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MANAGEMENT SUMMARY 

Nowadays one is surrounded by data and all different kinds of information technology. In all 

domains of industry and society, an increasing complexity of information systems can be 

observed. More and more functions in daily life and industry are automated, resulting to 

more information systems or information system modules. For the industry this means that a 

shift is made from automated systems as an efficiency-increasing ‘add-on’ in the past, to 

forming the backbone of operations in many respects nowadays. The way an organization 

survives in its operating environment is largely determined by its problem-solving and data-

processing capabilities, these capabilities are nowadays all performed by information 

technology. It is therefore of great importance that information technology used in an 

organization is perfectly aligned with its business goals and processes. 

TC, a company that operates in the automotive domain of the high-tech manufacturing 

industry is a company that starts acknowledging the importance of this alignment and a good 

information system architecture. Current believes are that it already may have a 

misalignment or that it is on its way of having this misalignment. Currently, TC questions its 

current information systems and the corresponding architecture of these systems of the 

Production engineering (PE) department. At this department principles and processes within 

the domain of product lifecycle management (PLM) are used. PLM is an information driven 

approach that achieves efficiency by using a shared information core. It is used to create 

and manage (new) product information and its corresponding design processes and 

manufacturing processes. 

For TC to regain insight in their information system architecture a conceptual framework is 

created. The framework is a combination of multiple frameworks; the integrated product, 

process and manufacturing system develop reference model, developed by Molina (2012) 

and a three-dimensional design cube defined by Grefen (2016). Finally, a method for 

knowledge capturing is included as well. The conceptual framework provided the input for a 

design process within TC. Besides that, it contributed to bridging a gap in scientific literature 

regarding knowledge capturing in the product lifecycle domain.  

The case study at TC, in which the conceptual framework is put to use, resulted in the 

design of a new information system architecture and easy one-to-one comparisons with the, 

earlier created, AS-IS situation of the legacy systems. Current strengths from the legacy 

situation are incorporated in the TO-BE model, together with application-pull and technology-

push developments from the dynamic environment. These developments were all subjected 
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to the industry 4.0 paradigm. Based on the evaluation on relevance the conclusions can be 

drawn that the design is meaningful for TC and that ensures the effectivity and efficiency of 

the PE department in the future. Especially the knowledge capturing methods contributed to 

this and scored high innovativeness and goal relevance. The evaluation on rigor showed that 

the designed TO-BE model contained many architectural principles that were harvested from 

real-world architectures and are thus representative for what one can encounter in practice. 

However, overtime, the dynamic environment in which TC operates will change and will 

result in the adjustment of the created TO-BE model. TC should prevent that they will not 

create another legacy problem. A possible way to prevent this is constantly comparing and 

aligning their TO-BE model with the proposed reference architecture in the future. 

The proposed conceptual framework also guided in the creation of a reference architecture 

for the product lifecycle management domain, bridging another gap in scientific literature. 

The reference architecture still contains some unproven concepts and is therefore still not 

ready for use in the industry. However, Angelov and colleagues (2012) claim that a 

reference architecture may change overtime and therefore may change of type. As soon as 

preliminary elements from the architecture are proven to work in practice the architecture 

may change in a reference architecture that only uses proven concepts. Which can lead to 

the fact that a software organization may market its software products through the reference 

architecture, ensure quality of architecture designs among its client base, shorten 

development times, and sell the architecture to other market participants. 

Finally, the conclusion is drawn that, the conceptual framework proved high flexibility and 

generalizability for companies in the automotive industry and that it can also be used within 

the high-tech manufacturing industry. The framework allows easy one-to-one comparison, in 

many different dimensions, levels and aspects, of an information system architecture in the 

product lifecycle management domain.  
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1 INTRODUCTION 

This document is a Master thesis, it describes an individual research project performed by a 

student in order to prove academic proficiency. The level of the Master thesis reflects the 

end terms of an academic Master degree in ‘Operation Management & Logistics’ facilitated 

by the University of Technology Eindhoven (TU/e). This individual research project is partly 

executed at an organization which operates in the high-tech manufacturing industry. The 

organization will be called TC throughout the remainder of this report due to confidentiality 

reasons. 

The remainder of this document is structured as follows: this chapter further elaborates the 

problem context (which scientific concepts are addressed), the problem definition (in which 

organization is the problem addressed) and the project goals. Chapter 2 describes the 

research methodology and the research questions. Chapter 3 discusses the development of 

a conceptual framework which is used in a case study within the high-tech manufacturing 

domain. Chapter 4 shows the conceptual framework applied in a high-tech manufacturing 

organization within the automotive industry. The next chapter, chapter 5 discusses the 

development of a reference architecture and finally, chapter 6 draws conclusion on the 

conceptual framework. 

1.1 PROBLEM CONTEXT 

Nowadays one is surrounded by data and all different kinds of information technology. In all 

domains of industry and society, an increasing complexity of information systems can be 

observed. More and more functions in daily life and industry are automated, resulting to 

more information systems or information system modules (Grefen, 2016). For the industry 

this means that a shift is made from automated systems as an efficiency-increasing ‘add-on’ 

in the past, to forming the backbone of operations in many respects nowadays (Grefen, 

2016). This is even reflected in the observation that modern economies not only rely on the 

three traditional production factors (capital, materials and workforce), but also (and maybe 

even the most) on information as the fourth production factor (Grefen, 2016). 

The way an organization survives in its operating environment is largely determined by its 

problem-solving and data-processing capabilities, these capabilities are nowadays all 

performed by information technology. It is therefore of great importance that information 

technology used in an organization is perfectly aligned with its business goals and processes 

(Pispa & Eriksson, 2003). This is visualized below in Figure 1.   
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Figure 1 - Business and information technology alignment 

Information technology has been one of the technological domains that experiences very 

fast developments and still new developments in information technology come by at a 

significant rate. Information systems are getting larger and larger and become more 

complex. This quickly growing complexity and required quality of information systems leads 

directly to a growing need for structure of these information systems. This structure is 

secured with the use of information system architecture. Good information system 

architecture is thus essential for effective and efficient business operations in modern 

organizations (Grefen, 2016). The conclusion can be drawn that good business and 

information technology alignment can be achieved by a good information system 

architecture.  

TC, a company that is further introduced in the next subsection, is a company that starts 

acknowledging the importance of this alignment and a good architecture. Current believes 

are that it already may have a misalignment or that it is on its way of having this 

misalignment. Currently, TC questions its current information systems and the corresponding 

architecture of these systems of the Production Engineering (PE) department. At this 

department principles and processes within the domain of product lifecycle management 

(PLM) are used. 

PLM is an information driven approach that achieves efficiency by using a shared 

information core. It is used to create and manage (new) product information and its 

corresponding design processes and manufacturing processes (Giddaluru, Gao, & Bhatti, 

2015; Hadaya & Marchildon, 2012; Panetto & Molina, 2007; Schuh, Rozenfeld, Assmus, & 

Zancul, 2007; Vadoudi, Troussier, & Zhu, 2014). Further explanation on TC and the 

Production engineering department is given in the next subsection. 
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1.2 PROBLEM STATEMENT 

TC is an organization located in The Netherlands and operates within the automotive 

industry. Core activities of TC are the development and production of automotive products, 

but TC also performs all the corresponding marketing, sales and service activities. A 

department of major importance within TC is Production Engineering. The PE department 

can be seen as the direct link between the product development (PD) department and the 

actual manufacturing and assembling of the products on the shop floor. Put into other words, 

changes in customer demands and new manufacturing techniques both affect the PE 

department.  

TC strongly believes that the current operations of the PE department heavily contribute to 

the current success of the company. Multiple information systems support the PE 

department and these systems are indispensable for the PE operations.  

The current information systems at the PE department are in place for a while now and 

documentation is missing or available documentation is outdated. Furthermore, there is a 

lack of real future IT-vision defined (it mainly focusses on the production process in the 

organization). This results in the fact that current IT is only perceived as a cost instead of a 

strategic tool than can be used for future decision making.  TC operates in an industry where 

shorter time to markets play a major role and acknowledges the need for more integrated 

processes and systems.   

Therefore, the information systems need a review on their current strengths and 

weaknesses. If not done now, a significant threat exists that the PE department is not able to 

maintain the quality of its supporting role in the organization, both effectively and efficiently, 

and can therefore lose competitive advantage in the future for TC. To visualize this the use 

is made of a so-called problem mess. 

A problem mess can be defined as a tool to visualize the causes and effects between 

multiple issues perceived at an organization (van Aken, Berends, & van der Bij, 2012). The 

corresponding problem mess can be found below, in Figure 2. 
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Figure 2 - Visualization of the problem mess 

The problem statement of TC is defined with the help of the created problem mess and is 

defined as: 

“The current information system architecture, supporting the Production Engineering domain 

within TC, is not reviewed for a significant amount of time on its strengths and weaknesses 

and can therefore lose the ability to easily adapt to future scenarios.” 

1.3 PROJECT GOALS 

The goal of this project is twofold. The first goal of this project is to provide TC with a new 

design for their information system architecture of the Production Engineering domain for the 

future. This new architecture is based on the current situation and takes into account the 

reviewed strengths and weaknesses. The second goal is to create a more general 

architecture that can be applied within the high-tech manufacturing industry. A structured 

literature review, prior to this thesis (Pluijm, 2018) showed the lack of existing reference 

architectures in this domain. 

The research question is defined as: 

“What should the (re)design of the current information system architecture of the Production 

Engineering department at TC look like, so that it can effectively and efficiently maintain the 

quality of its key role in the future?” 

To answer the defined research question a conceptual framework is created that covers the 

principles and processes used at the PE department of TC. As already explained earlier, 

these principles and processes are within the domain of product lifecycle management.  
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2 RESEARCH METHODOLOGY 

This section of the report explains how the research is carried out. Put into other words, it 

describes the research methodology that is developed to answer the formulated research 

question in the first chapter of this report. First, all sub research questions are discussed, 

followed by the explanation of the developed methodology. 

2.1 SUB RESEARCH QUESTIONS 

The main research question aims at finding a (re)design of TC’s current information system 

architecture so that it is future proof. The defined sub research questions provide the 

necessary answers to answer the main research question. Below each sub question, an 

explanation is given on how it is related to the main research question. Note that sub 

question 5 is not related to the main research question and is not TC specific. However, it 

helps in reaching the second goal of the project. 

1. What are the current processes and information system architecture at the PE 

department at the moment? 

The first sub research question provides insight in the current way of working. When looking 

for a redesign the current situation must be known first, this is referred to as the AS-IS 

situation. 

2. What are current best practices? 

Current best practices found in literature and other companies (which is further explained in 

section 2.3) are compared to the AS-IS situation found in the answer to sub research 

question 1. By doing this comparison, the currents strengths of the AS-IS situation are 

shown and current weaknesses are exposed. 

3. What are expected future changes? 

a. What are expected changes regarding product development? 

b. What are expected technology changes in the manufacturing domain? 

c. What influences do these application-pull and technology-push 

developments have on the PE department? 

As already mentioned before, and as can be seen in the problem mess in Figure 2, the PE 

department is the direct link between product development and manufacturing at TC, sub 

research question 3 takes the dynamic environment into account in which the department 
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operates, and focuses at how this influence the PE operations. In consultation with TC, the 

focus is placed on mass customization and industry 4.0 developments.  

4. What should the information system architecture for the PE department look 

like for the future? 

Expected changes in the future way of working will be taken into account while (re)designing 

the information system architecture for the PE department. This is referred to as the TO-BE 

model. 

5. What should a generic information system architecture for the PE department 

for manufacturing companies look like? 

The final sub research question aims at generalization of the created redesign. TC operates 

in the automotive industry, which is part of the high-tech manufacturing industry. The 

generalized redesign can be applied outside the automotive industry, but within the high-tech 

manufacturing industry. This is the second goal of the project. 

2.2 DESIGNING THE CONCEPTUAL FRAMEWORK 

In order to perform any field study in a proper and structured way van Aken, Berends, & van 

der Bij (2012) defined the “regulative” or “problem solving” cycle. This cycle consists out of 

five processes which should be carried out precisely and can be seen in Figure 3. 

 

Figure 3 - Problem solving cycle 

The project is divided in a conceptual phase and a case study phase, as can be seen in 

Table 1 & Figure 5. Before the start of the project a structured literature review and research 

proposal were created, these were part of the conceptual phase and can be found in Table 

1. 
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Besides the problem solving cycle, the use is made of the design science research 

framework. The framework is based on theories described by Hevner, March, Park, & Ram 

(2004) and is a common used framework for design science in information research (Hevner 

& Chatterjee, 2010), and can be seen below in Figure 4. 

 

Figure 4 - Information systems research framework (Based on: Hevner et al., 2014) 

Hevner and colleagues (2004) developed a theory that contains a framework which can be 

used for understanding, performing and evaluating research in the information system 

domain. It describes a combination of behavioral-science and design-science. Behavioral-

science addresses research through the development and justification of theories that try to 

explain or predict phenomena related to a specified business need. Design-science 

however, tries to build and evaluate artifacts that were designed to address a specified 

business need. The outcome of design-science is a so-called artifact. An artifact can be a 

model, a construct, a method or an instantiation (Hevner et al., 2004).  

In order to perform design science research in the information system domain several 

guidelines are defined by Hevner et al., (2004). these guidelines can be found in Appendix 

A. One of the guidelines states that the utility, quality and efficacy of a design artifact must 

be rigorously demonstrated via well-executed evaluation methods. Next, Hevner and 

colleagues define several different methods of evaluating an artifact. These evaluation 

methods can also be found in Appendix A. The method used for this project is the 
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‘observational’ method with the ‘case study’ sub method, it studies the artifact in depth in a 

business environment. The set-up of the case study, that serves as evaluation of the TC 

specific artifact, is described in the next subsection. 

Now, that both the problem solving cycle and the design science research framework are 

discussed, they are linked together. The problem solving cycle defines the phases of the 

project at a high level, the design science research framework is used to fill in the 

characteristics of each of these high level phases.  

The ‘Problem Definition’ is already described above in Chapter 1 and in the defined research 

questions. The ‘Analysis & diagnosis’ consists of multiple sub phases. First a conceptual 

framework is built to tackle the business problem in a structured and scientific way. The 

conceptual framework is reviewed until it is believed that it can successfully tackle the 

defined business problem. The framework should have the ability to visualize and address 

the relation between information system architecture and product lifecycle management 

within an organization and be able to capture knowledge. It is created with the help of 

foundations and methodologies within the product lifecycle management and information 

system architecture domain (This is the knowledge from the knowledge base of the design 

science research framework). 

With the help of the constructed conceptual framework an AS-IS situation is created. This 

created AS-IS situation is the first deliverable and answers sub research question 1. The AS-

IS situation is also reviewed multiple times, until the company supervisors agree that it 

represents the current situation, with sufficient detail. 

