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Abstract 

Background 

Production systems of automotive companies are exposed to various change drivers in increasingly 

volatile market environments. In order to manage the different areas of complexity, time, costs 

and quality it is necessary to continually adapt and reconsider production systems. Besides other 

company internal and external change drivers, product development projects initiate such adaption 

measures in production systems design.  

Characteristic for production system design activities during early-phase product development is 

the inadequate data and information basis. Existing methodologies for production system design 

assume an already existing production system and the optimization towards specific key 

performance indicators. Other methodologies that accompany the product development process 

focus solely on specific production process aspects. Consequently, a methodology for holistic 

determination and consideration of uncertainties in production system design during early-phase 

production development is needed.  

Aim 

The aim of the thesis is therefore to develop, apply and evaluate a framework that enables a 

structured concretization of uncertainties concerning product development projects and other 

company external and internal uncertainties. Furthermore, the framework should facilitate 

identifying which impact those uncertainties could have on the existing production system and 

how to develop and evaluate countermeasures.  

Samples 

The study was conducted within the commercial vehicle industry and in cooperation with Scania 

CV AB located in Södertälje, Sweden as an industrial research partner.  

Methods 

Based on a literature review and in consideration of the needs of the industrial research partner, 

the requirements on the framework were defined. The individual sections of the framework 

incorporate adaptations of existing methodologies as well as methods purpose-developed in the 

course of the thesis. The application of the framework took place within the department of 

transmission manufacturing in the course of a new transmission development project.  

Results 

The results show that through the application of the framework, uncertainties connected to a new 

transmission development project were significantly reduced. Affected production system areas 

were identified and adequate measures in production system design were initiated.  

Conclusions  

The developed framework enables managing uncertainties in production system design during 

early phase product development. Furthermore, the structured way of working and documentation 

increases the cooperation and communication between product and production development as 

well as the overall transparency within the development project.  
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Sammanfattning 

Bakgrund 

Produktionssystem inom fordonsindustrin utsätts för olika förändringsfaktorer i en allt mer flyktig 

marknadsmiljö. För att hantera de motstridiga områdena komplexitet, tid, kostnad och kvalitet är 

det nödvändigt att hela tiden anpassa och ompröva produktionssystem. Förutom andra interna och 

externa förändringsfaktorer initierar produktutvecklingsprojekt sådana anpassningsåtgärder vid 

design av produktionssystem. 

Karaktäristisk för utvecklingen av produktionssystem i den tidiga fasen av produktutvecklingen är 

den otillräckliga data- och informationsbasen. Befintliga metoder för design av produktionssystem 

baseras på ett befintligt produktionssystem och optimering av vissa viktiga prestandaindikatorer. 

Andra metoder som följer med produktutvecklingsprocessen fokuserar uteslutande på specifika 

aspekter av produktionsprocessen. Därför krävs en metod för helhetsbestämning och hänsyn till 

osäkerheter i utformningen av produktionssystem i den tidiga fasen av produktionsutvecklingen. 

Mål 

Syftet med avhandlingen är därför att utveckla, tillämpa och utvärdera en metod som möjliggör en 

strukturerad specifikation av osäkerheter i produktutvecklingsprojekt och andra externa och 

interna osäkerheter i företaget. Dessutom bör metodiken göra det lättare att avgöra vilken påverkan 

dessa osäkerheter kan ha på det befintliga produktionssystemet och hur motåtgärder kan utvecklas 

och utvärderas. 

Forskningsomfång 

Studien genomfördes inom kommersiella fordonsindustrin och i samarbete med Scania CV AB 

baserat i Södertälje, Sverige, som en industriell forskningspartner. 

Metoder 

Baserat på en litteraturöversikt och med beaktande av den industriella forskningspartnerns behov 

definierades kraven för metodiken. I varje del av ramverket finns det både anpassningar av 

befintliga metoder och metoder som har utvecklats under arbetets gång. Ramverket användes inom 

tillverkningsavdelningen för växellådan som en del av ett nytt utvecklingsprojekt. 

Resultat 

Resultaten visar att tillämpningen av ramverket avsevärt minskade osäkerheten i samband med ett 

nytt utvecklingsprojekt. Påverkade områden i produktionssystemet identifierades och lämpliga 

åtgärder för utformningen av produktionssystemet inleddes. 

Slutsatser  

Studien visar att den utvecklade metodiken gör det möjligt att kontrollera osäkerheter i 

utformningen av produktionssystem i den tidiga fasen av produktutvecklingen. Dessutom 

förbättrar det strukturerade sättet att arbeta och dokumentera samarbetet och kommunikationen 

mellan produkt- och produktionsutveckling samt total öppenhet inom utvecklingsprojektet. 
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1 Introduction 

1.1 Research motivation 

Manufacturing companies are facing a transforming competitive environment. They have to 

operate successfully within a market characterized by increasing globalization, competition and 

cost pressure. In addition, shortened product lifecycles with more product variants and increased 

complexity require constant improvement and innovation to meet rising quality demands. [1] 

Such market conditions demand that manufacturing companies can continually adapt to variable 

and unforeseeable changes. In this context, production systems are taking on an essential role as 

they have core responsibility in the realization of products in a cost-efficient manner. Production 

strategies promote continuous improvement of the production system and the ability to react 

quickly and flexibly to changing conditions. [2]   

Transparent decision-making processes are necessary to enable a rapid adaption of the production 

system. Such processes should be applied within the technological, organizational and spatial areas 

of production systems. Also, the production system levels ranging from production site to 

workstation should be considered in such decision-procedures.  

Change drivers, which require such adaption measures, can emerge from company-internal 

sources as well as company-external sources. A common reason to adapt the production system is 

during new product development projects. However, continuous changes, unclear information 

regarding product design or planned production volumes can complicate the decision-making 

process for production system design in this context.  

The information deficit between production system design and product development can lead to 

increased development times and higher costs for adapting the production system. Suboptimal 

production processes can be chosen because of time pressure, which in turn can result in poor 

quality and ultimately decreased customer satisfaction. 

A way to approach this issue it to parallelize product and production development processes in the 

sense of simultaneous engineering or concurrent engineering. Simultaneous engineering can be 

defined as a concept to shorten development times by starting development activities early on and 

focus on interdisciplinary and overlapping cross-departmental cooperation.  

ROY ET AL. state that one of the challenges in the implementation of simultaneous engineering is 

the selection of suitable tools and techniques. The high amount of solutions available do not just 

differ in strategic aspects but also in the level of implementation within the corporate environment. 

[3] SCHUH ET AL. define the implementation levels of simultaneous engineering as:  

▪ Process organization-wise integrations through parallelization and bringing together of 

competencies. [4] 

▪ Organizational structure-wise integration through interdisciplinary developing and 

simultaneous engineering teams. [4] 

▪ Information orientated integration through system and data models. [4] 

However, even though the concept of simultaneous engineering has been discussed since the 

1990s, there has not been a structured way of how to integrate and realize simultaneous 

engineering within a corporate environment on an operational level. The connection of unclear 
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product requirements with the current capabilities of the production systems does not find 

sufficient methodological support and production system designers are thereby dependent on the 

judgment and opinion of experts. [5–8]  

1.2 Objective and research questions 

The aim of the thesis is therefore to develop, apply and evaluate a framework that enables a 

structured concretization of uncertainties concerning product development projects and other 

company external and internal uncertainties. Furthermore, the framework should facilitate 

identifying which impact those uncertainties could have on the existing production system and 

how to develop and evaluate countermeasures.  

Derived from the objective, the following central research questions have been defined: 

Question 1: Which uncertainties are occurring during production system development? 

Question 2.1: How can uncertain product characteristics be concretized during early-phase 

product development? 

Question 2.2: How can the impact of uncertain product characteristics on the production system 

be evaluated?  

Question 2.3: How can response measures in production system design be developed and 

evaluated? 

1.3 Outline 

The thesis is divided into eight chapters (compare Figure 1). The introduction chapter included the 

elaboration of the research motivation as well as objective of the thesis and the resulting research 

questions. Furthermore, the structure of the thesis is outlined in this chapter.  

Chapter 2 describes the research methodology, which was applied in the course of this thesis. 

Thereby the generic steps of the Design Research Methodology are correlated to the structure of 

the thesis and the specific chapters.  

A basic understanding of terminologies and the overall theoretical context of the thesis is created 

in chapter 3. Relevant research areas within product and production development are explained 

and commonly used methodologies are elaborated in more detail.  

Chapter 4 describes the current state of research based on extensive literature research. The first 

section shows a general overview of the findings and how they can be included in the framework. 

The subsequent section covers the detailed description of findings.  

The central part of the thesis is the framework conception which is covered in chapter 5. The 

requirements on the framework arose from findings from the literature review as well as needs 

observed from the industrial environment at Scania. After the explanation of the overall structure 

of the framework, the conception of the individual sections is elaborated. The sections of the 

framework include the uncertainty source selection (chapter 5.3), scenario technique (chapter 5.4), 

the impact evaluation (chapter 5.5) and the response measure selection (chapter 5.6).  
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The newly developed framework is then applied in chapter 6 within the industrial environment at 

Scania CV AB in Södertälje, Sweden. The transmission manufacturing department is currently in 

the process of redesigning the production system based on current transmission developments. The 

new transmission systems and the characteristics of its gear and shaft components represent in this 

application case the uncertainties.  

Chapter 7 covers a discussion of the conception and application of the framework and the relevance 

within this field of research. Furthermore, theoretical and practical consequences are discussed.  

Chapter 8 summarizes the thesis and gives suggestions for future research.  

 

 

Figure 1 - Outline of the thesis  

1.1 Research motivation 

1. Introduction 

1.2 Objective and research questions 

1.3 Outline 

2. Methodology 

3.1 Product development 

3.2 Production development 

3. Theoretical background 

4. Literature review 

5.1 Requirements on the framework 

5.2 Concept of the framework 

5.3 Uncertainty source selection 

5.4 Scenario technique 

5.5 Impact evaluation 

5.6 Response measure development 

Framework 

5. Framework conception 

6.1 Introduction to application environment and use case 

6.2 Framework application 

6.3 Framework evaluation 

6. Framework application and evaluation 

7. Discussion 

8. Conclusion 



2 Methodology    11 

 

  

2 Methodology  

The following section describes the scientific approach, which was used to reach the objective of 

developing a framework for managing uncertainty in production system design during early-phase 

product development. In order to make the development of the overall framework and the 

generation of findings comprehensible, the thesis follows the approach Design Research 

Methodology (DRM) developed by BLESSING & CHAKRABARTI. [9] 

In general, DRM is a methodology to support the scientific working approach for research 

activities in the field of design research. BLESSING & CHAKRABARTI define design research as: 

▪ "the formulation and validation of models and theories about the phenomenon of design 

with all its facets (people, product, knowledge/methods/tools, organization, micro-

economy and macroeconomy); and 

▪ the development and validation of support founded on these models and theories, in order 

to improve design practice, including education, and its outcomes." [9]  

Design research aims at understanding the various areas which are connected to design and the 

improvement of the overall design process. (compare Figure 2 and Figure 3) [9] 

 

Figure 2 - Aspects of design research [9] 

 

Figure 3 - Relationships between design, design research 

and design research methodology [9] 

DRM is developed towards design in the context of product design. However, since methodologies 

for product design as well as production system design are based on basic problem-solving-

approaches, the objectives of DRM also apply for this thesis. [10][11] 

The four sequential steps of DRM are Research clarification, Descriptive Study 1, Prescriptive 

Study, Descriptive Study 2. [9] Figure 4 shows how the sections of DRM correlate with the 

structure of the thesis.  
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Figure 4 - DRM stages and correlation to thesis structure and chapters 

Research clarification and Descriptive study 1 

The stages of research clarification and descriptive study 1 aim to give a general understanding of 

the research topic. A detailed problem description and the elaboration of the as-is state of the 

underlying situation allows outlining in the target situation in general terms. [9] 

The theoretical background of the research topic is explained in chapter 3. The research area is 

tangent to the thematic areas of product development as well as production system development. 

