that DES use contributed to the support of production system 
design decision areas in both structural and infrastructural categories. However, 
empirical findings indicate that structural categories were more often supported by 
DES models than infrastructural ones as displayed in Table 5.7. This is not a 
consequence of the planning or agreement of production system design project 
teams regarding DES use. Instead the results highlight the concerns of production 
system design project teams regarding the consequences of introducing significant 
changes, their long term impact, investment cost, and difficulties associated with 
adjusting the production system to its design, all of which are associated to 
commitment to structural categories of production system design decisions (Hayes 
and Wheelwright 1984). Furthermore, a preference for structural decision area 
categories show a clear emphasis on those areas that team members had experience 
with as pointed out in section 5.2 in this chapter.  
 
Empirical findings provide evidence that DES use for the support of production 
system design decision areas of a structural kind is achievable. Nonetheless, results 
are inconclusive regarding support of infrastructural production system design 
decision areas. That infrastructural categories were not supported as often as 
structural ones reveals a preference of the production system design project teams. 
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However, this does not rule out that introduction of a significant change could not 
be supported by DES from a perspective involving quality, production planning and 
control, human resources, etc.  

Table 5.7 – DES models used across cases contributing to the support of production 
system design decision areas across cases 

Categories of Decision Areas DES 
Model 1 

DES 
Model 2 

DES 
Model 3 

DES 
Model 4 

DES 
Model 5 

Case 2 DES 
Model 6 

DES 
Model 7  

Structural categories 

Process technology   √ √ √ √ √ √ √ 

Capacity   √ √ √ √ √ √ √ 

Facilities √ √ √ √ √ √ √ √ 

Vertical integration                  
Infrastructural categories 

Human resources                 
Organization       √   √ √ √ 

Quality                 

Production planning and control                 

New product development                 

Performance measurement system   √ √ √ √ √ √ √ 

 

5.4 FRAMEWORK FOR SUPPORT OF PRODUCTION SYSTEM 
DESIGN DECISIONS THROUGH DES USE 

This section presents a framework developed to facilitate the use of DES supporting 
production system design decisions when significant changes are introduced. The 
framework is meant to be used as a guideline for DES use during production system 
design. Therefore the importance of a production system design process to achieve 
support of production system design decisions is underscored. Continuous use of 
DES during the production system design process is strongly encouraged, yet the 
framework is developed so that DES use as a one-time exercise during production 
system design is also achievable.  

The framework establishes the need to identify high level strategic objectives and 
relate these to production system design decision areas. It defines DES use in 
support of production system design decisions and establishes milestones for DES 
use during production system design. Based on an analysis of challenges and 
contributions of DES use when supporting production system design decisions, the 
framework helps establish the purpose of DES use to achieve support. Because this 
framework is meant to be used before the development of DES models during 
production system design, DES model design constitutes its last step.  

The framework is based on the content of this thesis and provides a summary of its 
major findings. Five stages are included in this framework; each stage contains a set 
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of suggested activities that help achieve DES support of production system design 
decisions. Figure 5.1 illustrates the stages through which DES use supports these 
decisions during the design of a production system. 

 

Figure 5.1 - Framework facilitating DES use to support production system design 
decisions when significant changes are introduced. 

The activities in each of the five stages of this framework are described as follows: 

Identify – This phase addresses the need to clearly comprehend the high level 
strategic objectives pursued by a manufacturing company when introducing 
significant production system changes. Based on this, the identification phase 
requires establishing the production system design decisions that are affected by 
such changes. The use of the decision area categories described in the theoretical 
framework guides this phase. The activities in the Identify phase are a result of the 
challenges observed in Case 1, Case 2, and Case 3. 

Define – The use of DES during production system design is established in this 
phase. This involves identifying the decision area categories supported by DES use 
and pinpointing clear milestones for when during production system design DES 
will be used to support production system design decisions. Here preparatory and 
detailed design phases of the production system design process are suggested. The 
activities in the Define phase are a result of the challenges observed in Case 1, and 
Case 3. 