Second, current best practices are gathered. Note that this is already partially done in an 

earlier performed structured literature review (Pluijm, 2018). This will answer sub research 

question 2. Combining the results of the structured literature review with the created AS-IS 

situation results in a comparison in which the current strengths and weakness will come to 

light, which is the next deliverable of the project. Again, the structured literature review is 

also based on the current knowledge base of the information systems research framework in 

Figure 4.. 

The next step is the solution design, this process in the problem solving cycle also means a 

new sub phases in the project. As Grefen (2016, p. 7) already mentions in his work:  
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“Information systems do not exist in a static environment. They typically exist in an 

environment where requirements to their functionality evolve continuously (often in an 

increasing fashion, i.e., the systems should be able to provide more functionality). They also 

exist in an environment where supporting technology continuously evolves, hence providing 

a stronger basis for the realization of the systems.” 

Current developments in the dynamic environment that influence these information systems 

are gathered, both from literature and from TC. Furthermore, attention will be given to the 

fact if these influences contradict with the future vision of TC and how they plan to handle it. 

The dynamic environment is brought to light in sub research question 3 and is part of the 

solution design phase of the problem solving cycle. As already mentioned in the explanation 

of sub research question 3, in consultation with TC, the focus is placed on mass 

customization and industry 4.0 developments. This dynamic environment is the environment 

from the design science research framework that triggers the business needs from TC. 

The following process in the problem solving cycle, ‘Implementation of solution’ results in the 

design of the new information system architecture. One of the designs is TC specific and is 

part of the case study. Combining the current strengths with the future vision of TC, while 

keeping in mind its dynamic environment results in a (re)design of a future proof information 

system architecture, this answers sub research question 4 and forms the next deliverable. 

The TO-BE model is also reviewed until all stakeholders are satisfied. The creation of the 

TO-BE model is the Develop/Build phase of the design science research framework. 

The other design, the result of sub question 5, is part of conceptual phase since it is not TC 

specific. The created architecture is more generalized, so it can be used within the whole 

high-tech manufacturing domain and not only the automotive industry. 

The evaluation of the created design solution is performed in the last process of the problem 

solving cycle. The conceptual framework and the created architecture are evaluated and 

then contribute to the knowledge in the knowledge base of the design science research 

framework. 

All discussed phases of the problem solving cycle and their corresponding deliverables can 

be found below in Table 1. The sequence in which this project is performed can be seen in 

Figure 5. The next subsection describes the design of the case study. 
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Problem solving 

cycle 

Project 

Phase 
Sub Phase 

Sub research 

question 
Chapter Deliverable 

x Conceptual 1 x x 
Structured 

Literature Review 

x Conceptual 2 x x Research Proposal 

Problem 

Definition 
Conceptual 3 x 1 

Main Research 

Question 

Analysis & 

Diagnosis 

Conceptual 4 x 3 
Conceptual 

Framework 

Case Study 5 1 4.3 AS-IS Situation 

Case Study 6 2 4.4 
Strengths & 

Weaknesses 

Solution Design Case Study 7 3a, b, c 4.5 
Dynamic 

Environment 

Implementation 

of Solution 

Case Study 8 4 4.6 TO-BE model 

Conceptual 9 5 5 
Reference 

Architecture 

Evaluation 
Case Study 10 x 4.6 x 

Conceptual 11 x 5 x 
Table 1 - Phases and deliverables 
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Figure 5 - Project process 
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2.3 DESIGNING THE CASE STUDY  

As mentioned above, a case study is used to evaluate the conceptual framework. This 

subsection provides more explanation of the set-up of the performed case study at TC. 

2.3.1 SCOPING 

The first step of the case study is to first define the scope within the PE department. PE is 

responsible for multiple operations at TC, not all of these operations are within the scope of 

this project. 

2.3.2 USING THE CONCEPTUAL FRAMEWORK 

The conceptual framework describes a method that provides one with the ability to visualize 

and address the relation between information system architecture and PLM within an 

organization. As already mentioned, by the definition of PLM, it covers a large area of 

interest in an organization. Based on the scoping the useful dimensions/levels and other 

parameters of the conceptual framework are determined. 

2.3.3 VISUALIZING THE CURRENT SITUATION 

As mentioned before, in Section 1.2, the current information systems at the PE department 

are in place for a significant amount of time now and do not have proper documentation. To 

make sure the current situation is visualized correctly, multiple interviews are conducted, 

both at the PE department where the actual work is performed and the IT department that 

supports the PE department. Old documentation is reviewed, detailed descriptions originate 

from 1996 – 1998 and a general overview was created in 2013, but the major focus is placed 

on interviews. As mentioned before, the AS-IS situation is reviewed until the company 

supervisors agree that it has a sufficient amount of detail. 
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2.3.4 DISCOVER THE CURRENT STRENGTHS AND WEAKNESSES 

A comparison between the AS-IS situation, or legacy situation, and best practices found in 

literature and industry is made. To do so, the found best practices from literature are 

presented in a list and the best practices from other companies in the industry are mapped 

on the conceptual framework for easy one-to-one comparison with the AS-IS situation at TC. 

TC is a member of the so-called IT-Circle. The IT-Circle is a collaboration between multiple 

enterprises that help and support each other with respect to enterprise-wide information 

technology, the focus for this project is obviously the PE domain. Meetings with members of 

the IT-Circle companies result in current best practices used at other companies. 

2.3.5 ANALYZING THE DYNAMIC ENVIRONMENT 

As stated in the Problem Statement section of this report, the PE department is the direct 

link between the PD department and the actual manufacturing and assembling of the 

products on the shop floor, changes in customer demands and new manufacturing 

techniques both affect the PE department. To analyze its dynamic environment meetings are 

scheduled with representatives of both sides, these meetings are used to conduct 

interviews. Furthermore, current literature is analyzed on application-pull and technology-

push developments known in the automotive industry. In consultation with TC, the decision 

is made to focus on management of the mass customization of their products and industry 

4.0 developments. 

2.3.6 DEVELOPING THE FUTURE SITUATION  

Combining the current strengths with the future vision of TC, while keeping the dynamic 

environment in mind, results in a (re)design of a future proof information system architecture. 

The created future proof solution is, just like the legacy situation and best practices, mapped 

on the conceptual framework for one-to-one comparison with the AS-IS situation. This 

comparison can help TC to determine follow up steps after the project, one should keep in 

mind that these follow up steps are not part of this project. Note that the TO-BE model is 

also reviewed until all stakeholders are satisfied and that it is evaluated afterwards. 

2.4 GENERALIZATION 

The created architecture is generalized so it is not TC specific and can be used within the 

high-tech manufacturing domain. The dimensions of the conceptual framework are adjusted 

to realize this generalization. The design is evaluated afterwards.  
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3 CONCEPTUAL FRAMEWORK 

As can be learned from the structured literature review performed by Pluijm (2018), all 

researchers and practitioners agree that, nowadays, information systems should be heavily 

integrated to show their true value. No relevant literature, but one (which only act as an 

example), on an information system architecture for PLM was found. Furthermore, 

researchers agree on the fact a focus should be placed on the capturing of knowledge in 

PLM. However, it is believed that is not a matter of new technology, but the ability to fit 

existing technology in such a way that it captures all knowledge. 

This chapter describes the conceptual framework that is applied in the case study. As 

mentioned in the previous chapter, the conceptual framework aims to describe the ability to 

visualize and address the relation between information system architecture and PLM within 

an enterprise and with that, the capturing of knowledge.  

Grefen (2016, p. 10) states that: 

“The architecture of a (corporate) information system defines that system in terms of 

functional components and relations between those components, from the viewpoint of 

specific aspects of that system, possibly organized into multiple levels, and based on 

specific structuring principles.” 

The specific aspects of which an architecture can be seen are explained below (with the use 

of a design cube), together with how it can be organized in multiple levels and which specific 

structure is used (the structure of the Integrated Product, Process and Manufacturing 

System Development Reference Model and design patterns which are later explained). The 

first section of this chapter describes each used concept separately. Once one understands 

which concepts are used, one can find the combination of these concepts in the following 

section. That section eventually presents the conceptual framework. 

3.1 PARADIGMS USED 

The different paradigms and concepts used in the conceptual framework are each discussed 

separately below. First, the integrated product process and manufacturing system 

development reference model is described, followed by the design cube. Finally, a method 

for knowledge capturing is discussed. 
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3.1.1 INTEGRATED PRODUCT, PROCESS AND MANUFACTURING SYSTEM DEVELOPMENT 

REFERENCE MODEL 

The structure used for the architecture is based on the Integrated Product, Process and 

Manufacturing System Development Reference Model (IPPMD model). The IPPMD model 

can be used for different applications according to Miranda, Pérez-Rodríguez, Borja, Wright, 

& Molina (2017) and is based on the work of Molina (2012). Molina (2012) proposes a model 

that allows a company to create models for the integrated design and development of 

products, manufacturing processes and manufacturing system in a holistic way. The model 

can be used for the creation of new products or upgrades and changes on existing products. 

The IPPMD reference model contains all the product lifecycle management stages which are 

mapped and depicted in a concurrent or simultaneous engineering process that can trace 

the cross functional activities in an organization (Miranda et al., 2017; Molina, 2012). 

It is composed of three different axes with different dimensions, the axes and its dimensions 

can be seen below in Table 2. 

Axis Dimension 

Stages 

- Ideation 

- Basic development 

- Advanced development 

- Launching 

Views 

- Function 

- Information 

- Organization 

- Resources 

Processes 

- Product 

- Process 

- Manufacturing system 
Table 2 - Axes and dimensions of the IPPMD reference model 

The ideation focuses on the performance of a systematic search for selection of promising 

ideas or services that fulfill the customer’s needs. In the basic development multiple 

engineering domains work on the design and check whether all customers’ needs are met. 

In the advanced development multiple drawings are made together with the technical 

specifications and other manufacturing documents. The launching is concerned with the 

actual production of the created product or service. First a prototype is made, as soon as it 

meets all requirements the production is scaled up and the product can be (mass-)produced 

according to incoming sales.  
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All the stages in the framework are composed out of multiple activities. These activities are 

classified as analysis, synthesis and evaluation.  Analysis activities are aimed at diagnosing, 

defining and preparing information needed in the different stages. Synthesis is oriented to 

laying together all important elements to produce the effects of the stage (performing the 

actual work). Lastly, the evaluation compares the outcome of the synthesis with the 

determined goals and requirements. 

The IPPMD model consists out of multiple views. The function view shows the activity 

functionality and behavior (events, activities and processes). Next, the information view 

allows the detailed description of data, information and knowledge required in the performed 

process. The organization view is the identification of the human resources or different 

departments and how they are organized within the enterprise. The last view, the resources 

view, shows the tools, machines and systems needed. The IPPMD model can be seen in 

Figure 6, the PLM stages in Figure 7 and the activities in Figure 8. 

 

Figure 6 - IPPMD reference model (Taken from: Miranda et al., 2017) 
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Figure 7 - PLM stages of the IPPMD reference model (Taken from: Miranda et al., 2017) 

 

 

 

Figure 8 - IPPMD reference model with activities (Taken from: Miranda et al., 2017) 
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3.1.2 THE DESIGN CUBE  

The design cube defined by Grefen (2016) distinguishes between four different architecture 

dimensions: aspect, aggregation, abstraction and realization. Each of these dimensions are 

discussed below, after that they are combined into a design space for architectures. 

The aspect dimension describes different ways of looking at an architecture and thereby 

focusses on the specific characteristics of that architecture only. Two different aspects 

frameworks are mentioned: the aspect framework according to Truijens, which is later 

modernized, and the aspect framework according to Kruchten. For the sake of brevity only 

the modernized version of the framework according to Truijens is discussed, since it is the 

one used in the case study at TC. The framework discusses 5 different aspects and can be 

found below in Table 3. 

Aspect Description 

Data aspect Describes the organization of the data in an information system, 

usually in terms of data structure diagrams 

Process aspect Describes the organization of the business process managed by or 

executed in an IS, in terms of business process models 

Software aspect Describes the organization of the software of an information system 

in terms of its modules and connection between them 

Platform aspect Describes the organization of the software and hardware underlying 

an information system 

Organization aspect Describes how the information system is embedded into an 

organization for its design, implementation, and maintenance  
Table 3 - Aspects according to the modernized Truijens’ framework 

The aggregation dimension defines how detailed the description of an architecture is with 

respect to the number of components identified. This can range from a black-box 

representation to a detailed description in which every component can be seen. A way to 

measure this aggregation is by letting it range from a market IS to a IS submodule. The 

market system shows the architecture of the inter-organizational information systems 

supporting a market in which organization exchange information. The IS submodule 

presents the functionalities within one specific IS module. 

The abstraction dimension describes how abstract or concrete an architecture description 

needs to be. The abstraction can range from a class type component, which describes the 

information system components in terms of general software classes with their functionality, 

to a vendor version, which describes the information system from a specific vendor including 

its version. 
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The last dimension is the realization dimension. This dimension ranges from very business-

oriented to very technology-oriented. The dimension is defined by the BOAT-framework, also 

developed by Grefen (2016), and can be seen below in Figure 9. 

 

Figure 9 - BOAT framework (Taken from: Grefen, 2016) 

As can be seen in the figure the Architecture is the link between the Technology in company 

and their Business and Organization practices. The Business level describes the business 

goal of an information system, the Organization describes how organization are structured to 

achieve the earlier defined goal. The architectural level covers the conceptual software 

structure required for the organization to work and the technology level describes the 

technology realization of the systems architecture. 

As mentioned before, current enterprise must be flexible to quickly adapt to changing market 

demands. As enterprises heavily rely on the functionality of the information systems they 

should be flexible as well. A well designed architecture of information systems support this 

agility (Grefen, 2016). 

Putting all dimensions together results in a four-dimensional design cube for architectures. 

However, without showing the aspect dimension it results in a three-dimensional cube and 

can be seen below. This cube will eventually be used to traverse the architectural design 

space. 

Note that each aspect has their own three-dimensional cube. The used parameters and 

levels from each dimension are defined at the beginning of Chapter 4. 
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Figure 10 - Three-dimensional design cube for architectures 

3.1.3 KNOWLEDGE CAPTURING 

As mentioned before, at the beginning of this chapter, researchers agree on the fact a focus 

should be placed on the capturing of knowledge in PLM. The capturing of knowledge is an 

extensive topic that can be applied in many different domains. The domain of interest for this 

project is product planning, this is further explained in the scoping phase of the case study in 

Chapter 4. 

One of the biggest issues in a knowledge-based system is the construction of a knowledge 

base that contains the experience and knowledge of all domain experts (Park, 2003). A 

possible way is to simply visit all the experts in a certain domain and ask for a set of rules or 

any knowledge you want by interviewing them. However, serious problems occur when 

constructing a knowledge base like this, since every expert within a certain domain may 

think in a completely different way about a subject. Furthermore, there are desired 

characteristics a good knowledge base should confirm to, these are defined by Park (2003) 

and can be found below in Table 4.  