Analogous to the product lifecycle, the areas of product planning and product design are explained 

before a more detailed explanation of the production system design follows.  

Chapter 4 reflects the current state of research on the topic of how to manage uncertainties in 

production system design during early-phase product development. Following the research 

questions and the connected research areas, several solutions and approaches are investigated and 

evaluated in terms of suitability for solving the fundamental uncertainty issue. The findings of the 

literature analysis contributed on the one hand to concretize the problem formulation and research 

direction. Furthermore, the literature analysis helped to identify gaps in research to define the 

requirements on the later developed framework in chapter 5.   

Prescriptive study  

After having a profound understanding of the problem as well as the initial and desired situation, 

the prescriptive study stage covers the development of the desired support tool. The support tool 

can be developed in form of models, guidelines or methods to bridge the gap between the current 

and desired situation. [9] 

The conception of the support tool developed in the course of this thesis is elaborated in chapter 

5. Although many solutions in literature and research suggest software-based support tools, the 

developed framework promotes a non-software-based approach to allow an immediate application 

and evaluation in the industrial environment.  

Design Research Methodology (DRM)  Corresponding chapters in the thesis 
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Descriptive study 2 

The second descriptive study covers the evaluation of the application of the support tool. Part of 

this study is to investigate whether the developed support tool helped to reach the desired situation 

in general terms, and which impact its application had in detail. Furthermore, the usefulness and 

practicability of the developed solution are evaluated. [9] 

Chapter 6 introduces at first the industrial application environment and the generated results. The 

actual evaluation is described in chapter 6.2 and covers the validation against the requirements 

defined in chapter 5.1 as well as an economic evaluation.  
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3 Theoretical background 

In the following chapter, the theoretical background and fundamental approaches of product 

development (chapter 3.1) and production development (chapter 3.2) will be elaborated. Figure 5 

shows the general concept of a product lifecycle presented by SCHUH & KAMPKER. The 

arrangement of product and production development within the product lifecycle follows, thereby 

the classification of BELLGRAN & SÄFSTEN.  [12] [13] 

 

 

 

 

 

3.1 Product development  

As shown in Figure 5, product development is part of the product lifecycle process and the product 

realization process. Product development can be split into activities concerning product planning 

and product design. From a chronological point of view, product planning takes part before the 

actual product design activities begin.  

3.1.1 Product planning 

Product planning represents a phase within the product realization process in which demands of 

upcoming and future markets are systematically identified and documented. In this process, 

medium to long-term strategic targets are brought into context with new products. This includes 

for instance strategies for positioning new products within the market environment. Product 

planning can also be seen as a part of operational planning activities that belong to the overall 

corporate planning. Corporate planning includes all necessary decision processes and analyses for 

defining measures to adapt the enterprise to its environment under consideration of goals. [14]   

The focus of product planning lies in the product and all influencing activities. However, products 

are in fact part of a broader product program that is offered by the company to gain and hold a 

strong market position. The product planning should therefore correspond with the product 

program width as well as product program depth. The program width describes the spectrum of 

different product categories while the product depth corresponds to the number of variants 

belonging to those categories. In this context, the role of product planning is also to define the role 

and future versions of a product within the product program. [14] 

Product planning can be structured into the four phases of potential analysis, product identification, 

implementation planning and control. The potential analysis focuses on assessing the success 

potentials of new product ideas. Relevant innovation areas are derived from future and market 

Recycling Service Distribution /  
Sales 

Product  
planning 

Product life cycle 

Product development Product manufacture Product usage Product disposal 

Production development Production system development Product  
design 

Production design 

Production system industrialization 
and process planning 

Production system design 

Production system 
operation 

Product realization 

Figure 5 - Arrangement of product and production development within the product lifecycle (compare [12] [13]) 
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analyses. In the course of product identification, product ideas are identified and assessed towards 

their fulfillment of customer requirements. This phase characterized by a high proportion of 

creative work and makes use of several creativity techniques and methods. During the phase of 

implementation planning, promising ideas are assessed in regard to their intended economic 

success and product program width and depth are defined. Furthermore, marketing strategies for 

a product are defined. The control phase aims to monitor the implementation of measures and the 

overall success of existing products on the market. It should also allow deriving the need for action 

in case certain market situations change. [14] 

3.1.2 Product design 

Product design plays a central role in the overall product development process. Results and 

empirical knowledge from product planning and other product life cycle phases are considered and 

used during this phase. The success of product design depends therefore, primarily on how much 

information can be gathered both from within and outside the company environment. [14] 

Product design is based on methodologies which ensure a systematic approach to the development 

and design of technical system and products. Those methodologies aim to develop design solutions 

in a faster and more efficient manner and have to consider company-specific conditions. The 

emphasis of design methodologies follows the focus areas of the respective product groups for 

which they are used. Definitions and expressions vary among different design methodologies, but 

content-wise, they largely coincide. [14] 

The VDI (Verein Deutscher Ingenieure) guideline VDI 2222 presents a guideline for the methodic 

development of solution principles. Since the guideline aims to be universally applicable, the 

design process is roughly structured and allows company-specific procedure variants. Following 

the description of SCHUH, the VDI guideline VDI 2222 can generally be divided into the four main 

phases Planning & task clarification, Conceptual design, Embodiment design and Detail design. 

However, a clear separation of those phases is not always possible since results from later phases 

could already be needed in the beginning. Miscommunication or lack of information results in an 

iterative cycle rather than a strictly sequential progression through the phases. [14] 

Representatively, the four individual phases of the VDI 2222 (compare Figure 6) guideline are 

briefly elaborated following the explanations of SCHUH. [14] 

Planning & task clarification 

Once the product idea and a design assignment have been defined, the first step in this phase is to 

clarify and specify the design assignment more thoroughly. This includes gathering available 

information but also to identify information gaps. For describing requirements SCHUH 

distinguishes between initial requirement specifications, functional requirements and a detailed 

list of requirements.  

The requirements specifications are created by the assigner and should clearly state the "what" and 

"why" something should be designed. Derived from this, the functional requirements describe the 

"how" and "with what" the requirements can be reached. The detailed list of requirements results 

from the two before mentioned lists and describes demands on system functionalities, deliverables, 

and other interfaces. Besides this also technical, economic and legal conditions are specified.  
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Figure 6 - Phases of VDI 2222 [14] 

The detailed list of requirements should, therefore, serve the purpose of combining requirements 

on the product based on a holistic lifecycle consideration. In order to minimize the risk of 

prolonging the product development time, subsequent changes to the detailed list of requirements 

should be limited after a specific date. Change requests from the assigner would after that result 

in a considerable additional effort and should only be granted if it would result in a reasonable 

effort/benefit ratio.  

Conceptual design 

During the conceptual design phase, the overall abstract task is divided into partial functions. 

Complex partial functions can be further subdivided. For each partial function selected solutions 

principles are put forward for further investigations. For instance, for mechanical systems the 

geometry, the kinematics and the material can be defined. Depending on the connection of partial 

functions, the respective solution principles can be put together to an overall active functional 

structure. This structure can be displayed in form of circuit diagrams, functional block diagrams, 

schematic sketches, true-scale drawings or descriptions.  

Extensive design efforts, especially for complex products, require a modularization of design 

efforts. This allows efficient distribution of design work and allows to identify and process 

development priorities in an optimal way.  

Embodiment design 

The first step within the embodiment design phase is to specify further the solution variants which 

have been developed in the conceptual design phase. Scaled drawings are created and weak points 

are identified for the most important modules and the different solutions are compared to each 

other. However, predefinitions regarding the geometrical dimensions and material properties 

should be made in balance between identifying design optima but not limiting the design 

possibilities at an early stage. Following the partial functions and the overall functional structure, 

specific design segments are defined. Different suggestions for particular configuration and design 

for those segments can then be compared with each other against technical and economic aspects.  

The embodiment design phase is completed with evaluating the overall design draft regarding 

functionality, durability, technical feasibility and economic efficiency. Simulations and 

calculations for crucial criteria can be used to support those evaluation activities. For example the 

mechanical strength of elements can be tested with help of the finite element method. The 

economic efficiency can be evaluated with calculations that incorporate the life cycle costs of 

individual design decisions.   

Detail design 

The final detail design phase aims to design and optimize all components in detail. Besides of 

geometrical modeling, also the material properties and surface properties are defined. Furthermore, 

technical production feasibility and the final costs are reviewed. The result of the last design phase 
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is a part and assembly drawing, including a part list. Instructions concerning manufacturing, 

assembly, test specifications, operating instructions, and user manuals are finalized during the last 

phase. Optionally also aspects about other phases of the production lifecycles are defined, for 

instance recycling or disassembly.  

3.2 Production development 

As shown in Figure 5, the second part of the product realization process consists of the production 

system development and production system operation. The activities development and operation 

of the production system can be combined to a production system life cycle. Production system 

development involves preparatory measurers like production system design, production system 

industrialization and process planning to guarantee the ensuing actual production of products 

during the production system operation. [12]  

The main theoretical focus of the thesis is on production system development with an emphasis on 

production system design. Activities in this initial phase are decisive for the final design of the 

production system. However, the development is influenced by various factors including external 

factors, corporate attitudes and the current production system. It is essential to understand how the 

process of production system desing is structured to identify in which way the product 

development process interacts with these activities.  

Before going further into detail of production system design, the following is a brief explanation 

of frequently used terms. Those terms are often used in the same context but require differentiation 

to ensure a coherent discussion of the topic.  