Analyze – This phase analyzes the challenges and contributions of DES use when 
supporting production system design decisions. To do so it is important to examine 
the challenges of DES use when supporting production system design decisions, as 
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well as the possible contributions that DES use will provide before a DES model is 
developed. Results from Case 1, Case 2, and Case 3 inform this issue.  Figure 5.2 
summarizes the challenges and contributions when DES is used to support 
production system design decisions. 

 

Figure 5.2 Summary of challenges and contributions of DES use when supporting 
production system design decisions 

Establish – This phase identifies the purpose of DES use when supporting 
production system design decisions by establishing the specific objectives of DES 
models. Based on the results from Case 1 and Case 3 three possibilities are 
forwarded: generating understanding by communicating decisions and visualizing 
DES model results, evaluating a designed production system based on operational 
performance parameters, and experimenting on a designed production system’s 
performance with what if scenarios. Connection between DES model objectives and 
high level strategy should be established. 

Design – This phase concludes the framework with the initiation of DES model 
design that should be informed by the guidelines above. 
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6 CONCLUSION AND REFLECTION 
This final chapter presents the conclusions of this thesis. Academic and industrial 
contributions are outlined. Then a reflection on the results of this work is presented. 
Finally future research venues are suggested.  

6.1 CONCLUSION 
To achieve the objective of this thesis three research questions were formulated. 
These questions were answered based on an analysis of current understanding in 
production system design, production system design decisions, and DES. Empirical 
findings. Empirically each case was selected on the basis of involving the design of 
a production system, introduction of significant production system changes, and 
DES use for support of production system design decisions. Case 1 examined a 
production system design project in which a new multi-product assembly system 
concept was developed. Case 2 dealt with the design of a new multi-product 
assembly system for powertrains. Case 3 involved a production system design 
project with substantial modification to an existing production system were different 
families of cabs where assembled. The answer to each research question follows:  

Research Question 1 – When and for what purpose can DES support 
production system design decisions when significant changes are introduced? 

Empirical findings show the importance of a production system design process in 
relation to when in this process DES is used and whether DES use occurs at multiple 
times. Empirical results suggests that when DES is used continually to support 
production system design decisions, this is done in the preparatory and detailed 
design phases of the production system design process. The above serves to confirm 
current theoretical understanding of DES use in relation to production system design 
and extend this to those cases that include the introduction of significant production 
system changes. Additionally, findings confirm that the purpose of DES use when 
supporting production system design decisions requires establishing the objectives 
of a DES model. Case results present three groups of DES model objectives that 
included: communicating decisions and visualizing results, evaluating a production 
system design concept focused on operational performance, and experimenting with 
what if scenarios and predicting production system outputs. 

Research Question 2 - What are the challenges of DES when supporting 
production system design decisions when significant changes are introduced? 

Identification of challenges was based on current understanding of DES use 
supporting production system design decisions. Based on this, case data were drawn 
from a context of significant change introduction. Empirical findings exposed when 
using a DES model, design decision support was restricted by identifying the 
specific questions that a DES model should answer. This affected the level of 
abstraction of DES models when incomplete and conflicting production system 
knowledge existed and prevented a DES model expert from specifying what to 
model and how to do so. Furthermore, DES model development was limited by the 
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availability of reliable input data that allowed for the trustworthiness of verified and 
validated DES models. DES model deployment was affected by limited use of DES 
at manufacturing companies. This affected when in the design of a production 
system was DES used and how DES model results were communicated and 
interpreted. The absence of a connection between high level strategic objectives and 
DES model objectives, a lack of a rigorous production system design process, and 
weak steering committees provided evidence of additional challenges not disclosed 
in prior analyses of DES use when supporting production system design decisions.  

Research Question 3 - How could DES use contribute to supporting production 
system design decisions when manufacturing companies introduce significant 
changes? 