Characteristic Reason 

Transparency 
Increases user acceptance and 

understandability 

Knowledge sharing 
In order to achieve consistency among 

different stakeholders 

Adaption to changes 

Over time changes may occur in the product 

or process on which the knowledge applies. 

Changes should be easily noticeable for 

easy maintenance of the knowledge base 
Table 4 - Characteristics of a knowledge base 

To construct a knowledge base one of the most important prerequisites is the identification 

of the different types of knowledge (Park, Choi, & Park, 2001; Park, 2003). The three-phase 

modeling framework used by Park and colleagues (2001) was found useful for production 
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planning in flexible manufacturing systems. The three-phase modeling framework is based 

on the work of Rumbaugh, Blaha, Premerlani, & Losenson (1991) and is still used in current 

knowledge capturing methods, the phases can be found below in Table 5. 

 
Phase What to capture Example 

Object Objects 
Product data 

Operating machines 

Functional Relationship among objects Technological constraints 

Dynamic 

Decision logic 
Logical procedure of process 

planning 

Decision variable 
Rules to control process 

planning 
Table 5 - Three-phase modeling framework 

The object model contains the facts in the product planning process. The functional model 

contains the technological constraints of an object, for example a roof cannot be placed 

before the walls of the house have been built. The dynamic model captures the way of 

thinking and the rules used while creating a product planning. This is visualized below in 

Figure 11.  

 

Figure 11 - Three-phase modeling framework with the knowledge base 
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3.2 BUILDING THE CONCEPTUAL FRAMEWORK 

This section of the report describes how the above-mentioned paradigms are combined into 

a conceptual framework that links information system architecture to product lifecycle 

management stages within their organization. 

As one already might have noticed, the aspect dimension of the design cube defined by 

Grefen (2016), which uses the modernized Truijens framework, shows a high degree of 

similarity with the different views that are discussed of the IPPMD reference model. For the 

sake of clarity, the aspect dimensions and the views are first compared and next shown 

below in Table 6. 

The function view shows the activity functionality and behavior (events, activities and 

processes), this can be compared with the process aspect of the modernized Truijens 

framework, which describes the organization of the business processes executed in or by an 

information system. Next, the information view allows the detailed description of data, 

information and knowledge required in a specific process, which can be compared to data 

aspect. The organization view is the identification of the human resources or different 

departments and how they are organized within an enterprise, this is the exact same for the 

organization aspect of the modernized Truijens framework with respect to information 

systems. The last view, the resources view, shows the tools and systems needed, which is 

comparable with the software and platform aspect for information systems. The views of the 

IPPMD reference model and the aspects of the modernized Truijnens framework can be 

seen below, in Table 6. 

Views of IPPMD reference model Aspect dimension based on Truijens 

Function Process 

Information Data 

Organization Organization 

Resources 
Software 

Platform 
Table 6 - Comparison between views and aspects 

Now, one of the dimensions of the design cube is mapped to the IPPMD reference model. 

As already explained earlier in this report, the aggregation and abstraction dimension 

determine how detailed a system is described in terms of number of components and 

specifications and do not replace a dimension of the IPPMD reference model. The same 

goes for the realization dimension, its describes different levels ranging from architecture 

goal to architecture means. Note that these three dimensions of the design cube are taken 

into consideration. Also note that the process aspect is represented by the processes 
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identified in the IPPMD model. This, and how the other dimensions are used is further 

explained in the following chapter. 

Each stage of the IPPMD model consists of three activities, as explained in the previous 

subsection. The knowledge used in the synthesis activity, of the in the IPPMD model defined 

stages, and can be stored in a knowledge database which helps with the performance of 

new synthesis activities. By building a large knowledge database with earlier instantiations of 

synthesis activities and integrating it in the information system architecture the knowledge 

can be reused during new synthesis activities. Note that the three mentioned activities only 

occur in the process aspect of the conceptual framework. The knowledge is captured in the 

process aspect but stored in a database of the software aspect. The conceptual framework 

can be seen in Figure 12. 

 

Figure 12 - Conceptual Framework 

Grefen (2016, p. 21) states that: 

“Without a framework, it is hardly possible to completely understand the relations between 

the constituent models of an architecture and thereby analyze its overall structure. Without a 

framework, it is hardly possible too to compare two architectures in a well-structured way. 

And it is surely hardly possible to properly design complex, multi-model architectures without 

the structure of a framework.” 

The above created framework is now used in a case study to test if it, as it intended to do, 

can compare architectures and can help in the proper design of a complex architecture with 

the ability to capture knowledge in the product lifecycle management domain.  



23 
 

4 CASE STUDY 

This section of the report discusses the performed case study performed at TC to evaluate 

the conceptual framework. 

4.1 SCOPING 

As up until now the PE department at TC is described as the direct link between the PD 

department and the shop floor and that changes in customer demands and new 

manufacturing techniques both affect the PE department. The PD department is responsible 

for the development of new technologies and new components which improve the quality of 

the sold product. PE supports PD in this process and secures the technical feasibility of the 

new developments. Once a new development is approved, the PE department becomes 

responsible for placement of the right manufacturing tools, machines and other equipment 

on the shop floor. Once all this is in place, PE has to do all the preparatory work in order to 

produce the specific product requested by the customer. They plan what product to 

assemble, how to assemble it, where it will be assembled and on which specific workstation 

the products have to be assembled. Together with this, they define the proper workflow on 

the shop floor and provide all the work instructions for the operators. The final task of the PE 

department is to provide direct support when problems occur on the shop floor. 

The focus of this project is placed on the preparatory work process, meaning the planning of 

what product to assemble, how to assemble it, where it will be assembled and on which 

specific workstation the products must be assembled. For this process, the PE department 

receives its input from the PD department.  

With respect to the realization dimension the decision is made, in consultation with TC, to 

only focus on the organization and architecture level. Note that these two levels are 

necessary to answer the research questions. For the aspects, defined in the modernized 

Truijens framework, the decision is made to put the focus on the process, organization and 

software aspect, this can also be directly linked to the stated research questions. However, 

during this report, several links to the data aspect are mentioned but these are not analyzed 

in detail since they are out of scope. The abstraction and aggregation levels differ throughout 

the project, the used levels are specified in each phase when necessary. The conceptual 

framework is further specified in the following subsection of this chapter. 
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4.2 USING THE CONCEPTUAL FRAMEWORK 

Below, in Figure 13, one can find the processes of the IPPMD reference model that are in 

scope of this project. Red means out of scope, yellow means that the process itself is out of 

scope but the output from that process is within the scope and green means that the process 

is within scope. Figure 14 shows what the included dimensions of the conceptual framework 

look like. The organization level of the realization dimension in combination with the process 

aspect result the business processes used, the organization aspect represents these 

processes in swim lanes. The architecture level of the realization dimension in combination 

with the software aspect results in visualization of the systems and complete architecture 

used for the earlier mentioned processes. As mentioned before, the abstraction and 

aggregation levels may differ throughout the project, the used levels are specified in each 

phase when necessary. 

 

Figure 13 - PLM stages of the IPPMD reference model adjusted to scope 

 
Figure 14 - Conceptual framework adjusted to scope 
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4.3 VISUALIZING THE CURRENT SITUATION 

This chapter of the report describes the AS-IS situation at TC and how it was obtained. First, 

all necessary levels of the conceptual framework are described, followed by the method 

used to create the AS-IS situation. 

As already mentioned in the previous section of the report, only the organization and 

architecture level of the realization dimension are taken into account. The organization level 

of the realization dimension in combination with the process aspect results in the business 

processes used, the organization aspect represents these processes in swim lanes. The 

architecture level of the realization dimension in combination with the software aspect results 

in visualization of the systems and complete architecture used for the earlier mentioned 

processes. 

Next, the aggregation level is determined. At the most aggregated level (level 0), one can 

consider the process as a so-called black box named: “PE domain process”. Going to 

aggregation level 1, one can define the PE domain process in its several main processes. 

Note that these processes are the ones described and highlighted in the conceptual 

framework (Detailed design, Process selection, Operations plan, Process plan and 

Equipment set-up). Level 2 describes the sub processes. 

After aggregation level 2 of the organization level is reached, the design cube is traversed to 

the right, to the architecture level of the realization dimension. All sub processes that are 

performed in the current information subsystems are directly connected to the sub processes 

of the organization level. This is visualized below in Figure 15. 

The reason for traversing the design cube in these way is that TC looks at their processes 

first and then tries to fit the IT landscape in such a way that it is in line with their processes. 

Note that this is in line with the “No future IT-vision” of the problem mess. TC did not define a 

proper IT strategy first in which leads to selection of possible IT systems.  

According to Henderson & Venkatraman (1993) this way of working is defined as strategy 

execution. One first defines a business strategy and then translates this business strategy in 

to organizational infrastructure and processes. Based on the organizational infrastructure 

and processes, an IS architecture and IS processes are defined. This is visualized by the 

strategic alignment model of Henderson & Venkatraman (1993) and can be seen below in 

Figure 16. 
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Figure 15 - Traversing the design cube 

 

Figure 16 - Strategic alignment model of Henderson & Venkatraman 

The abstraction dimension is set at a fixed level, level 2, which only describes the system 

type components. The information system components are described in terms of general 

software systems, however the TC specific names are used for these systems. The reason 

behind this is that these names are better known within TC than the original general software 

names.  
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Now that all levels and dimensions are explained, more explanation is given on how the AS-

IS situation is created.  

To obtain all necessary information for constructing the AS-IS situation semi-structured 

interviews were used, containing only open questions. The goal of the semi-structured 

interviews is to identify all processes within the earlier determined scope. A format of the 

interview can be found in Appendix B. The format is based on the work of Dumas, La Rosa, 

Mendling, & Reijers (2013) for process discovery. Interviews are carried out with different 

production engineers and their corresponding managers or supervisors. Besides the PE 

department, several interviews were also performed at the IT department of TC. 

The modeling languages used for the AS-IS situation are the Business Process Modeling 

Notation (BPMN) and ArchiMate. Besides the fact that both languages are two well-known 

and widely accepted within literature, they are also supported and compatible with the 

software tools that TC currently uses for modeling their own processes and architecture. 

The created AS-IS situation, and with that the answer to sub question 1, is TC specific and 

are due to reasons of confidentiality not shown in this report. The AS-IS situation is available 

at TC as a digital model. The template used for the process and organization aspects and 

the organization level can be found below in Figure 17. Note how the columns of the 

template are in line with the within scope processes of the IPPMD reference model. 

Furthermore, each sub process is categorized in one of the activities of the conceptual 

framework (analysis, synthesis & evaluation) to identify where knowledge capturing and 

knowledge (re)use should take place. 

Preparatory work process
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..
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Equipment set upDetailed design Process selection Operations plan Process plan

 

Figure 17 - Preparatory work process template 
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4.4 DISCOVERING THE CURRENT STRENGTHS AND WEAKNESSES 

This section of the case study focuses on the discovery of the strength and weaknesses of 

the current situation at TC. As mentioned in Section 2.3, best practices from current 

literature and best practices from the industry are used. 

4.4.1 BEST PRACTICES FROM LITERATURE 

As mentioned before and visualized in Figure 5, a structured literature review was performed 

prior to this project. Chapter 3 started by addressing the found gaps in the current relevant 

literature and formed the input for the development of a conceptual framework that helps 

closing these gaps. However, this does not exclude the fact that no best practices regarding 

PLM were found in the current literature.  

The found practices are arranged along the, within scope, levels of the realization and 

aspect dimension of the design cube defined by Grefen (2016). Note that the best practices 

are only compared to the processes and systems of the Operations plan, Process plan and 

Equipment set-up, this because the Detailed design and Process selection were only 

considered as input for the other three processes/systems. A template of the list can be 

found below in Table 7. Appendix C provides the total list with all best practices found in the 

structured literature review performed by Pluijm (2018) and states if they are included in the 

AS-IS situation, Appendix D describes how many times and where a certain best practice 

was mentioned. 

Realization 

dimension 
Aspect dimension ID Best practice 

Included in the 

AS-IS situation? 

Organization 
Process OP.X … Yes/No 

Organization OO.X … Yes/No 

Architecture Software AS.X … Yes/No 
Table 7 - Best practice template 

Most notable and most mentioned best practices are briefly discussed below. Note that it is 

not the goal to provide a complete explanation of all best practices here. The aim is to stress 

the ones that help to understand the remainder of this project. The selection is based the 

number of times a best practice was mentioned in current literature. 

OO.1: Due to quickly changing market demands operations in a manufacturing 

enterprise need to become more flexible (Chaves & de Carvalho, 2016; Yadgarova, 

Tarathukhin, & Skachko, 2015). However, (Han & Do, 2006) already noticed in 2006 

that many enterprises find it difficult to change their existing business  and 
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manufacturing processes into agile, product-centric and customer-centric structures 

to survive in the competitive business environment. Shorter product lifecycles, an 

increased number of product varieties due to mass customization, high performance 

processes and flexible machines and production systems result in an increased 

complexity in all domains in the organization. It ranges from product design, process 

development, factory and production planning to factory operation. To overcome this 

complexity departments within enterprises are forced to integrated and collaborate 

smoothly together (Ferreira, Faria, Azevedo, & Marques, 2016; Giddaluru et al., 

2015; Vadoudi et al., 2014). Put into other words, processes should not be carried 

out in departmental silos but should be orchestrated and aligned across the whole 

organization.  

AS.4: Not only enterprise departments, but also the used information systems should 

be heavily integrated to show their true value and reach their full potential (C. Chen & 

Zhao, 2012; Giddaluru et al., 2015; Theorin et al., 2017). This is not something new, 

Yang & Xue (2003) and Han & Do (2006) already described the need for shared 

information, both synchronous and asynchronous. They explain that multiple 

departments within a manufacturing enterprise should work from a shared structured 

database. This database should also have the option for data to be copied into small 

data marts and perform different tests with the data (C. Chen & Zhao, 2012). 

AS.7: Besides a shared data source, Chen & Zhao (2012) also claim that a 

manufacturing enterprise should use a Software-Oriented Architecture (SOA) and 

network communication technology to secure the mass information flow and 

management of all these system in a loosely coupled fashion. This is perfectly in line 

with theories defined by Theorin and colleagues in 2017. They define an event-driven 

architecture that features, loose coupling, a prototype-oriented information model and 

formalized transformation services. It is designed to enable flexible factory integration 

and data utilization. It is mainly designed for SOA. SOA is a distributed software 

architecture where self-contained applications behave themselves as services, which 

other applications can connect to and use. This resulted in the design of LISA, Line 

Information System Architecture, focuses on integration of devices and services all 

throughout an enterprise. A visual representation can be seen below in Figure 18. 
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LISA allows a complete information system architecture to be very modular. New 

systems, devices or machines can be easily switched. The LISA consists out of three 

major items: 

- Enterprise Service Bus (ESB) 

- Communication endpoints 

- Service endpoints 

The service endpoints are the application, machines or any other device or piece of 

software. The communication endpoints make sure that the service endpoint can 

communicate with the ESB.  