Process planning focusses thereby on all uniquely occurring measures to shape the production 

processes happening within the system under economic criteria. Production planning includes all 

organizational activities for scheduling the production according to demands, quantities, dates and 

capacities. Production control includes all activities for ensuring the execution, monitoring and 

control of production processes. [15] Other dimensions of production development include aspects 

regarding organization and control, facilities and work environment, human resources and 

sourcing. [16]  

3.2.1 Systems analysis approaches 

Seeing the production and its connected instances as a system enables structuring all operations to 

a holistic framework. This is a crucial requirement for an organized and structured identification 

of improvement areas. For doing so, approaches for system analysis and problem-solving 

methodologies towards structured decision-making have been developed. These concepts are 

known as an essential part of the discipline Systems Engineering. [10] This chapter should briefly 

introduce the two basic system analysis approaches, referred to as the hard and soft approach. The 

production system design methodology presented in chapter 3.2.2 is essentially a combination of 

the two before-mentioned system analysis approaches. 

 

CLELAND & KING define systems analysis as a scientific process that contains "A systematic 

examination and comparison of those alternative actions which are related to the accomplishment of 

desired objectives; a comparison of alternatives based on the costs and the benefits associated with 

each alternative; an explicit consideration of risk." [17]  
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Figure 7 - Problem-solving cycle [10] 

 

Figure 8 - Overview of the soft systems approach [10] 

 

Figure 7 and  

Figure 8 show a comparison of the hard and soft system analysis approach. The hard system 

analysis approach on the right side is considered as the most commonly applied approach for 

problem-solving is various areas of human knowledge and interest. The hard systems analysis 

approach is suitable for situations where clear targets can be set and where a quantitative analysis 

based on numerical models can be performed. The soft system analysis approach is commonly 

used when targets are not clearly defined, and numerical models are not applicable. [10] 

 

Both approaches have in common that they facilitate a holistic decision-making process in 

complex situations. Furthermore, both approaches are based on a structure of subsequent steps that 

guides a problem-solving process which is applicable for various situations and areas. Most of 

these steps refer to additional models. While the hard system analysis approach relays on numerical 

and simulation models, the soft system analysis approach involves conceptual models for 

evaluations. [10]  

3.2.2 Production system design approach 

From the discussed production system design approaches in literature, two general types can be 

distinguished. The essential difference between the two types is the degree of consideration of the 

current system within the production system design process. One type focuses primarily on the 

intended outcome and initial objectives and pays less attention to the current system. As a result 

of this, the old system would have to be replaced. The second type focuses on the established 

system, analyzing it and finding ways how to adapt it to reach initial requirements and objectives. 

[10] 

 

Both mentioned approaches are limited in their practical applicability. The application of the first 

type results in a replacement of the old system which likely collides with financial boundaries. The 

application of the second approach might be difficult to apply since the adaptability of the current 

system could be restrained. The production system design approach presented in this chapter was 
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suggested by Wu and combines both approaches. Thereby the new system model will be designed 

according to objectives that were defined in consideration to the current system.  

 

 

Figure 9 - Structure of the production system design approach [10] 

Figure 9 shows the overall structure of the design approach suggested by Wu. The process steps 

are interconnected and are done in an iterative manner. The approach consists of Analysis of 

situation, Setting of objectives, Conceptual modeling, Evaluation of concepts, Detailed design and 

Evaluation of concepts. In the following part of the chapter, each of the steps are further elaborated 

and explained.  

 

Analysis of situation 

 

The production system design approach starts with the step Analysis of situation. This initial step 

aims in the first place to understand the reasons for the production system design project and to 

create a formal description of its objectives. A reason for the initiation of a production system 

design project are changes within the internal or external environment of the production system. 

These include for instance changes in the scope of products to be produced. Possible reasons for 

initiating such projects are also performance aspects of the existing system.  

 

The domains which should be considered in a holistic initial analysis of the system include a 

market analysis, product analysis and a production system analysis. Discussing the market analysis 

and product analysis at this point would go beyond the scope of the thesis. However, the production 

system analysis should include the following besides other aspects for instance, detailed analysis 

of production technology, personnel infrastructure, engineering analysis of products, process 

analysis, physical systems description and control systems description. After carrying out the 

mentioned analysis activities, a clear understanding of the current system can be reached and 

problems can be identified. The gained knowledge facilitates the definition of realistic objectives 

in the next step.  
 

Setting objectives 

 

When setting the objectives relevant to the identified problems in the previous step, one 

determining factor is the overall production strategy of the company. Depending on the chosen 

strategy the definition of objectives and design of the production system would follow a specific 
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direction. Production strategic aspects have a mutual dependency and their proportionate relevance 

has to be defined on higher management level. Some examples of strategic production aspects are 

for instance quality, cost, response, dependability or flexibility.  

Problems that require a redesign of the production system can be interrelated with various further 

functions of the production system. Objectives for such plans should therefore defined in a manner 

so they encompass the whole interdependency of the identified problems. For doing so, relevant 

variables, as well as ways to measure the achievement, have to be defined.  

 

Before beginning with the actual production system design activities, the objectives should be 

reviewed, approved and documented in a formal way. The statement of the objectives highlights 

primarily the gap between the current state of the production system and the pursued state of it.  

 

Conceptual modeling 

 

The phase of Conceptual modeling and Detailed design present the phases where the new version 

of the production system is designed. The phase Conceptual modeling consists of the identification 

of functional requirements, the organization of functions and an analysis of the control system. 

This phase aims to provide an overall structure of the production systems which allows specifying 

relevant system components furthermore.  

 

Functional requirements of the production system can be identified by analyzing the current part 

catalog and the part catalog of upcoming parts and parts being under development. The required 

functions of the production system can be derived from the necessary production processes and 

capacity requirements from market analysis. Comparing the available functions of the current 

production systems with the required functions, highlights which functions are missing.  

 

In order to achieve a holistic picture of the needed production system, the identified functions are 

organized in the next step. Decomposition by a product/process matrix or decomposition by 

processes is a way how to structure the required functions. This step can be seen as preparatory 

work for analyzing and defining the control system. During those activities also further variables 

are identified and data flows are defined.  

 

Detailed design 

 

In the step Detailed design, the concepts from the previous steps are considered and then further 

specified. For general production requirements, particular production technologies are identified, 

and machines are selected. Besides the production technologies, the logistic concept is further 

specified and transportation and storage aspects are defined.  

 

The specification of production technology and logistic concept involves considerations regarding 

the overall organization and layout within the production system. Generally spoken, the design 

process for the layout should follow the dogma of simplicity. This allows relying on a control 

software that shows a lower degree of complexity. Furthermore, a simple production system 

structure facilitates tracing back quality issues to machines or stations.  

The last aspect of this phase is the development of the control system of the production system. 

This process incorporates the design of databases, determination of hardware components and 

organizational aspects. The development of the control system is done iteratively in coordination 

with the before mentioned development activities.  

 

Evaluation and decision 
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The phase Evaluation and decision completes the design framework and incorporates the 

assessment and selection of alternatives developed within the previous conceptual and design 

phases. Evaluations and decisions concerning the production system concept define the further 

direction of later following design activities. The second evaluation after the detailed production 

system design is the basis for decisions on whether investments should be made or not.  

 

This final evaluation and decision process clothes the circle to the objectives which have been 

defined in the initial phases of the design framework. The fulfillment of objectives can be reviewed 

by utilizing for instance simulation software to simulate the operation of the production system 

and compare relevant factors. However, besides tangible also intangible factors should be part of 

the evaluation process. Wu suggests including factors like shorter product lead time, better quality, 

reduced inventory, real-time control of components, high utilization of key component, reduced 

tooling, simplified fixture design and reduced overhead costs within the evaluation process.  
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4 Literature review 

In the course of the literature review, 95 papers and other research contributions were reviewed. 

The aim was firstly to investigate if existing methods can be adapted according to the scope of the 

thesis. Secondly, gaps in research literature concerning the management of uncertainties in 

production system design were identified. Besides the requirement of the industrial research 

partner, these gaps in research literature were used to define requirements on the framework 

developed in the course of the thesis.   

In the following, the results of the literature review will be discussed and structured according to 

the corresponding research questions. 

  Question 1: Which uncertainties are occurring during production system development? 

Before further discussing research concerning uncertainty, a distinction should be drawn between 

uncertainty, equivocality, risks and opportunities to allow a differentiated view on uncertainty 

throughout the subsequent literature review.  

The insufficient quality of information can be caused by either uncertainty or equivocality. 

FRISHAMMAR ET AL. present a possible definition of uncertainty and interpret it as "the difference 

between the information one has and the information one needs to complete a task". [18] 

Equivocality, however, describes, according to FISHAMMAR ET AL. the "existence of multiple and 

conflicting interpretations among project participants" and leads to counterproductive effects in 

terms of decision-making efficiency. [18] MCMANUS & HASTINGS describe risks as "pathologies 

created by the uncertainties that are specific to the program in questions". [19] In other words, risk 

could be described as " uncertainty that if it occurs could affect one or more objectives". [20] 

However, this implies that objectives can be considered under varying emphasis on uncertainties 

and different corresponding interpretations. Therefore, the resolution of uncertainty does not 

necessarily have to lead to unfavorable consequences but also can resolve desirably. MCMANUS 

& HASTINGS refer herby to opportunities. [19] 

Uncertainty is a well-explored research field and a variety of authors have contributed with 

theoretical and empirical findings. The construct of uncertainty is used and interpreted differently 

in academic disciplines such as philosophy, business, economics, chemistry, mathematics, 

statistics or engineering. [21] Since production system design indicates parallels to systems 

engineering (see chapter 3.2.1), uncertainties will be considered form a system design point of 

view.  

Uncertainty is often put in context with occurrences that are happening outside the system that can 

either be observed or influenced. [22] MILLIKEN refines types of perceived uncertainty about the 

environment and describes uncertainty "as an individual's perceived inability to predict something 

accurately". [23] MILLIKEN refers with "something" to an organization's external environment and 

with "individual" to top-level organizational administrators and decision-makers. In contrast to 

DUNCAN, MILLIKEN does not focus on defining the source of environmental uncertainty (e.g. 

government, competitors, etc.) but instead specifies the type of environmental uncertainty and its 

inherent form. [24] MILLIKEN divides perceived uncertainty about the environment into the classes 

state uncertainty, effect uncertainty and response uncertainty. State uncertainty describes in this 

context how the state of the environment might change. Effect uncertainty covers the effects on 

the organization based on a change in the state of the environment. The missing knowledge of how 

to respond appropriately in accordance with the abilities of the organization is summarized in 

response uncertainty. [23] 
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Apart from discussing uncertainty in the context of an organization's environment, uncertainty can 

also be focused on someone's knowledge or the knowledge within an organization. MCMANUS & 

HASTINGS define two general types of uncertainty considering the context of technical product 

development. Similar to the initially mentioned definition by FRISHAMMAR ET AL., MCMANUS & 

HASTINGS relate uncertainty to lack of knowledge and describe it as "facts that are not known, or 

are known only imprecisely, that are needed to complete the system architecture in a rational way". 