Experimenting with a production system concept during design constituted one of 
the most important contributions of DES when supporting production system design 
decisions. This allowed for understanding of the consequence of production system 
changes during production system design. Additionally, case data showed that in a 
context of significant change introduction diversity in DES, what mattered was not 
only the type of contributions, but also the nature of these contributions. This is 
interpreted as an outcome of the many uncertainties that exist as a consequence of 
production system changes, and the diverse needs to resolve those uncertainties and 
characterize the production system during design. Two patterns emerged from case 
data: first, contributions focusing on understanding a context, and second, those 
relying on the measurement and analysis of statistical data. Analysis of DES models 
in each production system design process phase uncovered that DES use contributed 
to studying the changes in and estimating the performance of conceptual production 
systems during their design. From this perspective, case data showed that the steps 
of building a DES model and not only DES model results contributed to supporting 
production system design decisions. Finally, empirical results showed that DES use 
contributed to the support of production system design decisions in both structural 
and infrastructural categories, of which the former were more often represented by 
DES models supporting production system design decision areas.  

In addition to answering the research questions this thesis provided a framework to 
facilitate the use of DES supporting production system design decisions when 
significant changes are introduced. In this framework high level strategic goals 
pursued through the introduction of significant changes are identified and related to 
production system design decision areas. This is followed by the definition of the 
decision area categories supported by DES use and when DES should be used during 
production system design. The framework includes an analysis of challenges and 
contributions of DES use when supporting production system design decisions. The 
purpose of DES use in relation to the objective of a DES model. Adoption of this 
framework is encouraged during production system design and before the design of 
any DES models. The theoretical framework is based on findings of this thesis.  
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6.2 RESEARCH CONTRIBUTION 
This thesis looked to contribute to academic and practical knowledge by exploring 
the use of DES in support of production system design decisions when significant 
changes were introduced. Academically this thesis contributes by informing that 
DES can support production system design decisions throughout the production 
system design process. Based on current understanding of DES use during 
production system design, an analysis of empirical data from a context of significant 
production system change introduction was performed. This established distinct 
points in time when DES was used to support production system design decisions in 
the preparatory and detailed design phases of the production system design process. 
In addition, empirical results revealed that different DES model objectives were 
pursued to support these decisions.   

Also to extend current understanding, this thesis compared and contrasted 
previously identified challenges of DES use when supporting production system 
design decisions with those empirically found in a context of significant change 
introduction. On this basis, case data confirmed the presence of previously identified 
challenges but also provided evidence of challenges in DES use when supporting 
production system design decisions not disclosed in prior analyses.  

This thesis outlined the contributions of DES use when supporting production 
system design decisions when significant changes are introduced on the basis of 
DES theory. Then a distinction was made in relation to whether contributions of 
DES resulted from DES model results, the process of developing a DES model, or 
both. Lastly, the results of this work have identified that DES use contributed to the 
support of production system design decision areas in both structural and 
infrastructural categories.  

From a practical knowledge standpoint this thesis has addressed a concern that arose 
from a manufacturing company. The results of this thesis have been included in the 
design procedure of mixed model/product assembly systems at the manufacturing 
company where the research was performed. Thus the contribution to practical 
knowledge provided a guideline for the use of DES when supporting production 
system design decisions.  

6.3 REFLECTION ON RESULTS 
This thesis was performed addressing the concerns of current literature that indicate 
that manufacturing firms cannot rely exclusively on the set of practices that have 
enabled their present success. Instead, manufacturing companies are increasingly 
required to introduce significant changes in a production system to gain a 
competitive advantage. This thesis was formulated on current understanding that has 
recognized the centrality of production system design when introducing significant 
changes and the need to support these decisions through the use of simulation 
approaches such as DES. Thus, the objective of this thesis has focused on exploring 
the use of DES to support production system design decisions when significant 
changes are introduced.  
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In general the use of DES to support production system design decisions when 
significant changes are introduced was challenging. The reason for these difficulties 
included the presence of uncertainties as a consequence of significant change 
introduction, and limited knowledge about DES use during production system 
design at the manufacturing company.  