The ESB is nothing more than a communication tool that transports messages. Due to its 

distributed design, it is simple to integrate new services into LISA. New data can be 

identified in various devices and extracted via a communication endpoint. 

 

Figure 18 - LISA (Taken from: Theorin et al., 2017) 

OP.1, OP.2, OP.3 & AS.1: Current product lifecycle management handles lots of 

data and information, however these systems should also handle knowledge. 

Information is usually buried within various documents and being processed by 

different software tools that have no common communication language, knowledge is 

most of the time not even documented.  
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To achieve knowledge gathering, good integration between systems is of major 

importance (Ferreira, et al., 2016; Giddaluru et al., 2015). Processes performed by 

the product development department and production engineering department 

requires a lot of expertise, experience and knowledge that are valuable. However, 

due to poor capturing of this knowledge it cannot be reused by others (Chaves & de 

Carvalho, 2016).  

These processes can be divided in structured and unstructured processes. 

Structured processes are well-defined and have a high efficiency but a low flexibility. 

Unstructured processes are the exact opposite, having low efficiency but high 

flexibility and are mostly driven by knowledge.  

To overcome future challenges or threats in the enterprise’s dynamic environment a 

combination of the two processes should be used (Ferreira et al., 2016). Figure 19 

places the hybrid processes in perspective with respect to flexibility and efficiency.  

 

Figure 19 - Hybrid processes (Taken from: Ferreira et al., 2016) 

The lower part of the figure shows which type of data is needed in the hybrid 

processes. Note that these hybrid processes need structured data and databases, 

which is in line with the earlier discussed AS.4 and therefore knowledge should be 

stored in databases in a structured way. 
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4.4.2 BEST PRACTICES FROM THE INDUSTRY 

The previous section discussed the best practices found in current literature, however, as 

one might note it mainly discusses how these systems should be implemented in the overall 

information system architecture. Less focus is placed on what the system itself should look 

like and its corresponding internal relations among the system components. 

In order to gain a deeper understanding of these systems, best practices from the industry 

are used. The communication forum of the earlier introduced IT Circle was used to reach out 

to multiple companies. Furthermore, a former IS architect of TC provided multiple 

presentations on PLM processes and information systems that were gathered during 

company visits. Again, due to reasons of confidentiality the names of these companies are 

not listed and specific names of system components and system component set-ups are 

omitted. However, what can be mentioned is that the companies work in a similar way as TC 

does. They work from a generic product design that can be adjusted/specified per order.  

For further understanding of the remainder of this document, the information system 

components are positioned against the within scope processes of the IPPMD model from the 

conceptual framework. The within scope stages of the IPPMD model are Detailed design, 

Process selection, Operations plan, Process plan and Equipment set-up. So, all information 

system (components) are connected to one of these stages. Results can be found in 

Appendix E and simplified results can be found below in Figure 20 and Figure 21. 

The basics of the process and the systems are that an Engineering Change Request (ECR) 

can lead to changes in the detailed design of the product and that Process Change Request 

(PCR) can lead to changes in the process selection for a specific product. The detailed 

design (what to make) and the process selection (how to make) form the input for the 

equipment set-up. Together with the equipment set-up, they also form the input for the 

Operations plan, where an engineering Bill of Material (eBOM) and an engineering Bill of 

Processes (eBOP) are combined with the available tools and defined workstations. Based 

on a specific order the eBOM and eBOP are translated to a manufacturing Bill of Material 

(mBOM) and a manufacturing Bill of Processes (mBOP) in the Process plan. As soon as the 

mBOM and the mBOP are generated, the production can start.  
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Figure 20 - AS-IS situation positioned against the IPPMD model 

 

Figure 21 - Best practices positioned against IPPMD model 

The AS-IS situation of TC contains two additional loops in this process. The mBOM or 

mBOP from the Process plan can still contain errors, which results in the fact that the 

detailed design of the product or the combination of eBOM, eBOP, tools or plant model in 

the Operations plan should be adjusted. Furthermore, a connection between systems from 

detailed design/process selection and equipment set-up do not exists. The link between 

these stages of the IPPMD model is based on the knowledge of the employees at the PE 

department. 

Furthermore, the process selection stage showed no work instructions module when 

compared to the best practices from industry, resulting in extra manual work for the 

production engineers. 
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Lastly, the little amount of available material at TC regarding these information systems (a 

syllabus from 1996 and four presentations from 2013) also contained a claim regarding the 

current strengths/weaknesses and is stated below (due to reasons of confidentiality the 

name of the documents/processes/systems are omitted or changed): 

“Document X is not processed by an information system that is connected to a database. 

However, it is of vital importance to the PE department. Without Document X the PE 

department experiences many difficulties while performing the preparatory work process.” 

The above mentioned ‘Document X’ is processed manually by an employee of the PE 

department. According to Dumas et al. (2013) manual processes have a high error-

proneness compared to fully automated processes or computer aided processes. 

The discovered strengths and weaknesses are part of the input for the development of the 

TO-BE model. The next section of the report discusses the application-pull and technology-

push developments of the dynamic environment in which TC operates and how this 

influences the PE department. This also is part of the input for the development of the TO-

BE model. 

4.5 ANALYZING THE DYNAMIC ENVIRONMENT 

As already mentioned earlier in this report, Grefen (2016, p. 7) states that:  

“Information systems do not exist in a static environment. They typically exist in an 

environment where requirements to their functionality evolve continuously (often in an 

increasing fashion, i.e., the systems should be able to provide more functionality). They also 

exist in an environment where supporting technology continuously evolves, hence providing 

a stronger basis for the realization of the systems.” 

This section of the report analyzes the dynamic environment in which TC operates and what 

these developments mean for their future way of doing business and how this may influence 

the information system architecture of the PE department. Again, Section 2.3.5 states that in 

consultation with TC, the decision is made to focus on mass customization and industry 4.0 

developments. 

The European automotive industry has changed over the last 20 years by adopting several 

production techniques that found their origin in Japan. The most notable change is the lean 

manufacturing technique (Cooney, 2002). However, new changes are coming or are already 

taking place in the form of a new “industrial revolution”, called “industry 4.0” (Albert, 2015; 
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Lasi, Fettke, Kemper, Feld, & Hoffmann, 2014; Thompson, 2015; Yin, Stecke, & Li, 2017). 

This is also a well-known fact at TC and they question what industry 4.0 means for their 

future way of working.  

To analyze the dynamic environment, semi-structured interviews were used. The reason for 

semi-structured interviews is that they guide an interview in a structured way. However, it still 

provides the opportunity for identifying new ways of understanding a certain topic. Besides 

that, the interviewee has the opportunity to provide additional information. Appendix G 

provides the format for these interviews. Before TC specific developments are discussed, a 

little more background information of the industry 4.0 is given. Appendix F provides a list of 

most notable developments that explain the current and most important changes in the 

manufacturing world and are based on Lasi et al. (2014). The application-pull and 

technology-push developments mentioned in the appendix are well-known individually, but 

all at once they have the potential to turn around the industrial practice comprehensively, 

resulting in industry 4.0 (Lasi et al., 2014; Weyer, Meyer, Ohmer, Gorecky, & Zühlke, 2016; 

Yin et al., 2017). 

Industry 4.0 develops itself on the basis of an advanced digitalization within companies 

(currently mainly manufacturing factories), the combination of internet technologies and 

future-oriented technologies in the paradigm of “smart” objects such as machines and 

products (Lasi et al., 2014). It aims at bringing modular and efficient manufacturing systems 

that are heavily integrated and provides scenarios in which products and machines control 

their own manufacturing process.  

This is supposed to realize the manufacturing of individual products in a batch sized way 

while maintaining the economic conditions of the mass production (Lasi et al., 2014). This 

individual batch sized producing is exactly what TC does and what it aims to improve 

constantly. It is realized by three levels of integration in manufacturing: vertical integration, 

horizontal integration, and end-to-end integration (Chen, 2017). 

Vertical integration addresses the issue of seamless connectivity among all the elements 

that are included in the product lifecycle within an organization. Activities in marketing, 

design, engineering, production, and sales need to be closely integrated. Horizontal 

integration occurs when a company is closely integrated with its suppliers and partners. And 

finally, End-to-end integration addresses the issue of connectivity on the factory floor. 

Machine-to-machine connectivity is provided so that all machines are truly an integral and 

seamless part of the manufacturing system. End-to-end integration is probably the most 

active area in the new age of manufacturing (Chen, 2017; Cimini, Pinto, & Cavalieri, 2017). 
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Currently a European project focusses on this connectivity on the factory floor, named the 

HORSE Project (Grefen, Vanderfeesten, & Boultadakis, 2016). In Section 5.2 and Appendix 

G the link to this project is further elaborated. Note that the HORSE project also uses the 

term end-to-end integration, however they scope it as integration from a sales order to the 

after sales process, whereas this project only considers the connectivity on the factory floor 

and not the surrounding processes. 

The following subsections consider the product development department and the production 

department for the vertical integration, analyzing the production department itself contributes 

to the end-to-end integration. This is visualized in Figure 22, note that the horizontal 

integration is out of scope for this project. 

 

Figure 22 - Vertical and End-to-end integration 

4.5.1 PRODUCT DEVELOPMENT  

The earlier mentioned individual batch sized production while maintaining the economic 

conditions of the mass production is also known as mass customization. This phenomenon 

can be seen in the last decades, where the switch from mass production to mass 

customization is made (Botterweck, Thiel, Cawley, Nestor, & Preußner, 2008; Cassetta, 

2015; Chatras, Giard, & Sali, 2015; Landahl, Bergsjö, & Johannesson, 2014; Ramakrishnan 

& Pecht, 2003). 
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The reason for this is the fact that companies want to meet customer expectations and 

needs better. By applying mass customization companies are able to produce in large 

volumes (associated with mass production), while gaining the flexibility to meet individual 

customer needs (Felipe Scavarda, Reichhart, Hamacher, & Holweg, 2010). 

According to Chatras and colleagues (2015), the automotive industry is a perfect example of 

this phenomenon since cars are built in large numbers but all with thousands of alternative 

components. However mass customization leads to an uncontrollable amount of end 

products and processes. TC confirms that it is experiencing the exact same problem 

currently.  

A common method seen for achieving efficiency in mass customization and all the possible 

complex configurations, is the use of product families. It is the phenomenon where a large 

variety of function can be achieved by a single component, product or platform though the 

substitution, addition or subtraction of single or multiple specific modules (Jiao, Simpson, & 

Siddique, 2007). However, even though TC is working with product families, it still operates 

between 60 and 70 different product families. 

The reason for the large amount of product families can be directly linked to their current 

legacy information system architecture. The current information systems cannot handle more 

product complexity, therefore the decision was made to create more product families to 

reduce the complexity of the product. TC recognizes that it is a priority of the product 

development department to reconsider their product families and further improve their 

configuration management, since this is directly related to how customers can order a 

product and the after sales process of TC.  

Configuration management is important in multiple ways: besides facilitating mass 

customization, it identifies how a change or adjustment to a specific component may affect 

other components (Oliinyk, Petersen, Schoelzke, Becker, & Schneickert, 2017; Phelan et al., 

2016). This directly influences the PE department, since they have to update the current 

operations plan on how this will be manufactured or assembled on the shop floor. Giddaluru 

and colleagues (2015) claim that the manufacturing/assembling processes are all 

determined by the product structure and configurable components, and that a flexible 

product structure leads to more flexible processes. Therefore, better configuration 

management leads to an easier executable operations plan. New forms of configuration 

management are currently gaining popularity in the automotive industry and especially 

Product Line Engineering (PLE) seems to be very promising (Staron, 2017). 
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PLE aims at embracing a higher-level, feature-oriented view of a product. By taking this view 

it won’t only make it easier to communicate and understand product variation, it also makes 

it easier to manage the development of new components (Cassetta, 2015).  

The V-model is used to design a certain product in a very generic and configurable way. This 

generic design is put into a configurator, which determines valid combinations of the product. 

Based on features selected by a customer, unique products can be manufactured based on 

the generic design in the configurator. This can be seen below in Figure 23. 

 

Figure 23 - Product line engineering based on the V-model and a configurator 

4.5.2 MANUFACTURING 

The term industry 4.0 refers to a very big set of concepts and technologies, all relating and 

consisting out of multiple disciplines (Lasi et al., 2014; Thompson, 2015). Therefore, a 

complete set with specific classification regarding disciplines cannot be given (Lasi et al., 

2014). However, next, several concepts are introduced with the aim to stress the concepts 

and technologies in industry 4.0 that resulted from the interviews conducted at TC and that 

help to understand the remainder of this report.  

The first one is the smart factory. Current manufacturing will be full equipped with sensors, 

actors and autonomous systems. By using these technologies related to holistically 

digitalized models, factories become “smart”. Put into other words, manufacturing becomes 

autonomously controlled (Lasi et al., 2014; Thompson, 2015; Yin et al., 2017). 
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The second concept is one of the autonomous systems, also called a cyber-physical system 

(CPS). The physical level of a company (machinery etc.) and the digital level (IT) merge. If 

this covers the level of production as well as that of the products, systems emerge whose 

physical and digital representation cannot be differentiated in a reasonable way anymore. 

The definition of a CPS is described as a system in which embedded computers monitor and 

control physical processes through a feedback loop in a networked environment. (Albert, 

2015; Y. Chen, 2017; Lasi et al., 2014; Mosterman & Zander, 2016). Multiple physical 

system will be connected to each other on multiple levels. Success of the CPS mainly 

depends on the infrastructure and architecture provided in which these systems need to 

operate (Mosterman & Zander, 2016). Currently there is no such no generic framework to 

enable and integrate these functions of the entire manufacturing ecosystems. However, a 

service-oriented architecture seems the most promising according to Lu & Ju (2017). 

The third, and final, concept is the digital twin. The rise of industry 4.0 caused a focus shift 

towards manufacturing and smart products. In this context the digital twin can be used for 

optimization and simulation of products and manufacturing processes (Ferguson, Bennett, & 

Ivashchenko, 2017). Besides that, it aims to assist in ensuring information continuity 

throughout the entire product lifecycle and the manufacturing ecosystem (Haag & Anderl, 

2018).  

A digital twin is an integrated multi-physics (e.g. velocity, mass etc.), multiscale simulation of 

an as-built product or manufacturing system that uses the best available physical models 

and sensor updates to show its real-life status (Schleich, Anwer, Mathieu, & Wartzack, 

2017). Note that these sensors are the ones described in the smart factory concept and that 

they directly result from the technology-push developments described in Appendix F. To 

cope with the application-pull developments described in Appendix F, it is believed that a 

digital twin is essential to stay competitive (Haag & Anderl, 2018; Schleich et al., 2017; 

Uhlemann, Lehmann, & Steinhilper, 2017; Um, Weyer, & Quint, 2017). 