The second type covers the lack of definition and comprises "things about the system in question 

that have not been decided or specified". Although uncertainty may be commonly interpreted 

negatively (compare FRISHAMMAR ET AL. [18]), MCMANUS & HASTINGS stress the fact that 

uncertainty during early phases of product development projects does not necessarily constitute a 

negative feature of a project. The challenge consists rather in reducing the uncertainty at adequate 

time points in order to reduce the system complexity without over-defining the solution approaches 

too early. [19]  

JOHNSON ET AL. suggest another interpretation of uncertainty in the context of technical product 

development and claim that uncertainty is present within all design relevant domains such as 

product, processes, users and organizations. JOHNSON ET AL. distinguish between known and 

unknown uncertainty which can exist in either data (completeness, accuracy, consistency) or 

descriptions (naming, ambiguity of description, uncertainty of scope). Known uncertainty covers 

thereby deviations from past data, e.g. process time and the end state of a deviation can be 

described by probability distributions. Unknown uncertainties can emerge due to various 

unexpected internal events like personnel shortages or material failure and on the other side due 

to unexpected external events such as a collapse of the market. [25] 

The major recurring research topics concerning uncertainty can be summarized in the classes: 

▪ Uncertainty about a systems environment (e.g. MILLIKEN [23]) 

▪ Uncertainty about knowledge and information (e.g. FRISHAMMAR ET AL. [18], MCMANUS 

& HASTINGS [19] or JOHNSON ET AL. [25]) 

Following the comprehensive literature study about uncertainty of MAGNANI & ZUCCHELLA, other 

directions include 

▪ uncertainty about other actors' actions or 

▪ degrees of confidence to deal with uncertainty. [22] 

However, since those two directions do not directly correlate with the context of the research 

question they should not be further elaborated at this point.  

A question that arose during the literature review was which level of abstraction of uncertainty 

would be applicable and useful within a methodology. DUNCAN claims that in order to support 

empirical studies, sources and domains of uncertainty have to be thoroughly specified. In that 

sense, he presents a framework consisting of uncertainties occurring within the internal 

environment and the external environment specifically relevant for industrial organizations. [24] 

Although the framework ignores uncertainties that might result from product development 

projects, DUNCAN suggests considering personal and interpersonal aspects that could be adapted 

to the research context of the thesis. 

DE WECK ET AL. follow a rather pragmatic approach to define uncertainty in the context of 

engineering design and narrow uncertainty to the following questions:  
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▪ "Will the product, systems or artefact that is being designed meet its functional and form 

requirements once it is on sale or in use? Will it function properly and perform 

adequately?" [21] 

▪ "Are the functional and form requirements the right ones that will lead to market success?" 

[21] 

Furthermore, DE WECK ET AL. propose a generic classification of uncertainty and distinguishing 

between endogenous (internal) and exogenous (external) uncertainties, whereas endogenous 

uncertain can be influenced to a greater extent than exogenous ones. Following DE WECK ET AL., 

LARRANGA & LOSCHKIN contextualize the classification furthermore towards production system 

design. [26]  

Figure 11 shows the general concept of a product life cycle presented by SCHUH & KAMPKER 

which was more thoroughly discussed in chapter 3. Furthermore, the figure puts the classification 

of endogenous and exogenous uncertainties proposed by DE WECK ET AL. in context with the 

production system development phase suggested by BELLGRAN & SÄFSTEN. The relevant 

uncertainty sources in production system design presented by LARRANGA & LOSCHKIN are listed 

in the respective grey and white boxes for endogenous and exogenous uncertainties. Endogenous 

uncertainty sources include, for instance, the process context, product context, organizational 

context and corporate context. The market context can either result in uncertainties evolving within 

the endogenous or exogenous environment of the company. Other exogenous uncertainty sources 

lie within the political and cultural environment of the company. [26] 

These uncertainty sources lead to a set of feasible solutions that define the final shape of the 

production system. The decisions to choose solutions are made based on information, which can 

be subject to frequent change and often not available at the point of decision making. This is 

especially the case when the production system is developed in parallel to a new product 

development project. Figure 10 shows the relationship between uncertainty and new and relevant 

information during the product development process. While in early phases the uncertainty is on 

a high level, decision making is made difficult since new and relevant information is missing.  

 

 

Figure 10 - Uncertainty in product development (compare [27] and [28]) 
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Figure 11 - Uncertainty sources influencing the productions system development (based on [12], [13], [21] and [26])      

The potential adjustment of the product definition adds to the inherent uncertainty of long-term 

decisions during development activities. The uncertain information about subsequent production 

volumes, product sales and production capacity utilization constitute another source of insecurity 

in decision making. The time it takes to place the product on the market can be prolonged by late 

product changes and might reduce the intended time the product will be sold on the market. 

Changes in the product business case make decisions regarding production-related investments 

particularly difficult since it will have an immediate impact on the overall profitability of the 

product development project. [12]  

Product characteristics and production volumes can be considered as the uncertainty sources which 

have the strongest influence on production system development. [12] However, considering the 

scope of the thesis, the subsequent research questions and investigations will focus on uncertainties 

regarding product characteristics.   

A different definition of uncertainty could be discussed from the viewpoint of operating the 

production system. However, the production system operation was not within the scope of the 

thesis and this type of uncertainty should just be briefly mentioned. In the context of material 

requirements planning and production planning and control, HO distinguishes between 

environmental and system uncertainty factors which might influence the overall performance of 

the production system. Besides demand uncertainty in terms of timing and quantity, the actual 

capacity utilization of the production and cost aspects are considered as environmental uncertainty. 

System uncertainty covers factors concerning operation variables including lot-sizing rules, length 
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of lead time, length of planning horizon and component commonality. [29] Although aspects about 

the operation of production systems are not part of the thesis research scope, most of the found 

papers during research queries were connected to production planning and control uncertainty 

aspects.  

Question 2.1: How can uncertain product characteristics be concretized during early-phase 

product development? 

General approaches on how to address uncertainty are often focused on the concept of probability 

theories. DE WECK ET AL. describes those as "formal approaches". Principles and theories such as 

probability, Bayesian probability, Dempster-Shafer theory and possibility are examples for this 

definition. [21] However, they should not be further elaborated at this place due to their numeric 

nature. These approaches require a numeric value for the occurrence probability of a particular 

event and are therefore mainly used within the fields of statistics, mathematics and philosophy. 

Although DE WECK ET AL. describes diffusion models and lattice models as more "practical 

approaches to uncertainty modeling", it remains challenging to apply and adapt those to the context 

of production system design since they are also based on mathematical descriptions and statistical 

sampling. [21]  

The RAJABALINEJAD & SPITAS allege that existing methods dealing with uncertainty in product 

and production development often show "a strong focus toward supporting rational and metrics-

based decision making". The methods shown in Figure 12 require extensive training for designers 

to allow consistent implementation. Furthermore, the inherent uncertainty associated with the 

application of those methods and the interpretation of the results should be considered. [27]  

 

      

Figure 12 - Tools to deal with uncertainty in the design timeline [27] 

EVERSHEIM ET AL. propose with the so-called InnovationRoadMap methodology a framework for 

a methodical planning approach for effective product developments. The framework is divided 

into seven different sections which combine different activities focused on both the strategic and 

operational planning fundamentals. Figure 13 shows which of the subsequent activities are 

allocated to either the interdisciplinary strategic or operational planning level. EVERSHEIM ET AL. 

present for each of the seven planning activities a set of methods that can be applied during the 

corresponding sections. [30]  
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Figure 13 – InnovationRoadMap for product development [30] 

 

Figure 14 - Methods for the section 

"Future analysis" [30] 

To explain all the seven planning activities would go beyond the scope of the literature review at 

this point. However, the second planning activity "2. Future analysis" of the InnovationRoadMap 

methodology contributes to answering the research question of how product characteristics could 

be concretized in early stages of product and production development (Figure 14). The aim of the 

section "Future analysis" is to identify potential innovations but also analyze more specific 

developments and their overall impact on the company areas, which are subject to the 

investigations. The section is subdivided into "Finding future requirements", "Analysis of chances 

or possibilities" and "Task definition" whereas "Finding future requirements" is from relevance 

for this research question. The methods in this section are primarily meant to be applied before 

actual product development projects have been started to analyze the application area environment 

and point out innovation potentials in the first place. However, due to their prognostic character, 

these methods can also be adapted to facilitate making projections about future product 

characteristics once concepts are being shaped and product characteristics are still subject to 

change. [30]  

The method "Scenario management" or "Scenario technique" [31] will be later on adapted to fit 

the requirements of the framework developed within the scope of this thesis. The main aim of the 

scenario technique is to analyze multiple future scenarios and derive recommendations for actions 

for the present situation. [32] Future scenarios represent in the context of the thesis possible 

product concepts while their impact on the production system is unknown and recommendations 

for actions should therefore be developed.    

Question 2.2: How can the impact of uncertain product characteristics on the production 

system be evaluated?  

Evaluations are generally suggested to be made during production system operation as well as 

throughout development activities for new production systems. Figure 15 shows that evaluations 

mainly focus on either existing production systems or alternatives to production system 

development concepts. Evaluations of existing production systems can be concerned with 

analyzing operational performance metrics or analyzing the production system before and after a 

change. Changes can be initiated by results of operational performance analyses or from changes 

within the decision areas influencing the production system. [12]  

2 
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Figure 15 - Evaluations during production system development and operation [12] 

Although the importance of conducting detailed evaluations in the course of production system 

development projects is well known, evaluations are often not performed on an irregular basis. 

BELLGRAN & SÄFSTEN state that this is mainly due to reasons such as time pressure, inexperience 

in conducting systematic evaluations and aggravating circumstances concerning the company 

culture. Furthermore, the lack of well-structured methods that can work with a combination of 

qualitative and quantitative data constitutes a challenge in applying evaluations in production 

system development contexts. [12] The scope, structure and depth of evaluations depending on the 

application context. Assuming that evaluations are done in the course of new product 

introductions, they can have different aims. One would be to adjust the product being under 

development to the present production system boundary conditions or the production system to 

the new product requirements. [33]  

Figure 16 shows the interdependence of information between product development and production 

system design.  The left circle represents information about the product and the right circle 

information about the production system. Class b) and d) represent information that has a uniliteral 

influence and dependency on either one side or the other. Class a) and e) describe information 

which is just relevant for the product or the production system. Class c) stands for information 

which is directly depending on both the product and production system. [34]  

Following the context of the thesis, the later developed framework aims at evaluating how an 

existing production system would have to be adjusted based on uncertain characteristics of new 

product introductions (class b), according to Figure 16. The adjustment of the product based on 

production system boundaries is not considered within the scope of the thesis. However, 

evaluations focused on the product can evolve as a subsequent consequence from the evaluations 

done with the framework developed in the course of this thesis. Such following activities focused 

on the adjustment of the product can include for instance design for manufacturability (DFM). 