The introduction of significant changes involves dealing with requirements, product, 
and challenges that are different from what currently exists (Bellgran and Säfsten 
2010). Thus, uncertainties about the proposed changes affect the information 
necessary to commit to a production system design decision (Schlosser and Paredis 
2007). Empirical findings show that substantial efforts were set forth to address 
uncertainties that came as a consequence of significant change introduction. The 
presence of uncertainties during production system design affected the development 
of DES models and challenged input data as well as DES model verification. This 
was related to the absence of a real world from which to draw data (Robinson 2004), 
a situation that disputes the validity and reliability of a DES model. In spite of these 
limitations, empirical results show that diversity in the type and nature of DES 
model contributions were present when supporting production system design 
decisions. Case data show that in spite of the presence of uncertainties, DES use 
asserted the desire for the evaluation of alternatives during production system design 
(Maropoulos et al. 2011; Haveman and Bonnema 2015) and the need to define the 
decisions that characterize what a production system looks like and how a 
production system achieves the fit between a proposed change and the strategic 
objectives pursued by a manufacturing company (Cochran et al. 2002).  

An additional challenge included limited knowledge about DES use during 
production system design at the manufacturing company. Empirical data show that 
the use of DES to support decisions during production system design was not a 
common practice at the manufacturing company. Case data provides evidence that 
staff with DES know-how was limited to the manufacturing research manager and 
myself. Nevertheless, a decision was made to study the use of DES to support 
production system design decisions when significant changes are introduced. This 
decision was informed by current limitations of knowledge and the opportunity to 
perform research about an issue of both academic and practical concern. Concerns 
regarding the validity in the results of this thesis were addressed by formulating a 
conceptual framework. The conceptual framework established key concepts and 
constructs upon which empirical findings were analyzed to explore the use of DES 
to support production system design decisions when introducing significant 
changes. 

6.4 FUTURE RESEARCH 
This thesis has provided an initial step in understanding DES use when supporting 
production system design decisions when significant changes are introduced. During 
the exploration of this issue a number of future research venues have been identified.  

The validation of the proposed framework is a first action. Research has been 
performed at one manufacturing company. Analytical generalization was prioritized 
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relying on theory. Nonetheless it is necessary to confirm the proposed framework 
by including additional production system design projects from other manufacturing 
companies that meet the sampling and selection criteria.  

The lack of information challenging production system design decision commitment 
is a subject that provides a rich venue for future research when significant changes 
are introduced. This has been pointed out by a number of authors when 
characterizing a production system during its design: Carrillo and Gaimon (2002), 
Parida et al. (2016), and Struck and Hensen (2007). Empirical findings from this 
thesis have shown a lack of information challenging the development of DES 
models when supporting production system design decisions. Understanding the 
manner in which uncertainties, related to a lack of information, affect DES support 
of production system design decisions is a next step.  

The results of this thesis have also pointed out that DES contributions not only 
concern the measurement and analysis of statistical data, but also help achieve 
awareness of the context in which a production system design decision is made. This 
finding provides an alternate path for research since past findings related to DES use 
during production system design have concentrated on the measurement and 
analysis of statistical data, as shown by Jahangirian et al. (2010) and Negahban and 
Smith (2014). 

This thesis has provided an initial understanding of the manner in which DES use 
contributes to support of production system design decisions. In doing so, a 
specification of the design decision areas supported by DES use was presented. This 
indicated that structural categories were more often supported by DES models than 
infrastructural ones. This thesis ventured an explanation on this issue based on the 
influence of team member background and the concerns of production system design 
project teams regarding the long term consequences of introducing significant 
changes associated with structural decision area categories. Future research could 
focus on explaining DES use to support infrastructural decision area categories and 
specifying the factors that limit infrastructural decision area category support when 
DES is used during production system design.  
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