Currently TC is interested in the possibility to run simulations with a digital twin of their 

factory and production lines. According to Um et al. (2017) a module manager should form 

the basis of this simulation tool. In order to perform these simulations, the simulation 

environment should be based on the product structure and production modules (e.g. 

machinery or CPSs) of the plant model. This is also stated by Uhlemann et al. (2017), who 

also claim that employees, the current production activities and the within factory transport 

routes should be included.  
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The discussed application-pull and technology-push developments of the dynamic 

environment and the discussed concepts, together with the discovered strengths and 

weaknesses from the previous section are now taken into account while developing the TO-

BE model in the next section of the report. 

4.6 DEVELOPING THE FUTURE SITUATION 

The previous two sections of the report discussed the strengths and weaknesses and the 

dynamic environment in which the PE department of TC operates. As mentioned in Section 

2.3.6, they are important input for developing the TO-BE model of the IS architecture for the 

PE department. Note that, when talking about the design of an IS architecture, two types of 

design exists; a design related to the structure of a product (product-oriented face) and a 

design related to the structure of a process (process-oriented face). The product-oriented 

face focusses on architectures as a set of structural blueprints for the design of an 

information system. The process-oriented face focuses on procedural prescriptions for the 

design of an information system (Grefen, 2016). This section only focuses on the product-

oriented face. 

First, the selection process of the inclusion of the current strengths and weaknesses and the 

dynamic environment is described and are classified as functional and non-functional 

requirements for the TO-BE model. The functional requirements describe the software 

capabilities that must be implemented for a user to carry out a certain task (Wiegers & 

Beatty, 2013). Non-functional requirements, in this case software interfaces and software 

platforms, describe how different software modules or systems are connected to each other 

(Wiegers & Beatty, 2013). Next, an explanation of how the TO-BE model is constructed and 

why certain design decisions are made is given. Subsequently, the TO-BE model is 

positioned against the conceptual framework for one-to-one comparison with the AS-IS 

situation. This comparison can help TC to determine follow up steps after the project. Again, 

one should keep in mind that these follow up steps are not part of this project. Finally, the 

TO-BE model is evaluated on its rigor and relevance. Note that the terms rigor and 

relevance are already introduced in Section 2.2. 

4.6.1 TO-BE MODEL 

Appendix C contains the list with the results of the earlier performed structured literature 

review. The final column states if these current best practices from literature are included in 

the AS-IS situation. This list is used as the input for a workshop to determine which best 
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practices should be included in the TO-BE model. The set-up of the workshop can be found 

in Appendix H and the results can be found in Appendix I. 

Organizing a workshop has the advantage that multiple stakeholders (in this case the 

employees of the PE department and IT department) can understand each other’s needs 

and perspectives (Johnson, Whittington, & Scholes, 2011; van Aken et al., 2012). The 

disadvantage is the fact that participants of the workshop seem to be less open or get 

caught in group-thinking than during an interview (Johnson et al., 2011; van Aken et al., 

2012). To prevent this, first individual inputs were asked by letting the participants give 

scores to the best practices. After that, a discussion was held to identify other practices that 

should be included in the TO-BE model. A very rough distinction can be made in Appendix I, 

the practices of the organization level contribute to the functional requirements and the 

architecture level practices contribute to the non-functional requirements.  

The best practices from the industry form the basis of the TO-BE model. This decision was 

made because it already showed major improvements compared to the AS-IS situation, this 

is already shown in Section 4.4.2. Besides that, the best practices from industry showed 

similarities with a possible architecture defined by Giddaluru et al. (2015). Main similarities 

are the modular structure of the proposed architecture. That according to Giddaluru et al. 

(2015) facilitates in mass customization, since modules can be made compatible across 

products with minor changes. As mentioned in Section 4.5, this is what TC aims to improve. 

However, this proposed architecture is not recognized as a reference architecture and still 

misses several components which were defined in the best practices from literature. 

Appendix J shows the proposed architecture defined by Giddaluru and colleagues (2015). 

The separate modules themselves contribute to the functional requirements and the overall 

modular structure to the non-functional requirements. 

From the dynamic environment it can be learned that PLE was the most important 

development that influences the PE department and that a configurator based on PLE 

theories should be included (PLE contributes to the data aspect of the modernized Truijens 

framework but is, as mentioned before, out of scope), with respect to the vertical integration. 

Note that Giddaluru and colleagues (2015) also recommend a configurator in their 

architecture, this is a functional requirement.  

From the end-to-end integration of the dynamic environment it can be learned that a service-

oriented architecture seems to be most promising for realizing industry 4.0 developments. It 

is classified as a non-functional requirement. Furthermore, for the use of a digital twin a 

module manager should be implemented based on the product structure, production 
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modules (e.g. machinery or CPSs) of the plant model, together with available employees 

(skills), the current production activities and the within factory transport routes, this is a 

functional requirement. 

Next, two important concepts of the product-oriented face are introduced for understanding 

an information system architecture; architecture styles and architecture patterns. Grefen 

(2016, p. 50) states that: 

“An architecture style is a generally recognized structure class describing the overall 

structure of an architecture at a high level of abstraction (and indirectly the process of 

architecting).” 

And that (2016, p. 58): 

“An architecture pattern is a generally recognized recurring (sub)structure that is used to 

describe part of the overall structure of an architecture.” 

Appendix K provides a more detailed explanation of different styles and patterns of the 

product-oriented face of an IS architecture design.  

Now that all important components for the TO-BE model are identified and that construct 

concepts are explained, the levels and dimensions, for positioning the TO-BE model against 

the conceptual framework are discussed. Since the TO-BE model only focusses on the 

design of an information system architecture, and not on the design of a process, the 

complete organization level of the realization dimension is out of scope for this section (left-

side of Figure 14).  

This leaves the architecture level of the realization dimension, and with that the software 

aspect of the modernized Truijens framework, this can be seen on the right side of Figure 

14. The abstraction level of the conceptual framework is set at level 2, which is similar to the 

AS-IS situation. The aggregation level is set at level 2, describing the subsystems of an 

information system, which is also similar to the AS-IS situation. This decision is made since 

the best practices from industry and the (sub)systems listed in the dynamic environment are 

described at the exact same level. The design of the TC specific TO-BE model can be seen 

below in Figure 24. Due to reasons of confidentiality the TO-BE model in this report is shown 

at abstraction level 1. 
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Figure 24 - TO-BE model 

First, the TO-BE model shows a clearly layered, classical 3-tier, style. The Graphical User 

Interface (GUI) is part of the presentation layer, below that the business logic layer can be 

found. Beneath the business logic layer, a platform layer can be seen, containing an 

Enterprise Service Bus (ESB) for loosely coupled communication, a DataBase Management 

System (DBMS) for ensuring that all modules can work from a shared database for 

asynchronous communication, and a Business Process Management System (BPMS) for 

orchestrating the processes carried out by/in these systems. Again, more information on 

these architecture structures and patterns can be found in Appendix K. 

When zooming in on the business logic layer, one can see a clearly layered style in 

combination with a columned style. The layers are divided in a part for generic preparatory 

work, a configurator and order specific systems. Note that these layers are not subsystems 

themselves, but that they simply group the subsystems in the business logic layer. The 

configurator is a direct result from the defined functional requirement from dynamic 

environment and the architecture provided by Giddaluru and colleagues (2015). It is 

recommended that the subsystems in these layers act as services for another, where one 

subsystem makes use of the service provided by another subsystem, this is also direct result 

from the defined non-functional requirement from the dynamic environment. 
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The work instructions were first in place in the assembly plan are now in generic preparatory 

work layer. Also, the plant layout subsystems need little adjustment, currently TC works with 

three different plant layouts, while they should be merged to one plant layout system for 

easier governance.  

The columns on the right-side can are also direct results from the dynamic environment and 

best practices from literature used in the workshop. The module manager is necessary in the 

realization of a digital twin which can run simulations. The module manager receives its input 

from the other subsystems in the business logic layer. The knowledge base, where all 

knowledge can be stored and reused, also receives its input from the other subsystems in 

the business logic layer. Note that the knowledge stored in the knowledge base can be 

described by the data aspect of the modernized Truijens framework discussed in Section 

3.1.2. However, this aspect is out of scope for this project. 

The intern system logic of the TO-BE model can be seen in Appendix L and the positioning 

of the subsystems against the within scope stages of the IPPMD model can be seen in 

Appendix M. 

The green color indicates the introduction of a new (sub)system for TC, yellow means a 

slight adjustment of that (sub)systems and blue means no changes for TC. When looking at 

the TO-BE model the conclusion can be drawn that most important subsystems are already 

in place and can be directly put to use. 

As one can remember from Section 3.1.3, three important models were needed for 

knowledge capturing; the object model, containing facts; the functional model, containing the 

constraints; and the dynamic model, containing the way of thinking and rules. The facts and 

object data can be found in the generic preparatory work systems, the constraints can be 

found in the product index system and the configurator, and finally, the way of thinking and 

rules can be found/practiced in the module manager (by running simulations). Linking this to 

the conceptual framework, one should remember the three activities (analysis, synthesis and 

evaluation) of each stage of the IPPMD model. The synthesis activity is where the “actual 

knowledge” is needed, when practicing this with simulations in the module manager, 

instantiations of these simulations can be stored in the knowledge base for reuse. 

Throughout this report the claim that: “it is believed that is not a matter of new technology, 

but the ability to fit existing technology in such a way that it captures all knowledge” is 

confirmed by the design of this information system architecture. 
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4.6.2 EVALUATION 

Now that the TO-BE model is created, it is evaluated on its relevance and rigor. For the 

evaluation of relevance the work of Shrivastava (1987) is used. It describes several criteria 

to evaluate an artifact on its practical usefulness. The criteria with their explanation can be 

found in Appendix N. 

The evaluation of the designed TO-BE model is performed by a team which contains 

members of both the IT department and PE department of TC. The results of the evaluation 

can also be found in Appendix N. Next, several notable comments on the evaluation are 

discussed. 

First, both meaningfulness and operational validity scored high because of the system 

mapping that was done in the previous subsection. The TO-BE model was easy to 

understand and follow-up actions were clear because the system mapping showed exactly 

which new subsystem should replace the old one or which new subsystem should be added. 

Second, goal relevance and innovativeness scored high because of the knowledge 

capturing. The idea of a simulation tool in which employees of the PE department can 

practice and review/run earlier made simulations was positively received. 

Finally, the cost of implementation was not fully clear. It is known within TC that several 

software solutions exist that all contribute partially to the overall design of the TO-BE model. 

For instance, simulation tools already exist and the financial necessities can be acquired. It 

remained unclear what costs and timeliness would mean for the actual implementation. 

However, these follow-up steps are out of scope for this project. 

The evaluation on rigor is based on the work performed by Greefhorst & Proper (2011). As 

Grefen (2016) mentioned in his work, an information system architecture has either a 

product-oriented face or a process-oriented face. As mentioned at the beginning of this 

section, the product-oriented face is within scope. Greefhorst & Proper (2011) defined a list 

with architecture principles that can be used for evaluating a product-oriented artifact. The 

architecture principles have been harvested from real-world architectures and are thus 

representative for what one can encounter in architectures in practice (Greefhorst & Proper, 

2011). A detailed catalogue of the architecture principles and their outcome can be found in 

Appendix O. Next, several notable comments of the evaluation are discussed. 

First, ‘components are centralized’, central components are easier to manage since 

management can be targeted at one location (Greefhorst & Proper, 2011). TC used to work 

with three different versions of a plant layout, while the TO-BE model combines them.  
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Next, by the introduction of a DBMS in the TO-BE model in significantly improves the 

management of data in the different subsystems that were used at the PE department. The 

TO-BE model includes the way that allows data to be maintained in the source application, 

that it is captured once and that it is consistent through all channels. Besides that, it also 

ensures that data is stored and exchanged electronically, replacing ‘Document X’ in the AS-

IS situation. 

Architectural principle 25: “Applications Have a Common Look-and-Feel” is now included. 

The TO-BE model contains a GUI, which can be directly linked to the best practices learned 

from literature. Architectural principle 42: “Presentation Logic, Process Logic and Business 

Logic Are Separated” is also included. The TO-BE model shows a clear layered 3-tier style. 

The last notable comment is based on architectural principle 28: “Applications Are Modular”. 

According to Greefhorst & Proper (2011) modularized applications are much easier to 

develop, maintain, reuse and migrate than monolithical applications. Communication 

between all these modules is realized by architectural principle 58: “All Messages Are 

Exchanged Through the Enterprise Service Bus”. The ESB allows flexible asynchronous n-

to-m module coupling. This can be directly linked to the software aspect of the best practices 

from literature defined in Appendix H. 

Now that the TC specific TO-BE model is evaluated on its rigor and relevance, a conclusion 

can be drawn on the case study performed at TC. 

4.7 CONCLUSION OF THE CASE STUDY 

Now that all phases of the case study are performed, as indicated in Figure 5, several 

conclusions be drawn.  

First, the creation of the AS-IS model ensured TC regained insight in the current process 

and the supporting information system architecture. By comparing the AS-IS situation with 

best practices from literature and industry several strengths and weaknesses were brought 

to light. Next, by positioning the AS-IS situation against the stages of the IPPMD model, 

several short comings were also found. The lack of a separate work instructions module, 

resulting in extra manual work for the production engineers. Furthermore, the existence of 

separate plant models for different departments was brought to light, where an update in one 

of the models didn’t result in an automated update of the other ones.  

Second, the created TO-BE model ensured that the above described weaknesses were 

removed and the strengths (together with best practices from literature and industry and 
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developments of the dynamic environment) were included. The evaluation in Section 4.6.2 

also showed that ‘Document X’ is replaced and with that the high change of errors due to 

manual work.  

Based on the evaluation on relevance the conclusions can be drawn that the design is 

meaningful for TC and that ensures the effectivity and efficiency of the PE department in the 

future. Especially the knowledge capturing methods contributed to this and scored high 

innovativeness and goal relevance. The evaluation on rigor showed that the designed TO-

BE model contained many architectural principles that were harvested from real-world 

architectures and are thus representative for what one can encounter in practice. 

One extra note should be made regarding the TO-BE model. Overtime the dynamic 

environment in which TC operates will change and will result in the adjustment of the created 

TO-BE model. TC should prevent that they will not end up in the same problem mess as 

shown in Figure 2. A possible way to prevent this is constantly comparing and aligning their 

TO-BE model to the reference architecture presented in the following section. A method for 

aligning their business and IT at a strategic level is with use of scenarios and the definition of 

O(rganization)- and A(rchitecture)-requirements, which is described in the work performed 

by Tummers (2017). 
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5 GENERALIZATION 

This section of the report contributes to the second goal of this project. This second goal is 

to use the new, TC specific, information system architecture (from the previous section) and 

turn it a more general version that may be applied within the high-tech manufacturing 

industry. As a reminder, a structured literature review, prior to this thesis (Pluijm, 2018) 

showed the lack of existing software reference architectures in this domain. First, a 

reference architecture is created and after that related work in the paradigm is discussed. 