DFM can be defined as the following: 

"Design for manufacturability (DFM) the process of proactively designing products to (1)  

optimize all the manufacturing functions: fabrication, assembly, test, procurement, shipping, 

service, and repair; (2) ensure the best cost, quality, reliability, regulatory compliance, safety, 

time-to-market, and customer satisfaction; and (3) ensure that lack of manufacturability does 

not compromise functionality, styling, new product introductions, product delivery, 

improvement programs, or strategic initiatives and make it difficult to respond to unexpected 

surges in product demand or limit growth." [35] 
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Figure 16 - Information flows between product development and production system design [34] 

The reason why the product adjustment is not considered is that the framework is meant to be 

applied in early phases of the product development process. During these early phases the active 

involvement of the production perspective is accompanied by two difficulties. One challenge 

would be that too close involvement might limit the creativity and undergoing innovation process. 

Furthermore, the question arises how existing production system limitations should be 

communicated and integrated into the product development process. It is necessary to distinguish 

if production system limitations are inflexible and fixed or if investments in production technology 

are needed to follow the innovation process. [36] 
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5  Framework conception 

In the previous chapter, the current state of research concerning uncertainty in production system 

design during early-phase product development was discussed. Based on the outlined gaps in 

research and the formulated objectives of the thesis in chapter 1.2, the following chapter will 

describe the conception of a framework.  

After outlining requirements on the framework, the general concept of the framework will be 

discussed. The framework is made up of four subsequent sections, which are explained in detail 

in the later following subchapters. The sections are Uncertainty source selection, Scenario 

technique, Impact evaluation and Response measure development.    

5.1 Requirements on the framework  

As mentioned in chapter 1.2, the main objective of the thesis is to conceptualize a framework to 

facilitate the management of uncertainties in production system design during early-phase product 

development. However, the framework should also serve a general purpose in order to be 

applicable in situations with various kinds of uncertainties in production system design. These 

primary objectives of the thesis correlate with the essential requirements on the framework. To 

complement the requirements on the framework, findings of the literature review should be 

considered in the requirements definition as well. Figure 17 shows an overview of the requirements 

on the framework. 

 

Figure 17 - Requirements on the framework  

Integrative requirements 

One of the superordinate requirements on the framework is the integration between product 

development and production system design. Production system design is often driven by boundary 

conditions defined by product development and has consequently little potential to influence the 

product development process. [37] However, the aim of the framework is not to provide a guideline 
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▪ Early evaluation of the impact of 
uncertainties 
 

▪ Development and assessment of response 
measures 

Knowledge and application orientated requirements 

▪ Access and document employee knowledge 
 

▪ Formal requirements on application and conception (completeness, consistency, adequacy) 
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how to actively influence the product development process since this could potentially hinder 

ongoing innovation processes. The goal is instead to enable information exchange between both 

departments at an early stage of the development process. A prerequisite is, therefore, to concretize 

uncertainty scenarios in integrated and cross-functional teams. Only if the concretization of 

uncertainty scenarios is done in close cooperation with product development or other departments, 

the most relevant and latest information can be used in further investigations and discussions.  

Continuity requirements 

The framework should furthermore support a continuous process for evaluating the impact of 

uncertainty scenarios and facilitate the definition of response measures. In this context, the 

evaluation stands in relation to the quality of the information.  

A necessary requirement is to enable early evaluation of the impact of uncertainties. This 

requirement gains importance especially in the context of new product development projects. Late 

changes in the product design cause high costs and are based on decisions made in early phases of 

the product development process. [6] The framework should, therefore, facilitate the evaluation of 

the impact which potential product introductions could have on existing production systems.  

Furthermore, the framework should allow the development and assessment of response measures 

in parallel to the impact evaluation. The framework should allow making statements towards 

response measures based on little information and small expense of time. The initial impact 

evaluation should be continued and further detailed throughout later following phases in order to 

increase the quality and accuracy of decisions. 

Knowledge and application orientated requirements  

Another category includes requirements concerning employee knowledge and the application of 

the framework. Following the procedure of the framework should allow bringing together 

employees from various departments and functions in a structured and organized way. However, 

in order to ensure not losing valuable expert knowledge, another requirement on the framework is 

to document employee knowledge in a structured way. The demand for documenting employee 

knowledge can be fulfilled if the framework is applied in the right way. However, in order to 

ensure that the application of the framework follows a specific structure and sequence, it should 

comply with formal requirements.  

GREIFFENBERG discusses formal requirements on frameworks and methodologies from various 

authors and distinguishes between classes of requirements concerning completeness, adequacy and 

consistency [38].  

The class completeness describes requirements that ensure that the method contains all necessary 

elements.  

▪ Input/Output: A method describes all elements needed or created by processes.  

▪ Activities: A method describes all processes which create an element.  

▪ Relationships: All described elements correlate with other elements. 

The class adequacy covers requirements which ensure that a method is suitable for application 

▪ Flexibility, maintainability, simplicity: The method can be used economically and 

efficiently.  

▪ Structure: The method is well-structured and has a systematic build-up.  
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The class consistency describes requirements to ensure reciprocity among the elements of the 

method.  

▪ Approach: Information about the correct chronological order of the method and process 

elements. 

▪ Perspective: Method and process elements are consistent with each other regardless the 

perspective. 

▪ Support: The method should be adequately supported by a tool. 

GREIFFENBERG bases the classification mainly on works and findings of BRINKKEMPER ET AL. 

[39,40] The formal requirements on the developed framework of the thesis orientate on the 

suggested classes of GREIFFENBERG. [38] 

5.2  Concept of the framework 

As mentioned in chapter 1.2 the overarching goal of the thesis is to support the interdepartmental 

collective efforts towards a better understanding of how uncertainties could impact the production 

system. However, the conceptual draft of the framework, as well as the application of the 

framework, was done in the context of a new product development project. Consequently, product 

characteristics are considered as uncertainties in what follows.  

The developed framework includes the sections Uncertainty source selection, Scenario technique, 

Impact evaluation and Response measure development. Uncertainty source selection refers hereby 

to the before-mentioned sources of uncertainty (compare chapter 4.2). The section Scenario 

technique is made up of the five steps Forming field definition, Scenario field definition, Scenario 

forecast, Scenario formation and Scenario transfer. The main aim of the scenario technique is to 

analyze multiple future scenarios and derive recommendations for actions for the present situation. 

[32] In the application context of the framework, relevant product characteristics will be forecasted 

and summarized to product scenarios. The step scenario transfer aims to derive possible effects on 

the formation field and to plan appropriate countermeasures. [30] This step is addressed 

individually in the two last sections of the framework. The sections impact evaluation and response 

measure development close so the loop from the initial state of the production system and abstract 

uncertainties to concrete actions.  

Figure 18 shows an overview of the framework and visualizes the application context between 

product and production development. From the perspective of product development, the 

framework would be deployed during the early stages of the planning phase. Following the general 

product development process proposed by EPPINGER & ULRICH, the authors refer to this phase "as 

"phase zero" because it precedes the project approval and launch of the actual product development 

process". [41] This means that "corporate objectives, strategic opportunities, available 

technologies, product platforms" and other aspects are still subject to change. [41]  

As mentioned in chapter 3.2, during the initial phases of production system design, perceived 

changes within the production system environment are analyzed. In the course of the framework 

application, the changes derive from a new product development project.  The ensuing analysis of 

the current production system situation includes an analysis of the market, product and the 

production system itself. WU emphasizes that the market and product analysis is often beyond the 

scope of production system design methodologies. [10] The developed framework aims therefore 
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also to allow an antecedent product analysis at a time point where specific product concepts have 

not been specified yet and drawings are nonexistent.  

The conception of the individual sections of the framework and the related process steps will be 

explained in more detail in the following chapters.  

  

Figure 18 - Concept overview of framework 
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5.3 Uncertainty source selection  

 

Figure 19 - Framework section "Uncertainty element selection" 

The first section of the framework covers the selection of the uncertainty element or source, which 

will be used as input for the next framework section (compare Figure 19). Possible sources of 

uncertainty can occur within the endogenous and exogenous environment of the company and 

were discussed in chapter 4. The uncertainty catalog will be based on this classification and the 

work of DE WECK and LARRANGA & LOSCHKIN. [21] [26] Furthermore, the existing uncertainty 

sources are extended with production system key factors proposed by WIENDAHL ET AL. [42] (see 

appendix 1) However, the proposed catalog of possible uncertainties for the context of production 

system design makes no claim to completeness. The catalog should be regularly updated and 

reviewed to reach an exhaustive consideration of possible uncertainties within the exogenous and 

endogenous environment of the company.  

Although the framework was primarily developed and orientated towards uncertainties about 

product characteristics, it should also serve the purpose of enabling impact evaluations for other 

uncertainty sources. The uncertainty source which should be analyzed can either be delegated by 

management or can be chosen in a preceding and collective way to find out which uncertainty 

sources cause difficulties in decision making. The people involved in this stage are both managers 

and employees from the department dealing with production system design. The planned outcome 

and objective of this section of the framework is to agree on an uncertainty source that should be 

further analyzed towards the impact on the production system and its design.  

5.4 Scenario technique 

 

 Figure 20 - Framework section "Scenario technique" 

The next section of the developed framework covers the concretization of uncertainty sources such 

as product characteristics (compare Figure 20). The scenario technique is a method for the holistic 

development of potential future scenarios. The goal is to derive hereby recommendations for 
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actions for the present time horizon which are flexible and robust due to consideration of a multiple 

futures. [32] 

 

Figure 21 - Overview of the framework section "Scenario technique" 

The chapter describing this section is divided into the sub-chapters Forming field definition and 

preparation, Scenario field definition, Scenario field analysis, Scenario forecast, Scenario 

formation and Scenario transfer. These sub-chapters represent sequential and complementary 

work packages and activities for this section. Moreover, the theoretical deduction of applied and 

adopted methodologies will be explained and detailed advice for practical application and 

implementation will be given (compare Figure 21). 

The decision to choose the scenario technique as a tool for concretizing production characteristics 

was mainly made due to its methodical advantages. STEINMÜLLER summarizes the benefits of the 

scenario technique in the following way: 

▪ Future scenarios can be represented as either possible, favorable or unfavorable futures.   

[43] 

▪ The scenario technique allows to systematically vary the environmental constraints to 

consider possible trends or relevant disruptive events. [43] 

▪ Future scenarios and the way they were constructed can be shown in different levels of 

detail. Such visualization increases transparency and facilitates discussions. Therefore, 

scenarios can be used as a means of communication tool. [43] 

EVERSHEIM adds, that the scenario technique allows considering the correlation between elements 

that affect the creation of future scenarios. Applying the scenario technique is especially useful 

when uncertain developments cannot be easily prognosed and when the chain of reasoning about 

the scenarios should be retraced and independently assessed. [30] SCHUH & KLAPPERT state that 

the scenario technique is particularly suitable as decision support tool when it comes to evaluating 

and analyzing strategic technology matters. [32] 

Working with multiple futures is one of the core principles of the scenario technique and means to 

consider several possible future developments. This replaces the consideration of just one possible 

future scenario during decision-making processes. Figure 22 visualizes possible future 

developments with the so-called scenario funnel. The open funnel describes the amount of possible 

future scenarios. The boundaries of the funnel represent herby possible extreme scenarios and the 

dashed line a trend scenario.  
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Figure 22 - Possible future development perspectives 

with the scenario funnel [32] 

 

Figure 23 - Scenarios constitute a layer between facts and 

speculations [31] 

 

Between the mentioned scenarios lies an infinite number of other possible scenarios. [32] Another 

core principle of the scenario technique is network thinking. This ensures that the 

multidimensional complexity of a company is properly considered during decision-making 

processes. [32] Network thinking in the context of the thesis would mean, that the scenario 

technique allows considering various uncertainty sources occurring during production system 

design and consider their mutual interdependencies.  

A scenario does not describe a prognosis but instead a from assumptions derived hypothetical 

future. Figure 23 shows the first quadrant of a coordinate system in which the horizontal axis is 

defined as "Uncertainty" and the vertical axis as "Complexity". For comparative purposes, 

statements about the future with varying degrees of specificity are aligned according to low or high 

complexity and uncertainty. Scenarios can be put between concrete facts and pure speculations 

and be associated with future assumptions or exploration. [31] 

Figure 24 shows the categorization approach for the selection of scenario techniques proposed by 

HAMBACH & ALBRECHT. Following their approach, scenario techniques can be categorized 

according to the starting point of the scenario creation, type of the data basis, degree of 

systematization, approach for the scenario creation and the degree of consideration of occurrence 

probabilities. The chosen scenario technique can be classified under the category Consistency-

Matrix-Analysis and was developed by GAUSEMEIER. [31,44] Consistency matrix analysis refers 

herby to a particular process step during the application of the scenario technique in which future 

development alternatives are verified for consistency and combability among each other. [45] 

 

Figure 24 - Categorization approach for the selection of scenario techniques (compare [31]) 
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GAUSEMEIER defines the main goal of this scenario technique approach the identification of risks 

and the capability to support decision-making. The decisions are hereby related to a specific object 

which could be, for instance, the company, a specific business division, a product or technology. 

[46] Within the course of the scenario technique the production system is considered as the object 

and more precisely called the forming field. The scenario field embraces the functional whole 

which should be described trough scenarios. In the context of the thesis the scenario field 

represents the product under development. The Scenario transfer follows the scenario creation and 

marks the point when the scenarios are being transferred to considerations regarding the strategic 

direction of the before mentioned forming field. [47] 

The scenario technique approach suggested by Gausemeier is illustrated in Figure 25. The process 

steps Forming field definition and preparation, Scenario field definition, Scenario field analysis, 

Scenario forecast, Scenario formation and  Scenario transfer follow a subsequent order and work 

with the output created in the previous step. The process steps will be individually explained in 

the following chapters. 

  

 

Figure 25 - Process steps of the Scenario technique and related chapters (compare [30] and [44])                                            

5.4.1 Forming field definition and preparation   

The aim of the first step is to define fundamental aspects of application cases. This involves, for 

instance, the objective or system, the time horizon, and the determination of participants. Besides 

this, the forming field on which the later analysis refers to has to be determined. As stated 

previously, the forming field represents an object or system which should be analyzed in respect 

to future developments of influencing factors. The object or system can be defined differently but 

could represent for instance a branch, a company, a product, a technology or specific business 

divisions. [32] 

The determination of the forming field also includes an analysis and description of its present 

condition and status. [30] The abstraction level of the criteria used in the analysis depends on the 

study object and must be adjusted accordingly.  
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REIBNITZ suggests the following general analysis criteria: [45] 

▪ The current range of services and products of the company.  

▪ Mission statement of the company or the specific business division. 

▪ Current existing and followed strategies. (short-, medium- and long-term view)  

▪  Strength/Weaknesses analysis of the company or the specific business division.  

▪ Gathering of company internal boundary conditions. 

According to the context of the thesis, the production system was considered as the forming field. 

Therefore, the analysis of the present condition and state is undertaken on a less holistic level and 

within the system boundaries of the production system. The analysis must at least comprise the 

areas which are to be examined within the course of the subsequent scenario impact evaluation.  

WIENDAHL ET AL. present a systematization of production system objects, which allows 

conducting an extensive analysis of relevant production system areas and their current state and 

condition. The matrix is made of the abstraction levels of a production system (Production site, 

Production unit, Area/Subarea and Workstation) and the production system areas (Technical, 

Organizational and Spatial) (Figure 26). The 26 resulting objects (hereinafter referred to as first-

level objects) can be sub-divided into 116 more detailed production system objects (hereinafter 

referred to as second-level objects). [42] 

Analyzing the production system objects regarding their current state and condition is long-lasting 

and can hardly be conducted within a single workshop or meeting. The overall analyzation process 

requires extensive interdepartmental communication among the production system departments to 

grasp interdependencies among the objects. However, the scope of the analysis should be reduced 

to the most relevant objects, which are potentially affected by the impact of the later developed 

scenarios.  

 

Figure 26 - Systematization of production system objects for current state and condition analysis (compare [42])  
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5.4.2 Scenario field definition 

The scenario field definition is directly connected to the scope and direction of the forming field 

definition and is therefore conducted in parallel. The Scenario field definition aims to define the 

field for which scenarios should be developed. SCHUH & KLAPPERT state that the scenario field 

describes a field such as a company environment, market, politic, society or technology. [32] In 

the context of the thesis, the scenario field represents an uncertainty source towards the 

development of the production system within a company. The uncertainty source was initially 

selected during the first step of the overall framework (compare chapter 5.3). Assuming a new 

product development project as the uncertainty source, it is necessary to consider that the later 

production of the product is based on a combination of part-specific value-streams. The 

implementation of those newly developed value-streams might correlate with impacts on the 

legacy production system. The connection to the step Forming field definition derives from the 

fact that selected sub-assemblies or parts of the product define which value-streams should be 

considered, which in turn defines the scope of the initial forming field definition. 

The description of the scenario field should, therefore also clarify if the scenario field can be 

logically split into different domains and on what the forming field definition and in consequence 

the scenario impact evaluation should focus. Figure 27 illustrates the interdependency between 

forming field definition and scenario field definition. Assuming the example of a gearbox as new 

product development project, the selection of the value stream influences directly the scope of the 

forming field definition.  

 

Figure 27 - Interdependency between forming field definition and scenario field definition 

5.4.3 Scenario field analysis  

After having defined the scenario and forming field, the scenario field is furthermore divided into 

impact areas. The impact areas summarize influencing factors which are also called key factors. 

Key factors are those factors that have a particularly strong and influential impact on the shape of 

potential scenarios. [32] Key factors are identified by thoroughly analyzing the scenario fields. 
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Methods to facilitate the analysis process are for instance checklists from earlier scenario field 

analysis which can contain several key factors or creativity techniques during workshops. [32] 

Influencing factors that pose great influence on the scenario developed are to be collected in a so-

called key factor catalog. [30] VON REIBNITZ suggests that key factors should be assessed and 

rated in a ranking. [45] 

Besides this, influence and relevance analysis are applied, whereby it is necessary to distinguish 

between key factors with high activity, high passivity or a mixture of the two. The difference 

between the two is that key factors with high activity are influencing other factors, whereas key 

factors with high passivity are influenced by other factors. The analysis of the interdependencies 

among the key factors is especially important since it allows to identify key factors that were not 

initially considered of great importance but have a significant influence because of their 

interdependencies. [32]  

One way to conduct such an influence and relevance analysis is to work systematically with a so-

called cross-impact analysis. The cross-impact analysis results in an active and a passive sum for 

the key factors. It expresses how much a particular key factor influences other factors (active sum) 

or how much it is influenced by others (passive sum). [48] Following the approach of VON 

REIBNITZ, at first, influencing factors have to be identified and delimited from each other 

adequately. After this, the influences and dependencies among the key factors can be identified 

with the help of a cross-impact matrix (compare Figure 28). The strength of the influence can be 

measured with the following rating scale: 0 = no influence, 1 = low influence, 2 = high influence.  

 

Figure 28 - Cross-impact analysis matrix 

 

Figure 29  - System grid with values derived from the 

cross-impact analysis matrix 

The scale length is deliberately chosen small, since the key factor analysis is undertaken based on 

qualitative criteria. Adding the values for key factors in the rows and columns results in the active 

and passive sum, respectively. For improved clarity, the results can be illustrated in a system-grid 

as shown in Figure 29. [45] 

LINDGREND & BANDHOLD highlight that the aspect of assigning numeric values to qualitative 

aspects makes the cross-impact analysis a practical tool to work with during the scenario field 

analysis. The cross-impact analysis facilitates to disclose incongruous ideas and promotes 

productive discussions. [49] 
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5.4.4 Scenario forecast 

Based on the preceding and preparatory steps, the identified and demarcated key factors will be 

projected into the future according to a defined time horizon. The chosen time horizon has a 

significant influence on the projection of the respective key factors since the later formed scenarios 

are directly derived from the projected development of key factors. [32] Another essential 

preparatory step is to ensure that the current state of the key factors is well known unless this has 

not yet been clarified during the preceding scenario field analysis. Thorough knowledge about the 

key factor and its past development is advantageous because it allows extracting trends or potential 

developments.  

The actual determination of possible future projections is conducted in three steps. The first step 

is to determine how the key factors will further develop. SCHUH & KLAPPERT suggest doing this 

by utilizing the following methods: 

▪ perpetuating or simulating developments, 

▪ overdraw developments and their characteristics, 

▪ accelerate developments, 

▪ consciously incorporate environmental developments or 

▪ determine future developments from processes. [32] 

If the past development of a key factor is well known and follows a specific trend, it is possible to 

achieve a probable future development through extrapolation. However, for certain key factors, 

methods like extrapolation do not constitute an appropriate solution. For instance, key factors that 

have a substantial effect on the determination of product characteristics generally do not follow 

continuing trends. In this case, overdrawing developments reflect the actual situation of 

determining future product characteristics. Besides this also external and environmental 

developments can be incorporated into the considerations. [32]  

The reduction of projected future developments of key factors is made in the second step. It is 

important that the created future projections are reduced to a manageable and modest quantity. In 

order to ensure high quality and valuable content of the later developed scenarios, a number of two 

to three projection per key factors are favorable. [32] 

The third and last step is concerned with the preparation of the communication of the key factor 

projections to external parties. The main goal is thereby to create a sufficient basis for discussion. 

This includes providing a detailed and transparent way of reasoning for each key factor projection. 

[32] 

5.4.5 Scenario formation  

The scenario formation aims to reduce the number of combinations of future development 

possibilities for key factors to a manageable amount. Initially, projection bundles are created by 

combining one projection characteristic per key factor. In order to keep the number of 

combinations low, impossible combinations of future projection characteristics for key factors are 

sorted out by conducting a consistency analysis. In a second step, the projection bundles are 

summarized to clusters with cluster analysis, whereas the projection bundles within a cluster 

should exhibit a high degree of similarity. The clusters form the basis for the following explication 

of scenarios, which generally results in two to three scenarios. [32] 
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The explication of scenarios is done by describing the created clusters. This should ensure 

transparency and comprehensibility for people who were not involved in the scenario formation 

process. The resulting scenarios should be consistent scenarios that are very distinct from another. 