5.1 REFERENCE ARCHITECTURE 

Nowadays, the increasing complexity of software, the need for efficient and effective 

software design processes and for high levels of system interoperability lead to an 

increasing role of reference architectures in the software design process (Angelov, Grefen, & 

Greefhorst, 2012). 

Since the reference architecture only focusses on the design of an information system 

architecture, and not on the design of a process, the complete organization level of the 

realization dimension is out of scope for this section (and with that the organization and 

process aspect of the modernized Truijens framework). This leaves the architecture level of 

the realization dimension (and with that the software aspect of the modernized Truijens 

framework) as can be seen on the right-side of Figure 14. The aggregation level of the 

conceptual framework is set at level 1 and the abstraction level is set at level 1, describing 

the components in terms of general software system classes, only indicating their 

functionality. Note that the change of abstraction level is in line with the fact that reference 

architectures have emerged as abstractions of concrete software architectures. 

Besides the lack of existing software reference architectures in the PLM domain, the 

structured literature review performed by Pluijm (2018) also states that a focus should be 

placed on knowledge capturing in product lifecycle management and that the information 

systems used, besides the PLM systems, should be heavily integrated, work from a single 

shared database and communicate preferably with an ESB. This is visualized in Appendix P. 

The design of the reference architecture is guided by a framework defined by Angelov and 

colleagues (2012). The framework can be used for analyzing, designing or redesigning 

reference architectures. Furthermore, their research proposes a multi-dimensional space for 

reference architecture. A reference architecture type is a specific combination of values from 

the multi-dimensional space. Reference architectures that fit one of these types are 
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congruent and have higher chances for success (Angelov et al., 2012). The framework is 

used for ensuring that three dimensions of the multi-dimensional space are congruent. The 

framework is shown below in Figure 25, the dimensions are shown below in Figure 26.  

 

Figure 25 - Framework for designing a reference architecture (Taken from: Angelov et al., 2012) 

 

 

Figure 26 - Dimensions for congruence (Taken from: Angelov et al., 2012) 
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Each of the dimensions consist of several subdimensions that can be analyzed with different 

interrogatives. For the sack of brevity, they are not explained in detail, for now it is sufficient 

to know the high-level overview given in Table 8. 

Dimension Interrogative 

Context 

Where? 

Who? 

When? 

Goals Why? 

Design 
What? 

How? 

Table 8 - Dimensions with corresponding interrogative 

According to the framework, the first interrogatives to be answered are the “Why”, “Where” 

and “When”. The answer on the first interrogative is ‘facilitation’. The reference architecture 

aims at providing guidelines and inspiration for the design of systems. The answer to the 

second one is ‘multiple organizations’. The reference architecture is not TC or automotive 

specific, but it should be used within the whole high-tech manufacturing industry. The ‘when’ 

interrogative’s answer is ‘preliminary’. The reference architecture is defined without concrete 

design of proven software solutions. Although Giddaluru et al. (2015) proposed an 

architecture, it is not tested in practice and is neither recognized as an reference 

architecture.  

The next step in the framework is to check whether a match with different types of classes of 

reference architectures exists. Again for the sake of brevity, not all architectural types 

defined in Angelov et al. (2012) are explained. For now, it is sufficient to know that the above 

given answers on the interrogatives match the ‘Type 5’ reference architecture. This is 

defined as: 

“a preliminary, facilitating reference architecture designed for multiple organizations is 

designed only by a research center. The origin in pure research environment of these 

reference architectures results in ‘‘futuristic’’ designs that do not concentrate on the 

requirements of the domain stakeholders but on the innovative elements of the 

architecture.”. 

Note that this is also exactly in line with the goal of bridging the gap in scientific literature. 

The table below, Table 9, shows how the remainder of the framework is completed and how 

the reference architecture should be designed. 
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Dimension Values 

Why Facilitation 

Where Multiple organizations 

Who Research centers, software design or user organizations 

When Preliminary 

What Components, algorithms, protocols 

How 

(Semi-)detailed components and algorithms 

Aggregated or semi-detailed protocols 

Abstract elements 

(Semi-)formal element specification 
Table 9 - Type 5 reference architecture 

As can be seen in the table above, the reference architecture should show components, 

algorithms or protocols. Since the last two are not applicable for this project, the reference 

architecture shows software components. According to the framework, these components 

should be shown on an aggregated or semi-detailed level in terms of abstract elements. For 

this reason, the aggregation and abstraction level of the conceptual framework are both set 

at level 1, describing the components in terms of general software system classes. Again, 

only indicating their functionality. These functionalities can be directly linked to the five within 

scope stages of the IPPMD model of the conceptual framework.  

Furthermore, best practices from literature and practice are also included in the design of the 

reference architecture. The dynamic environment is left out, this decision is made because it 

was created in consultation with TC and is therefore not representative for the whole high-

tech manufacturing industry. Even though some of the companies in the high-tech 

manufacturing industry are exposed to the exact same application-pull and technology-push 

developments as TC, one should keep in mind that type 5 architectures are usually not 

considered for system implementations in practice. Their main contribution is in inspiring 

future research efforts in the domain. This future research may include other application-pull 

and technology-push developments in the industry 4.0 paradigm. However, Angelov and 

colleagues (2012) also claim that a reference architecture may change overtime and 

therefore may change of type. As soon as preliminary elements from the architecture are 

proven to work in practice the architecture may change in a ‘Type 3’ reference architecture. 

A ‘Type 3’ reference architecture uses proven concepts and can therefore lead to the fact 

that a software organization may market its software products through the reference 

architecture, ensure quality of architecture designs among its client base, shorten 

development times, and sell the architecture to other market participants (Angelov et al., 

2012). However, for now, the reference architecture is classified as a ‘Type 5’. The design of 

the reference architecture can be seen below, in Figure 27. 
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Figure 27 - Reference architecture 

The proposed reference architecture has many similarities with the TC specific TO-BE 

model. It also shows a clear layered, classical 3-tier, style with a presentation, business logic 

and platform layer. The shown components in the business logic layer are directly derived 

from the IPPMD model, namely he five within scope stages of the IPPMD model (Detailed 

design, Process selection, Equipment set-up, Operations plan and Process plan). 

Furthermore, as mentioned in the findings of the structured literature review, information 

systems used (besides the PLM systems) should be heavily integrated. These systems can 

communicate via the ESB and make use of the DMBS and BPMS applications. The module 

manager is left out, resulting in the fact that the knowledge base lacks the dynamic model 

defined in the conceptual framework. This can be rectified by saving and storing every 

updated instantiation created in the operations plan layer of the reference architecture. 

Now that the reference architecture is shown it is evaluated on its rigor. Due to time 

restrictions it was not possible to evaluate the relevance and practical usefulness. The 

evaluation on rigor makes use of the exact same method as the TC specific TO-BE model, 

namely the architectural principles defined by Greefhorst & Proper (2011). 

Again, the detailed catalogue of the architecture principles for the evaluation on rigor and 

their outcome can be found in Appendix Q. Next, several notable comments of the 

evaluation are discussed. 
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The reference architecture scored similar on many architectural principles as the TC specific 

TO-BE model. This makes sense since it uses the same best practices as input and the fact 

that both models are based on the IPPMD model. Differences were found in architectural 

principles that were related to implementation, for instance architectural principle 11: “Front-

Office Processes Are Separated from Back-Office Processes”, this fully depends on the way 

the current legacy situation is implemented in a company within the high-tech manufacturing 

industry.  

Furthermore, the fact that the reference architecture could be fitted in the multi-dimensional 

space and matched a type defined by Angelov and colleagues (2012), and that is therefore 

congruent in its context, goal and design also contributes positively to its rigor. 

5.2 RELATED WORK – HORSE PROJECT 

In this section another possible reference architecture for the high-tech manufacturing 

industry is briefly discussed. The reason for including this related work is because it 

addresses some common ground with this project and two of the three supervisors of this 

project are actively involved in the HORSE project. 

The HORSE project (Smart integrated Robotics system for SMEs controlled by Internet of 

Things based on dynamic manufacturing processes) aims to bring a leap forward in the 

manufacturing industry proposing a new flexible model of smart factory involving 

collaboration of humans, robots, AGV’s (Autonomous Guided Vehicles) and machinery to 

realize industrial tasks in an efficient manner.  

HORSE proposes to foster technology deployment towards small and medium sized 

companies by developing a methodological and technical framework for easy adaptation of 

robotic solutions and by setting up infrastructures that act as clustering points for selected 

application areas in manufacturing and for product lifecycle management (Grefen, 

Vanderfeesten, & Boultadakis, 2016). As one might immediately notice, the common ground 

is based on the product lifecycle domain. The HORSE core scope is visualized below in 

Figure 28. 
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Figure 28 - HORSE core scope 1 (Taken from: Grefen et al., 2016) 

On top, one sees the PLM systems as part of the Enterprise Information Systems (EIS). The 

enterprise middleware at the right side could be an ESB, the same as used in the proposed 

reference architecture. Furthermore, Appendix R shows another view of the HORSE core 

scope and the core scope is positioned against the stages of the IPPMD model to discover 

the common ground in more detail. 

Based on the results in Appendix R, the conclusion can be drawn that both projects and 

reference architectures show a decent amount of overlap. Further investigating this overlap 

can result in integrating the two reference architectures and with that contributing to the 

vertical and end-to-end integration defined in Section 4.5.  
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6 CONCLUSION ON THE CONCEPTUAL FRAMEWORK 

This final section of the report addresses a conclusion on the generalizability of the proposed 

conceptual framework. Furthermore, it describes the limitation of this research and identifies 

directions for future research. It then concludes with a reflection on the project. 

6.1 CONCLUSION 

As already mentioned in Chapter 2 of this report, a case study is used to evaluate the 

conceptual framework. The case study was carried at TC, a company operating in the 

automotive domain of the high-tech manufacturing industry.  

The conceptual framework is quite complex, since it is a combination of a product lifecycle 

management framework, an information system architecture framework and a knowledge 

capturing method. This resulted in many dimensions and levels that could be set at specific 

values, resulting in many different views. The evaluated dimensions of the conceptual 

framework and how framework was traversed were TC specific. Several comments on this 

evaluation are given below. 

First, the creation of the AS-IS model could be easily positioned against the framework, 

resulting in a clear insight of the current processes and the IT landscape. The actual creation 

of the AS-IS situation is not facilitated by the conceptual framework and depends heavily on 

the within company knowledge and documentation. 

Next, by positioning best practices from industry against the framework an easy comparison 

could be made with the AS-IS situation, this resulted in insights in current strengths and 

weaknesses. Found best practices from literature could not be mapped on the conceptual 

framework since they were not industry specific in nature. 

Subsequently, the analysis of the dynamic environment could be linked to the framework. 

Showing changes in the B(usiness) and T(echnology) level of the realization dimension of 

the framework and how they influenced the A(rchitecture) level, this is shown in Figure 9. 

Furthermore, in consultation with TC, the decision was made to focus on industry 4.0 

paradigm, any other paradigm in the dynamic environment could be analyzed as well. 

The current strengths and the dynamic environment were the input for the creation of the 

TO-BE model. Again, the TO-BE model could also be easily positioned against the within 

scope levels and dimensions of the framework, resulting in easy comparison with the AS-IS 

situation. This may help TC in determining follow up steps. 
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The conceptual framework was also able to contribute to the design of a reference 

architecture that was found congruent in its context, goal and design. The case study 

showed how the conceptual framework was able to classify a process and (sub)systems 

along the stages of the IPPMD model and how comparisons could be made. Relations 

among the stages were also identified in the case study. All this eventually contributed to the 

creation of the reference architecture. 

The conclusion can be drawn that, the conceptual framework showed high flexibility and 

generalizability for companies in the automotive industry and that it can also be used within 

the high-tech manufacturing industry. The framework allows easy one-to-one comparison, in 

many different dimensions, levels and aspects, of an information system architecture in the 

product lifecycle management domain. 

6.2 LIMITATIONS OF THIS RESEARCH 

First, the conceptual framework does not describe how all necessary analysis should be 

carried out. This makes the quality of the outcome of comparisons made with the framework 

heavily dependent on the quality of the analysis method used. Furthermore, the framework 

was tested in only one case study. After the framework is tested in more case studies, a 

better conclusion on its generalizability can be drawn.  

Besides that, not all dimension and levels of the framework were evaluated in the case 

study. Only 5 stages of the IPPMD, 3 aspects of the modernized Truijens framework and two 

levels of the realization dimension were included in the TC specific case study. As can be 

seen in Section 4.5, the B(usiness) and T(echnology) level were analyzed in the dynamic 

environment but were TC specific.  

Finally, the original plan for the evaluation of the reference architecture was not carried out. 

Due to time restriction it was simply not possible to reach out to the companies in the IT-

Circle again for evaluation on its relevance and practical usefulness. 

6.3 DIRECTIONS FOR FUTURE RESEARCH 

First, to strengthen the rigor of the conceptual framework, more case studies should be 

performed, preferably testing all dimensions and levels of the framework, especially the data 

aspect, since it is strongly related to the presented work. Furthermore, more specific 

methods for how a certain step in in a case study should be performed should be identified. 

This results in better quality comparisons facilitated by the framework and directly 

contributes to its rigor and the knowledge base defined by (Hevner et al., 2004). Other future 
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research should be focused on the reference architecture. As stated by Angelov and 

colleagues (2012) their framework can be used for analyzing, designing and redesigning a 

reference architecture. Besides that, they also claim that reference architecture can be 

categorized in different types and that it can change type. To ensure the relevance of the 

reference architecture it should be reviewed regularly to check its current state of 

congruence between context, goal and design. 

A final interesting direction for future research is in discovering more common ground with 

the HORSE project and how the two projects can become more integrated. Not only 

supporting the day-to-day operations on the shop floor but also supporting all the necessary 

preparatory work before operations.  

6.4 REFLECTION 

This section of the report addresses several challenges experienced during the performance 

of this project. For the sack of structure, the phases of the problem solving cycle are used. 

The problem definition phase started with a very unclear and broad problem description. 

Which resulted in a very hard first two weeks of the project while setting the scope. 

Conversation with TC eventually helped to clearly set the first goal of the project and using 

the results of the earlier performed literature study set the second goal. Challenges in the 

Analysis & diagnosis phase, were mainly found in using the help of the IT-Circle. It took very 

long for getting a response, jeopardizing the time schedule and deadlines of the project. 

Reaching out to the IT-Circle in an earlier stage of the project would have mitigate this risk. 

The solution design phase, where the dynamic environment was analyzed, was clearly 

determined in consultation with TC and didn’t provided any real challenges. A big challenge 

during the implementation of solution phase, was the creation of both TC specific 

architecture, since one might think too much in terms of what happens to be around. 