[32]  

Since the scenarios constitute new product developments in the context of the thesis, it is crucial 

that the formed product scenarios are specified to a high degree. Besides the key factors which 

were defining functional aspects of the product, components and parts which are connected to the 

forming field should be described as detailed as possible. The quality of the component and part 

descriptions are essential and largely determines the success of the later scenario transfer. 

However, at this point it is important to pay attention to appropriate cross-departmental 

communication. Participants who belong to design and development departments should not be 

brought in a situation where they must make binding decisions about the final design specifications 

of components and parts. As mentioned earlier, the scenario technique should not limit the 

creativity in design and development departs but rather should provide the production system 

planning departments an approximate screening how new production developments could impact 

the legacy and upcoming production system.  

5.4.6 Scenario transfer 

The last phase of the scenario technique is concerned with identifying which impact the created 

scenarios would have on the defined forming field (compare chapter 5.4.1). In order to derive 

robust strategies and countermeasures, also disruptive events that can have a major impact on the 

scenarios should be taken into account. [32] VON REIBNITZ suggests analyzing consequences in 

the course of workshops with applying creativity techniques. [45] A new, more structured 

approach will be presented in the next section of the framework which covers the impact 

evaluation of the scenarios on the forming field (see chapter 5.5).  

5.5 Impact evaluation 

 

Figure 30 - Framework section "Impact evaluation" 
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Figure 31 - Overview of the framework section "Impact evaluation" 

The chapter is divided into the sub-chapters Identification of change drivers, Identification of 

affected production system areas and Formulation and problem statement and goal setting. These 

sub-chapters represent sequential and complementary work packages and activities for this section. 

Moreover, the theoretical deduction of applied and adopted methodologies will be explained and 

detailed advice for practical application and implementation will be given (compare Figure 31). 

As mentioned before, one of the aims of the scenario formation is to create a catalog with 

requirements on parts and components which come as close to potential developments as possible. 

This catalog will be used in the first step to identify change drivers. Change drivers can thereby be 
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next step. This is done by drafting a rough production sequence for the product features with 

utilizing details about the capabilities of the legacy production system which have been defined in 

detail during the forming field definition (see chapter 5.4.1). In this way, discrepancies between 

the production requirements and the production capabilities can be revealed.  

If the existing production equipment is sufficient for meeting the requirements connected to new 

product features, the impact evaluation can be stopped at this point. However, if the production 

equipment is not sufficient, the next step would be to define measures on how to respond to this 
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5.5.1 Identification of  change drivers 

This first section covers the identification of change drivers and provides the link between 

development departments and production system related departments. It serves as the basis for a 

successful sub-sequential comparison of potential product requirements and production 

capabilities.  

As mentioned before, change drivers constitute new product features or product features that have 

changed considerably compared to existing products. If a changed product feature is considered 

as a change driver, it is dependent on the judgment of the ones applying the framework. Depending 

on the experience of the production system designers, more or fewer product features might be 

incorporated into the evaluation process. While experienced production system designers can 

exclude certain production features throughout an informal discussion and preliminary evaluation, 

less experienced production system designer might tend to include more product features for 

evaluation. However, the functionality of the impact evaluation is not affected if additional product 

features are included but could take more time. 
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Figure 32 illustrates the identification of change drivers by comparing existing and new parts and 

their respective characteristics and features. Before starting the actual comparison, it is necessary 

to define what information about part characteristics should be compared. Taking a transmission 

shaft as an example, the subject of comparison could be the feature "outer cylinder". Among other 

feature related information, aspects about the requirements regarding surface quality, material, 

tolerances and geometry could be subject to comparison.  

 

 

Figure 32 – Identification of change drivers by comparing existing and new parts (compare  [4]) 

 

Once change drivers are identified, it must be generally understood that they are still subject to 

change and only correlate to a certain time point and status along the design and development 

process. The process of identifying change drivers should represent an iterative activity among 

design and production departments and should be repeated regularly. This allows a transparent 

product development process and ensures that production-related departments work only with 

product concepts that represent the current state of design and development.  

5.5.2 Identification of affected production system areas   

After the change drivers have been identified and described, the identification of affected 

production areas is the next step. In this context, affected production areas refer to as the areas 

within the production system in which the production under consideration of change drivers (e.g. 

new product features and characteristics) could pose a challenge and response measures have to 

be defined.  

Before investigating in more detail which production system areas are affected, it should be 

decided first whether the overall task of the production concerning the change drivers stays 

consistent with the current one. Following the example of a new product feature as a change driver, 

the question would be if the process chain for producing the new feature is similar to currently 

existing process chains. This discussion should lead to the perception if a particular change driver 

motivates a fundamental redefinition or an introduction of new production process chains.  

In Figure 33, it was assumed that the new product feature derives from a transmission shaft and 

that the preliminary process chain for the new feature coincides with existing ones. Without going 
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into further detail about the actual shaft production steps at this stage, it can be said that the overall 

production processes can be divided into soft machining, heat treatment and hard machining. The 

information about a preliminary process chain for the new feature can then be matched with 

production system areas (technological, organizational, spatial). In doing so, the loop with the 

scenario technique is closed and knowledge from the already performed forming field definition 

can be used in this step (compare chapter 5.4.1). Considering the process chain allows getting a 

multidimensional picture of affected production system areas. How detailed the investigations for 

the particular production system areas should be is up to the users of the framework. However, it 

is advisable to include representatives for the areas which are meant to be discussed in order to get 

a current view of the area. Also, the selection of the production system area should be made 

following the overall and initial aim of the analysis.  

The next step aims to analyze in more detail in which way the particular chosen production system 

area might be affected. In Figure 33 the production system area Technological and the production 

system object of the first order Production equipment were chosen as investigations objects. Based 

on the documentation of the forming field definition, the focused production system objects 

connected to Production equipment can be listed in respect to the general process chain for 

producing the new feature. After that, the capabilities of the production system objects can be 

compared to the new requirements of the change drivers in two ways.  

One possibility is illustrated for the transmission shaft example in Figure 33 and means to conduct 

a rather superficial comparison of general machine capabilities and product feature requirements. 

This can be done by looking at which features are generally produced by the machine and if those 

are similar to the new feature requirements. The selection of which feature characteristics should 

be compared depends primarily on the relevance and priority of the particular new feature 

requirements. The comparison could include capability information about the surface quality, 

material, tolerances and geometrical aspects.  

However, besides investigating which feature characteristics can be realized with the machines, it 

also can be from interest to highlight why certain feature characteristics can't be reached and what 

the limiting factors are. KLOCKE & KÖNIG state that confounding factors can lead to a detrimental 

effect, for instance on quality, can be grouped into static factors, dynamic factors, thermal factors,  

and tool wear. Static factors include for example workpiece clamping errors, while dynamic 

factors include errors based on self-excited or externally excited vibrations. Thermal factors 

include displacements between workpiece and machine due to process heat or internal heat source 

of the manufacturing machine. [50] KLOCKE & KÖNIG highlight that the deviation from targeted 

quality characteristics can be determined by the system. Once the reasons for systematic errors are 

known, technical solutions for compensation and correction can be made. [50]  

The second possibility is, therefore, to interpret production system objects of the first order as 

systems and include factor objects of the second order as their respective system components in 

the analysis. Following the example shown in Figure 33, the system "Machine 3.C" could represent 

for instance a turning machine and could be split into the system components: machine 

foundations, frame, drive systems, kinematic systems, systems for controlling, metering, 

regulating and diagnosis, peripheral systems and tools. Having done this, the interplay of system 

components can then be further evaluated, and possible interdependencies and correlations can be 

identified. System components that potentially hinder the realization of feature characteristics can 

be considered independently and analyzed more thoroughly. This closes once again the loop to the 

forming field definition in chapter 5.4.1 where production system areas and production system 

objects of the first and second order were described in greater detail.  
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Figure 33 - Process for identifying affected production system areas (compare [4]) 

The steps for identifying affected production areas can be summarized in the following way: 

▪ Evaluation of the influence the change driver has on the production task and the respective 

process chains.  

▪ Draft of a process chain under consideration of the change driver on a preliminary basis.  

▪ Connection of the process chain with the focused production system areas (e.g. 

organizational, spatial) to allow a multidimensional view. 

▪ Selection of production system objects of the first order (e.g. Production equipment or 

Transportation equipment for production system area technological). 
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▪ Superficial comparison of change driver production requirements and production 

capabilities of the production system object of the first order (e.g. material requirements 

of feature and material production capabilities of machining equipment). 

▪ Further comparison of change driver production requirements and production capabilities 

of the production system object of the second order (e.g. tolerance requirements of features 

and kinematic systems of the machining equipment). 

This section of the impact evaluation creates a multidimensional view on which production system 

areas and production system objects are potentially affected by new product features or other 

change drivers. Furthermore, it allows ascertaining whether the current production chains and the 

respective production system objects are capable of producing according to feature requirements. 

The comparison either results in the condition that the product feature can be produced or that it 

cannot be produced with the current production chain and production system objects. The last 

section of the impact evaluation deals therefore with the latter condition and aims to guide defining 

appropriate response measures.  

The overall schematic of the process for identifying affected production areas orientates on the 

methodology for generating and assessing of production sequences created by EVERSHEIM & 

SCHUH. Similar to the here developed framework, EVERSHEIM & SCHUH compare and evaluate the 

three input information sources about product characteristics, the production task and the 

production environment. [4] However, since they exclusively focus on product features, they did 

not incorporate the possibility to evaluate other change drivers. Also, the multidimensional 

consideration of other production system areas is not considered in their methodology.  

 

 Figure 34 - Excerpt of the change driver and affected production system areas catalogue (compare [42])                   
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In order to maintain a structed documentation of the results of the discussions, it is recommended 

to note down essential findings. This ensures an uncomplicated communication of the information 

among the project participants as well as involved management during later following evaluation 

activities. Figure 34 shows an excerpt of the "change driver and affected production system areas 

catalog". In the first column the change driver group can be selected and in the next three columns 

the change driver can be explained in more detail and the source of information is clarified. 

Dimensions of change mean in this case if the change driver either poses an impact concerning the 

quantity, variants, costs, process quality, time or in another way. Taking the increase in production 

volume as a change driver as the relative change driver dimensions could be quantity, costs and 

time. In the last column the affected production system objects of the first order are marked. Below 

the change driver description, the affected production system area and respective production 

system objects of the first and second order are described in more detail in accordance to the 

drafted process chain. 