However, by taking an academic point of view and focusing on requirements from the 

dynamic environment a design with a top-down approach was realized. Finally, challenges in 

the evaluation phases were again related to the IT-circle. This time the evaluation of the 

reference architecture was very hard to perform due to time restrictions. 

Most important lessons learned included the creation of a good time schedule and setting 

realistic deadlines and reread one’s work from a pure academic point of view. This to secure 

a good balance between academic value for the research institution and practical usefulness 

for the company in which one performs the case study.  
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APPENDIX A – GUIDELINES AND EVALUATION METHODS BY HEVNER ET AL. 

(2004) 

Guideline: Description: 

Guideline 1: 

Design as an Artifact 

Design-science research must be produce a viable artifact 

in the form of a construct, a model, a method, or an 

instantiation 

Guideline 2: 

Problem Relevance 

The objective of design-science research is to develop 

technology-based solutions to important and relevant 

business problems 

Guideline 3: 

Design Evaluation 

The utility, quality and efficacy of a design artifact must be 

rigorously demonstrated via well-executed evaluation 

methods 

Guideline 4: 

Research Contributions 

Effective design-science research must provide clear and 

verifiable contributions in the areas of the design artifact, 

design foundations and/or design methodologies 

Guideline 5: 

Research Rigor 

Design-science research relies upon the application of 

rigorous methods in both the construction and evaluation of 

the design artifact 

Guideline 6: 

Design as a Search Process 

The search for an effective artifact requires utilizing 

available means to reach desired ends while satisfying 

laws in the problem environment 

Guideline 7: 

Communication of Research 

Design-science research must be presented effectively 

both to technology-oriented as well as management-

oriented audiences 
Table 10 - Design-science guidelines defined by Hevner et al., 2004 
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Method Sub method and description 

Observational 

Case Study: Study artifact in depth in business 

environment 

Field Study: Monitor use of artifact in multiple projects 

Analytical 

Static Analysis: Examine structure of artifact for static 

qualities (e.g., complexity) 

Architecture Analysis: Study fit of artifact into technical IS 

architecture 

Optimization: Demonstrate inherent optimal properties of 

artifact or provide optimally bounds on artifact behavior 

Dynamic Analysis: Study artifact in use for dynamic 

qualities (e.g., performance) 

Experimental 

Controlled Experiment: Study artifact in controlled 

environment for qualities (e.g., usability) 

Simulation: Execute artifact with artificial data 

Testing 

Functional (Black Box) Testing: Execute artifact interfaces 

to discover failures and identify defects 

Structural (White Box) Testing: Perform coverage testing of 

some metric (e.g., execution paths) in the artifact 

implementation 

Descriptive 

Information Argument: Use information from the knowledge 

base (e.g., relevant research) to build a convincing 

argument for the artifact’s utility 

Scenarios: Construct detailed scenarios around the artifact 

to demonstrate its utility 
Table 11 - Design evaluations methods defined by Hevner et al., 2004 
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APPENDIX B – SEMI-STRUCTURED INTERVIEW AS-IS 

The questions used during the interview are based on the process discovery phase 

described by Dumas et al. (2013) and are arranged along the within scope aspects of the 

modernized Truijens framework and the realization dimension of the conceptual framework.  

Besides the questions for process discovery, one other question was asked, aiming at 

finding which information system supports which process.  

Before starting the interview, a brief introduction of the project was given, explaining the 

within scope dimensions and levels of the project and TC’s department. 

 

Realization dimension Aspect dimension Question 

Organization 

Process 

What are the cases? / what 

are the information units? 

What are their functions? / 

what are the process steps 

per case/information unit? 

Organization 

Which person/department is 

responsible for the 

discovered process? 

Architecture Software 

What (sub) information 

system is used for which 

process? 
Table 12 - Semi-structured interview AS-IS 

  



66 
 

APPENDIX C – STRUCTURED LITERATURE REVIEW RESULTS 1 

Realization 
dimension 

Aspect 
dimension 

ID Best practice 

Included 
in the 
AS-IS 

situation 

Organization 

Process 

OP.1 Knowledge use Yes 

OP.2 Knowledge capturing No 

OP.3 Knowledge re-use No 

OP.4 Use of hybrid processes Yes 

OP.5 
Processes are based on 

product-oriented structure 
Yes 

OP.6 

Rules, equations and 
constraints not only available for 

product design but also for 
process design 

No 

OP.7 Automated exception handling No 

Organization OO.1 
Synchronized communication 

between departments 
Yes 

Architecture Software 

AS.1 Incorporated knowledge base No 

AS.2 
The use of (event-based) 

Service-Oriented Architecture 
(SOA) 

No 

AS.3 
User's interface interpretation 

includes a Graphical User 
Interface (GUI) 

No 

AS.4 
Information systems operate 

from a single shared database 
No 

AS.5 
The use of client-server 

architecture 
Yes 

AS.6 
The architecture has a modular 

design 
No 

AS.7 Loosely coupled and integrated No 

AS.8 ESB No 

Table 13 - Structured literature review results 1
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APPENDIX D – STRUCTURED LITERATURE REVIEW RESULTS 2 

 
OP.1 OP.2 OP.3 OP.4 OP.5 OP.6 OP.7 OO.1 AS.1 AS.2 AS.3 AS.4 AS.5 AS.6 AS.7 AS.8 

Chen & 

Zhao, 2012          
x x 

     

Cao & 

Zhao, 2011 
x 

      
x 

        

Ferreira, 

Faria, 

Azevedo & 

Marques, 

2016 

x x x x x x 
 

x x 
       

Chaves & 

de 

Carvalho, 

2016 

x x x x x x 
 

x x 
       

Yang & Xue, 

2003 
x x x 

    
x x 

  
x x 

   

Giddaluru, 

Gao, & 

Bhatti, 

2015 

     
x x x 

   
x 

 
x x x 

Han & Do, 

2006        
x x 

       

Hadaya & 

Marchildon, 

2012 
        

x 
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Theorin et 

al., 2017          
x 

    
x 

 

Yadgarova, 

Tarathukhin 

& Skachko, 

2015 

       
x 

  
x x 

  
x x 

Ferreira, 

Marques, 

Faria, & 

Azevedo, 

2016 

x x x x x 
  

x x 
      

x 

Brissaud & 

Zwolinski, 

2006 
        

x 
  

x 
  

x 
 

Vadoudi, 

Troussier, & 

Zhu, 2014 
       

x 
      

x 
 

Panetto & 

Molina, 

2007 
       

x 
      

x 
 

Schuh, 

Rozenfeld, 

Assmus & 

Zancul, 

2007 

x x x 
    

x x 
  

x 
  

x 
 

Table 14 - Structured literature review results 2
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APPENDIX E – COMPARISON OF AS-IS AND BEST PRACTICES FROM INDUSTRY 

This appendix shows the AS-IS situation and best practices from industry positioned against the within scope stages of the IPPMD model. Note 

that, due to reasons of confidentiality, the AS-IS situation is shown at abstraction level 1, describing the components in terms of general 

software system classes, only indicating their functionality. 

First the AS-IS situation at TC is shown in Figure 29, followed by the best practices from industry in Figure 30. 

 

Figure 29 - AS-IS model against IPPMD model 
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Figure 30 - Best practices from industry against IPPMD model 
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APPENDIX F – APPLICATION-PULL & TECHNOLOGY-PUSH DEVELOPMENTS 

Current application-pull and technology-push developments are listed below in Table 15. 

The aim is not to provide a complete overview of developments but to discuss the ones that 

explain the current and most important changes in the manufacturing world.  

Application-pull developments 

Short development 

periods 

Development periods and innovation periods need to be shortened. 

High innovation capability is becoming an essential success factor for 

many enterprises. 

Individualization on 

demand 

Buyers can define the conditions of the trade nowadays. This trend 

leads to an increasing individualization of products. When taken to the 

extreme case, it leads to individual products. 

Flexibility 
Higher flexibility in product development, especially in production, is 

necessary to meet currently changing demands. 

Decentralization 

To cope with the specified conditions, faster decision-making 

procedures are necessary. In order to achieve this organizational 

hierarchies need to be reduced. 

Resource 

efficiency 

Increasing shortage and the related increase of prices for resources 

as well as social change in the context of ecological aspects require a 

better focus on sustainability in industries. The aim is an economic 

and ecological increase in efficiency. 

Technology-push developments 

Further increasing 

mechanization and 

automation 

More technical aids will be used In production processes, which 

support physical work. Furthermore, automatic solutions will adopt the 

execution of many different operations, which consist of operational, 

dispositive and analytical components such as autonomous 

manufacturing cells which independently control and optimize 

manufacturing in different phases of the production. 

Digitalization and 

networking 

The increasing digitalization of almost all manufacturing and 

manufacturing-supporting tools and processes is resulting in the 

registration of an increasing amount of actor- and sensor-data which 

can support functions of control and analysis. Digital processes evolve 

as a result of the likewise increased networking of technical 

components and, in conjunction with the increase of the digitalization 

of produced goods and services, they lead to completely digitalized 

environments. 

Miniaturization 

There is a trend towards miniaturization. As an example, computers 

required significant space some years ago, nowadays devices with a 

comparable or even considerably better performance can be installed 

on few cubic centimeters. This brings new fields of application, 

especially in the context of production and logistics. 
Table 15 - Application-pull & technology-push developments 
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APPENDIX G – SEMI-STRUCTURED INTERVIEW DYNAMIC ENVIRONMENT 

The questions asked during the interview are used to analyze the dynamic environment in 

which TC operates. In consultation with the TC supervisors the decision is made to only 

incorporate the product development department and the manufacturing department in the 

dynamic environment. 

Before starting the interview, a brief introduction of the project was given, explaining the 

within scope dimensions and levels of the project and the results so far. 

 

# Question 

1. What are expected changes from Product Development regarding mass 

customization? 

2. What are expected technology changes on the shop floor with respect to the industry 

4.0 paradigm? 
Table 16 - Semi-structured interview dynamic environment 

After these two questions, the following follow-up questions were asked for both product 

development changes and shop floor changes: 

# Question 

3. Which changes are most notable or important for TC? 

4. How might these changes influence the PE department? 
Table 17 - Semi-structured interview dynamic environment follow up 
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APPENDIX H – WORKSHOP FUTURE SITUATION 

The workshop started with a brief introduction of the project (even though the majority of the 

participants were already familiar with it). During the workshop a list with the current best 

practices from literature were distributed. Participants were asked to rate each best practice 

on 5-point Likert-scale, where 0 means “not important at all” and 5 means “very important”. 

“NA” means “Not Applicable”, this could be used as a participant thought it was not relevant 

for his/her domain. A format of the list can be found below. 

Realization 

dimension 
Aspect dimension ID Best practice Score 

Organization 
Process OP.X … 0 – 1 – 2 – 3 – 4 – 5 – NA  

Organization OO.X … 0 – 1 – 2 – 3 – 4 – 5 – NA 

Architecture Software AS.X … 0 – 1 – 2 – 3 – 4 – 5 – NA 
Table 18 - Workshop future situation 

Note that the format of the list is an exact copy of the results of the structured literature 

review. Classifying the best practices along the realization and aspect dimension of the 

conceptual framework. 

Next, a discussion was held on which other developments or practices should be included in 

the design of the TO-BE model. During the discussion developments of the dynamic 

environment were named without introducing them first. Especially the creation of a digital 

twin for simulation was popular among the PE stakeholders. 
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APPENDIX I – WORKSHOP FUTURE SITUATION RESULTS 

The final score is calculated by averaging the score that was given by individual participant. 

If the majority of the participants selected NA for a certain best practice, it was decided to 

make it also the final score. If the majority gave a numerical score, the average was 

calculated and the participants of the NA score were left out the calculation. 

Realization 
dimension 

Aspect 
dimension 

ID Best practice Score 

Organization 

Process 

OP.1 Knowledge use 0 – 1 – 2 – 3 – 4 – 5 – NA 

OP.2 Knowledge capturing 0 – 1 – 2 – 3 – 4 – 5 – NA 

OP.3 Knowledge re-use 0 – 1 – 2 – 3 – 4 – 5 – NA 

OP.4 
Use of hybrid 

processes 
0 – 1 – 2 – 3 – 4 – 5 – NA 

OP.5 
Processes are based 
on product-oriented 

structure 
0 – 1 – 2 – 3 – 4 – 5 – NA 

OP.6 

Rules, equations and 
constraints not only 
available for product 
design but also for 

process design 

0 – 1 – 2 – 3 – 4 – 5 – NA 

OP.7 
Automated exception 

handling 
0 – 1 – 2 – 3 – 4 – 5 – NA 

Organization OO.1 
Synchronized 

communication 
between departments 

0 – 1 – 2 – 3 – 4 – 5 – NA 

Architecture Software 

AS.1 
Incorporated 

knowledge base 
0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.2 

The use of (event-
based) Service-

Oriented Architecture 
(SOA) 

0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.3 

User's interface 
interpretation includes 

a Graphical User 
Interface (GUI) 

0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.4 
Information systems 
operate from a single 

shared database 
0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.5 
The use of client-

server architecture 
0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.6 
The architecture has a 

modular design 
0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.7 
Loosely coupled and 

integrated 
0 – 1 – 2 – 3 – 4 – 5 – NA 

AS.8 ESB 0 – 1 – 2 – 3 – 4 – 5 – NA 
Table 19 - Workshop future situation results 1 
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Below, in Table 20, one can see which of the best practices are from literature were already 

in place in the AS-IS situation and which of the best practices are included in the TO-BE 

model. If a best practice was included in the AS-IS situation it was decided that is was 

automatically included in the TO-BE model. Furthermore, if a best practice scored an 

average of 3 (or lower) or ‘NA’ it was decided to not include it in de the TO-BE model, unless 

it was in contradiction with the developments of the dynamic environment. This decision was 

made to make the TO-BE model not too complex and provide TC with an architecture that 

includes the most desired functionalities.  

 

Realization 
dimension  

ID Best practice 

Included 
in the 
AS-IS 

situation 

Included 
in the 

TO-BE 
model 

Organization 

Process 

OP.1 Knowledge use Yes Yes 

OP.2 Knowledge capturing No Yes 

OP.3 Knowledge re-use No Yes 

OP.4 Use of hybrid processes Yes Yes 

OP.5 
Processes are based on 

product-oriented structure 
Yes Yes 

OP.6 

Rules, equations and 
constraints not only available 
for product design but also for 

process design 

No No 

OP.7 Automated exception handling No No 

Organization OO.1 
Synchronized communication 

between departments 
Yes Yes 

Architecture Software 

AS.1 Incorporated knowledge base No Yes 

AS.2 
The use of (event-based) 

Service-Oriented Architecture 
(SOA) 

No Yes 

AS.3 
User's interface interpretation 

includes a Graphical User 
Interface (GUI) 

No Yes 

AS.4 
Information systems operate 

from a single shared database 
No Yes 

AS.5 
The use of client-server 

architecture 
Yes Yes 

AS.6 
The architecture has a 

modular design 
No Yes 

AS.7 
Loosely coupled and 

integrated 
No Yes 

AS.8 ESB No Yes 
Table 20 - Workshop future situation results 2 
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APPENDIX J – EXAMPLE ARCHITECTURE BY GIDDALURU ET AL., 2015 

 

Figure 31 - Example architecture (Taken from: Giddaluru et al., 2015) 
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APPENDIX K – ARCHITECTURE STYLES & ARCHITECTURE PATTERNS 

The use of architecture aims at bringing structure into the design of business information 

systems. Two structuring classes of the product-oriented face are explained below; 

architecture styles and architecture patterns. 

The different architecture styles are shown below, in Figure 32. The first style, monolithic 

style, uses a black-box approach. Put into other words, all functionality is included in one 

monolith and hence there is a no explicit structure. The layered style defines structure by 

organizing functionality into several layers of functional abstraction. The third style, the 

columned style, defines structure by organizing functionality into several functional sub-

areas at the same level of functional abstraction. Finally, the component-oriented style 

defines structure by grouping coherent application functionality into components with explicit 

interfaces. Note that a combination of different styles is also possible (P. W. P. J. Grefen, 

2016).  

 

 

Figure 32 - Basic IS architecture styles (Taken from: Grefen, 2016) 
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The different architecture patterns are shown below in Figure 33. Direct invocation indicates 

a remote procedure invocation between modules. A file transfer pattern is simply defined as 

a file transfer between modules. The shared database pattern allows data transfers via a 

shared database that gives flexible asynchronous n-to-m module coupling. Finally, a shared 

bus provides data transfer via an enterprise service bus, that allows direct flexible m-to-n 

coupling between modules.  

 

 

Figure 33 - Basic IS architecture styles (Taken from: Grefen, 2016) 
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APPENDIX L – INTERN BUSINESS LOGIC LAYER 

The intern system logic of the business logic layer shows which subsystems communicate 

with each other. For reasons of clarity and brevity the presentation layer and platform layer 

are not shown in this figure. 

 

Figure 34 - System logic in business logic layer 
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APPENDIX M – COMPARISON OF AS-IS AND TO-BE 

This appendix shows the TO-BE model positioned against the within scope stages of the IPPMD model. Note that, due to reasons of 

confidentiality, the AS-IS situation is shown at abstraction level 1, describing the components in terms of general software system classes, only 

indicating their functionality. For the positioning of the AS-IS situation, please see Appendix E. Note that the presentation and platform layer, 

together with the knowledge base and module manager are left for reasons of clarity.  

 

Figure 35 - TO-BE model against IPPMD model 
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APPENDIX N – PRACTICAL USEFULNESS CRITERIA FOR THE TO-BE MODEL 

The criteria for evaluating relevance and their explanation can be found below in Table 21. 

Practical usefulness criteria Explanation 

Meaningfulness 

The research is meaningful, understandable and 

adequately describes strategic problems faced by 

decisions-makers 

Goal relevance 
It contains manager performance indicators which are 

relevant to managers’ goals 

Operational validity 

It has clear action implications which can be 

implemented using the causal variables used in the 

research program 

Innovativeness 
It transcends ‘commonsense’ solutions and provides 

non-obvious insights into practical problems 

Cost of implementation 
The solutions suggest by the research are feasible in 

terms of their costs of timeliness 
Table 21 - Pratical usefulness criteria 

The criteria for evaluating relevance and their outcome for TC can be found below in Table 

22. 

Practical usefulness criteria Outcome 

Meaningfulness 

The TO-BE model was described as easy to understand 

and meaningful, also (potential) strategic problems were 

made clear 

Goal relevance 

The TO-BE model was described as an artifact with a 

high goal relevance with respect to managers’ goals, 

especially the capturing of knowledge 

Operational validity 
The TO-BE model was described as an artifact that has 

clear action implications  

Innovativeness 
The TO-BE model was described as innovative, 

especially the capturing of knowledge 

Cost of implementation 

The TO-BE model’s cost of implementation is not fully 

clear, several software systems exists that provide the 

needed functionality, however more research is 

necessary.  
Table 22 - Practical usefulness criteria results 1 
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APPENDIX O – ARCHITECTURAL PRINCIPLES FOR THE TO-BE MODEL 

The architecture principles defined below have been harvested from real-world architectures 

and are thus representative for what one can encounter in architectures in practice 

(Greefhorst & Proper, 2011). When a certain principle is included in the TO-BE model the 

outcome is ‘Yes’, if not it is ‘No’. If ‘NA’ (Not Applicable) is used as an outcome, the principle 

was out of scope or considered not important. 

# Architectural principle Outcome Comment 

1 Business Units Are Autonomous NA - 

2 Customers Have a Single Point of 

Contact 

NA - 

3 Stock Is Kept to a Minimum NA - 

4 Processes Are Straight Through Yes BPMS/hybrid processes 

5 Processes Are Standardized NA - 

6 Management Layers Are Minimized NA - 

7 Tasks Are Designed Around Outcome NA - 

8 Routine Tasks Are Automated NA - 

9 Primary Business Processes Are not 

Disturbed by Implementation of 

Changes 

NA - 

10 Components Are Centralized Yes Central components are easier 

to manage (Plant layout) 

11 Front-Office Processes Are Separated 

from Back-Office Processes 

Yes Already in AS-IS 

12 Channel-Specific Is Separated from 

Channel-Independent 

NA - 

13 The Status of Customer Requests Is 

Readily Available Inside and Outside the 

Organization 

NA - 

14 Data Are Provided by the Source Yes Service-oriented 

15 Data Are Maintained in The Source 

Application 

Yes Central DBMS 

16 Data Are Captured Once Yes Central DBMS 

17 Data Are Consistent Through All 

Channels 

Yes Central DBMS 

18 Content and Presentation Are Separated Yes Presentation layer 

19 Data Are Stored and Exchanged 

Electronically 

Yes Central DBMS 

20 Data That Are Exchanged Adhere to a 

Canonical Data Model 

NA - 

21 Data Are Exchanged in Real-Time NA - 

22 Bulk Data Exchanges Rely on ETL Tools NA - 

23 Documents Are Stored in the Document 

Management System 

NA - 
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24 Reporting and Analytical Applications Do 

Not Use the Operational Environment 

Yes Separate module manager 

25 Applications Have a Common Look-and-

Feel 

Yes GUI 

26 Applications Do Not Cross Business 

Function Boundaries 

Yes Already in AS-IS 

27 Applications Respect Logical Units of 

Work 

Yes BPMS 

28 Applications Are Modular Yes Also in columned and layered 

architecture structures 

29 Application Functionality is Available 

Through an Enterprise Portal 

Yes Already in AS-IS 

30 Applications Rely on One Technology 

Stack 

NA - 

31 Application Interfaces Are Explicitly 

Define 

NA - 

32 Proven Solutions Are Preferred No Only best practices from 

literature and industry 

33 IT Systems Are Scaleable NA - 

34 Only in Response to Business Needs 

Are Changes to IT Systems Made 

NA - 

35 Components Have a Clear Owner Yes - 

36 IT Systems Are Standardized and 

Reused Throughout the Organization 

Yes - 

37 IT Systems Adhere to Open Standards NA - 

38 IT Systems Are Preferably Open Source NA - 

39 IT Systems Are Available at Any Time 

on Any Location 

NA - 

40 IT Systems Are Sustainable NA - 

41 Processes Are Supported by a Business 

Process Management System 

Yes - 

42 Presentation Logic, Process Logic and 

Business Logic Are Separated 

Yes 3-tier layered architecture 

43 IT Systems Communicate Through 

Services 

Yes Service-oriented architecture 

44 Reuse Is Preferable to Buy, Which is 

Preferable to Make 

NA - 

45 IT Systems Support 24*7 Availability NA - 

46 IT Systems Are Selected Based on a 

Best-of-Suite Approach 

NA - 

47 Sensitive Data Are Exchanged Securely NA - 

48 IT Systems May Under no 

Circumstances Revert to Insecure Mode 

Type 

NA - 

49 Management of IT Systems is 

Automated as Much as Possible 

NA - 

50 End-to-End Security Must Be Provided NA - 
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Using Multiple Defensive Strategies 

51 Access Rights Must Be Granted at the 

Lowest Level Necessary for Performing 

the Required Operation 

NA - 

52 Authorizations Are Role-Based NA - 

53 The Identity Management Environment 

Is Leading for All Authentications and 

Authorizations 

NA - 

54 Security Is Defined Declaratively NA - 

55 Access to IT Systems Is Authenticated 

and Authorized 

NA - 

56 Integration with External IT Systems Is 

Localized in Dedicated IT Components 

NA - 

57 Application Development Is 

Standardized 

NA - 

58 All Messages Are Exchanged Through 

the Enterprise Service Bus 

Yes - 

59 Rules That Are Complex or Apt to 

Change Are Managed in a Business 

Rules Engine 

NA - 

Table 23 - Architectural principles results 1 
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APPENDIX P – SCIENTIFIC GAP AS INPUT FOR THE REFERENCE ARCHITECTURE 

This appendix shows the identified gaps in current scientific literature, found in the  

structured literature review by Pluijm (2018). The created reference architecture aims to 

bridge the earlier defined gap in scientific literature. 

 

Figure 36 - Gap in scientific literature (Taken from: Pluijm, 2018) 
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APPENDIX Q – ARCHITECTURAL PRINCIPLES FOR THE REFERENCE 

ARCHITECTURE 

The architecture principles defined below have been harvested from real-world architectures 

and are thus representative for what one can encounter in architectures in practice 

(Greefhorst & Proper, 2011). When a certain principle is included in the reference 

architecture the outcome is ‘Yes’, if not it is ‘No’. If ‘NA’ (Not Applicable) is used as an 

outcome, the principle was out of scope or considered not important. 

# Architectural principle Outcome Comment 

1 Business Units Are Autonomous NA - 

2 Customers Have a Single Point of 

Contact 

NA - 

3 Stock Is Kept to a Minimum NA - 

4 Processes Are Straight Through Yes BPMS/hybrid processes 

5 Processes Are Standardized NA - 

6 Management Layers Are Minimized NA - 

7 Tasks Are Designed Around Outcome NA - 

8 Routine Tasks Are Automated NA - 

9 Primary Business Processes Are not 

Disturbed by Implementation of 

Changes 

NA - 

10 Components Are Centralized Yes Centralized in components of 

the IPPMD model 

11 Front-Office Processes Are Separated 

from Back-Office Processes 

NA - 

12 Channel-Specific Is Separated from 

Channel-Independent 

NA - 

13 The Status of Customer Requests Is 

Readily Available Inside and Outside the 

Organization 

NA - 

14 Data Are Provided by the Source Yes Service-oriented 

15 Data Are Maintained in The Source 

Application 

Yes Central DBMS 

16 Data Are Captured Once Yes Central DBMS 

17 Data Are Consistent Through All 

Channels 

Yes Central DBMS 

18 Content and Presentation Are Separated Yes Presentation layer 

19 Data Are Stored and Exchanged 

Electronically 

Yes Central DBMS 

20 Data That Are Exchanged Adhere to a 

Canonical Data Model 

NA - 

21 Data Are Exchanged in Real-Time NA - 

22 Bulk Data Exchanges Rely on ETL Tools NA - 
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23 Documents Are Stored in the Document 

Management System 

NA - 

24 Reporting and Analytical Applications Do 

Not Use the Operational Environment 

Na - 

25 Applications Have a Common Look-and-

Feel 

Yes GUI 

26 Applications Do Not Cross Business 

Function Boundaries 

NA - 

27 Applications Respect Logical Units of 

Work 

Yes BPMS 

28 Applications Are Modular Yes Also in columned and layered 

architecture structures 

29 Application Functionality is Available 

Through an Enterprise Portal 

NA - 

30 Applications Rely on One Technology 

Stack 

NA - 

31 Application Interfaces Are Explicitly 

Define 

NA - 

32 Proven Solutions Are Preferred No Type 5 reference architecture 

33 IT Systems Are Scaleable NA - 

34 Only in Response to Business Needs 

Are Changes to IT Systems Made 

NA - 

35 Components Have a Clear Owner Yes IPPMD model related 

36 IT Systems Are Standardized and 

Reused Throughout the Organization 

Yes - 

37 IT Systems Adhere to Open Standards NA - 

38 IT Systems Are Preferably Open Source NA - 

39 IT Systems Are Available at Any Time 

on Any Location 

NA - 

40 IT Systems Are Sustainable NA - 

41 Processes Are Supported by a Business 

Process Management System 

Yes - 

42 Presentation Logic, Process Logic and 

Business Logic Are Separated 

Yes 3-tier layered architecture 

43 IT Systems Communicate Through 

Services 

Yes Service-oriented architecture 

44 Reuse Is Preferable to Buy, Which is 

Preferable to Make 

NA - 

45 IT Systems Support 24*7 Availability NA - 

46 IT Systems Are Selected Based on a 

Best-of-Suite Approach 

NA - 

47 Sensitive Data Are Exchanged Securely NA - 

48 IT Systems May Under no 

Circumstances Revert to Insecure Mode 

Type 

NA - 

49 Management of IT Systems is 

Automated as Much as Possible 

NA - 
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50 End-to-End Security Must Be Provided 

Using Multiple Defensive Strategies 

NA - 

51 Access Rights Must Be Granted at the 

Lowest Level Necessary for Performing 

the Required Operation 

NA - 

52 Authorizations Are Role-Based NA - 

53 The Identity Management Environment 

Is Leading for All Authentications and 

Authorizations 

NA - 

54 Security Is Defined Declaratively NA - 

55 Access to IT Systems Is Authenticated 

and Authorized 

NA - 

56 Integration with External IT Systems Is 

Localized in Dedicated IT Components 

NA - 

57 Application Development Is 

Standardized 

NA - 

58 All Messages Are Exchanged Through 

the Enterprise Service Bus 

Yes - 

59 Rules That Are Complex or Apt to 

Change Are Managed in a Business 

Rules Engine 

NA - 

Table 24 - Architectural principles results 2 
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APPENDIX R – HORSE PROJECT CORE SCOPE 

This appendix shows another view of the HORSE core scope and the core scope is 

positioned against the stages of the IPPMD model to discover the common ground in more 

detail. 

 

Figure 37 - HORSE core scope 2 (Taken from: Grefen et al., 2016) 

Black indicates that a stage of the IPPMD model is out of scope for both the HORSE project 

as this project. Green indicates that a stage is within the scope for this project but out of 

scope for the HORSE project. Red indicates that a stage is within the scope for the HORSE 

project but out of scope for this project. Finally, orange indicates that a stage is within scope 

for both projects. 

 

Figure 38 - HORSE project positioned against the IPPMD model 