5.5.3 Formulation of problem statement and goal setting  

Unclear requirements can lead to the failure of projects and are synonymous with deficiencies in 

the formulation of problem statements. A problem statement describes the deviation of a nominal 

condition and depicts in the context of the thesis how certain production system areas and objects 

cannot meet the requirements on production capability which emerge from change driver. [51] 

However, since the term "problem" may be interpreted differently in colloquial language, the 

meaning of the term should be further elaborated. Despite the standard interpretation, problems do 

not necessarily have to be negative. [51] Assuming the situation that a change driver leads to 

exceeding existing production capacities because of higher demand, this might constitute a 

problem in the sense of production planning but the change driver itself was not the problem. The 

application of the framework requires, therefore, a differentiated view. As mentioned in the 

example before, change drivers should not be considered as problems but rather as the gap between 

the capabilities of production areas and objects and the production requirements origination from 

change drivers.  

Furthermore, problems should be considered in a system-wide and holistic manner that enables to 

differentiate between symptoms, which are indices but not the problems itself. [51] This perception 

coincides with the consistent system concept of production system object of the first and second 

order. An example of this systematic was mentioned in chapter 5.5.2 and described that machine 

tools can be seen as systems and the kinematic system for instance as system components. Coming 

back to the differentiation of the term problem, inaccuracy, and dimensional deviations when using 

the machine tool can just be indices for the problems which are inherent to kinematic system.  

After formulating a problem statement that incorporates the relation between change drivers and 

the affected production system areas and objects, the impact evaluation can be completed by 

setting the goals for the response measure development. Users of the framework should devote 

special attention to precise goal setting since it could have a considerable influence on the success 

of the subsequent development activities.  

The first step in formulating the goals is to decide on which change drivers the response measure 

development should focus on. In this sense, it is also essential to decide which affected production 

system areas and objects should be considered. Specific change drivers might affect more than one 

production system area and associated production system objects of the first and second order at 

the same time. Another essential part of the goal setting is to decide to which extent response 
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measures should close the gap between the requirements of the change drivers and the production 

capabilities.  

During this point of the goal setting, users of the framework should initiate the dialog with 

management to determine if and to which degree strategic aspects should be considered during 

response measure development. Individual strategic decisions might have been already made 

before the investigations or without the knowledge and involvement of the user of the framework.  

Besides of content-related aspects, also specific requirements on the consistency of the goal-setting 

process should be taken into account. FISCHER & PFEFFEL highlight among others, the aspects of 

practicability, communication, measurability, consistency and acceptance as relevant. [51] 

5.6 Response measure development 

 

Figure 35 - Framework section " Response measure development" 

The last section of the developed framework covers the development of response measures. These 

response measures are based on the impact on the production system originating from concretized 

uncertainty sources (compare Figure 35). The definition of response is necessary if inherent 

adjustment possibilities of production system areas and objects are insufficient for reaching the 

requirements which originate from change drivers.   

 

Figure 36 - Overview of the framework section "Response measures definition" 
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5.6.1 Development of solutions 

As mentioned previously, change drivers can affect the production system in a multidimensional 

way and the production system areas Technological, Organizational and Spatial can be equally 

impacted. Due to the area's subject-related theoretical and practical background, different methods 

and approaches for solution development are needed. The solution development approach should, 

therefore not be generalized and is dependent on the production system area for which response 

measures are considered. The aim of the chapter is thus to suggest an intuitive way for idea 

generation towards solutions for response measures. Since the main application environment of 

the framework is within the technological production system area, a separate solution development 

approach for production technology and equipment chain reconfiguration will be suggested.  

Due to the fact that the production system areas can be affected in various ways by change drivers, 

problem-solving approaches should be sufficiently flexible to accommodate the difference in 

problem formulations. Problem-solving approaches that follow an entirely problem-specific and 

rigid systematic are not sufficient to cope with the diversity of change drivers and their effect on 

production systems. One way how to keep a problem-solving approach more flexible is to work in 

a minimal-systematic way. In contrast to rigid and analytical methods utilized for specific 

problems, this procedure can be supported by creativity techniques. Those methods and tools can 

be described as easy-to-use and be adapted to interdisciplinary working collaborations with 

minimal outlay. [30] 

Numerous creativity techniques for business and technical problem environments have been 

developed over the years. Those methods can be roughly divided into intuitive-related and 

analogy-related solution search approaches. Representative for intuitive-related approaches, the 

method of brainstorming and brainwriting (6-3-5) will be explained and for analogy-related 

approaches the method of synectics. [30] 

Brainstorming can be described as a rather simple creativity tool for which little control is needed 

and participants can freely express their ideas. One rule to follow is, however, that discussions 

about particular ideas should happen in a later stage and other participants should instead develop 

new ideas upon the ones already mentioned. The central idea in this context of idea generation 

should be quantity over quality. In avoidance of creating a situation in which participants are not 

ready to share their ideas or competition inhibits creativity, attendant participants should be on the 

same hierarchical level. [30] 

Brainwriting, for instance, the 6-3-5 method, substantially corresponds with the concept of 

brainstorming but takes place in silence. Six participants are noting down three solution ideas 

within five minutes and pass the paper to the next participant which should complement or refine 

ideas that are already on the paper. This process repeats five times and the complete application 

takes 30 minutes. This method is particularly useful, if usual brainstorming is challenging to be 

moderated or when participants are dominating the discussion.  

For analogy-related approaches, the method of synectics will be representatively explained. 

Synectic is based on the idea of alienating the problem statement to a certain degree so analogies 

to other areas of knowledge and scientific fields. The following retransfer to the initial problem 

statement can lead to unexpected and inventive solutions. However, the application of the method 

requires that participants show a high degree of creativity and commitment to applying more 

unconventional methods. In contrast to the USA, the method of synectics is not commonly used in 

Europe. [52] 

Regardless of which methods are applied within the process of generating ideas, individual 

agreements and concerted practices should be followed in order to avoid communication and 
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creativity disruptions. The following recommendations aim to facilitate communication within the 

group support the idea solution development process.  

▪ Unbiased idea generation: The idea generation process should not be limited by restrictions 

even if ideas might sound not reasonable in the first place. [53] 

▪ Separated idea generation and evaluation: The idea generation process should be separated 

from the idea evaluation process to avoid that ideas are already filtered out during the 

generation process. [53] 

▪ Swift idea documentation: During the process of idea generation, the mentioned ideas 

should be rather quick and without comment documented by a moderator. Extensive 

discussion about every idea could interrupt the flow of ideas towards the initial problem. 

[53] 

▪ Compliance with the formal setting: The before mentioned creativity techniques are based 

on a formal sequence to facilitate the creative idea generation process in an optimal way. 

Participants should, therefore, refrain from ignoring those methodological guidelines. [53] 

It is the responsibility of the moderator to ensure that participants act according to those 

recommendations. The moderator should also try to give incentives when the idea generation flow 

decreases and mediate when the discussion turns to unproductive debates. [49] Besides the 

beforementioned general creativity techniques for solution development, specific solution 

development approaches for specific production system areas could be adapted for problem-

solving purposes. The main application context of the framework lies within the technological 

production system area and more precise regarding production equipment and technology. If 

inherent adjustment possibilities of production equipment and technology are not sufficient to meet 

the requirements of change drivers, a reconfiguration of the production equipment and technology 

chain might be necessary. EICHGRÜN divides the possibilities how to conduct a reconfiguration of 

production technology and equipment chains into four different options (compare Figure 37).  

 

Figure 37 - Different solution development approaches 
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These include for instance, the change of the sequence within the technology chain, which means 

a restructuring of the process sequence for a workpiece. Expanding the technology chain can be 

realized by either adding additional technology and equipment elements or paralyzing them. 

Besides this a substitution of technology elements by other technologies or equipment can be 

realized. Shortening the technology chain can be realized by merely omitting one technology 

element. [54] Another possibility to shorten the technology chain can be reached through 

integration of technology elements. This is often connected with process-related cost and time-

saving effects. An example constitutes for example machining centers which combine different 

production technologies and equipment and are capable of performing a wide range of different 

processes which would typically require separate equipment and technology units. [55] 

5.6.2 Selection of solutions  

Depending on the decision-making situation, not necessarily only one solution must be selected. 

There can also be situations where none or more solutions can be selected for further 

investigations. However, a recurring problem is thereby that the number of decision criteria, which 

have to be considered, is challenging to overlook whereby the evaluation of solution alternatives 

is made more difficult. [49] In this chapter influential factors regarding the selection process will 

be discussed. Furthermore, methods for a structured decision-making process within the selection 

of solutions will be presented.  

The complexity of the decision-making problematic increases with the number of possible solution 

alternatives and because of far-reaching implications. Besides this, a range of subjective and 

objective influential factors must be considered. Subjective decisions can be driven by emotions 

and personal preferences and potentially lead to undesired results in a corporate context. The goal 

should, therefore, be an objective decision-making process, which is supported by a systematic 

valuation method to decrease the risk of false decisions. However, this requires up-to-date and 

complete information about the solution context. [49] 

The systematic method for preselecting solutions orientates on the approaches presented by PAHL 

ET AL. and LINDEMAN. As a first step, LINDEMANN suggests comparing solution ideas in terms of 

criteria that are clear and easy to understand. [49] In order to achieve consistent solutions, this 

process should be done following the requirements list, which was created in the course of defining 

goals for the response measure development (compare chapter 5.5.3).  

In case the list was created by weighting requirements based on their importance, a review of their 

fulfillment should be undertaken at first. Otherwise, the evaluation should be done by looking at 

exclusion criteria and requirements which define clear specifications. [49] This could be for 

instance the requirement on a milling machine to support automatic dimension measurement 

processes. However, also requirements that specify a specific range could represent exclusion 

criteria. [49] To remain with the example of requirements on milling machines, these requirements 

could be for example that the milling machine should be capable of operating within a certain 

range of the spindle speed. Besides the before mentioned aspects, requirements on the practical 

feasibility, economic efficiency and knowledge on the implementation should be considered when 

preselecting solutions. [49] 

The presented method in Figure 38 by PAHL ET AL. can be used as a systematic tool to consider 

requirements within the solution selection process. [56] To serve the general purpose of the 

framework, the method was selected because it is based on a generic logic that is applicable to 

different problems and change drivers.  
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Figure 38 - Systematic tool within the solution selection process (compare [56]) 
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6 Framework application and evaluation 

In the previous chapters, both the derivation of the framework as well as the specific content 

design, was theoretically discussed. Based on this, the following section describes the practical 

application of the developed methodology using a case study derived from the industrial 

environment.  

 6.1 Introduction to the application environment and use case 

The thesis was done in cooperation with Scania AB in Södertälje, Sweden. Scania is a worldwide 

provider for transport solutions and a manufacturer of buses and trucks for the heavy applications 

sector. The respective company area in which the framework was developed and applied was the 

area of transmission manufacturing for machining of gears and shafts.  

The concrete application of the framework embraces a use case in which the transmission 

manufacturing sector at Scania must make decisions upon new machine investments under a high 

degree of uncertainty. The uncertainty comes in this case from unknown upcoming features of 

products currently being designed.  

The following should give a brief overview of the production steps for transmission components. 

Manufacturing steps for machining of shafts and gears for transmissions can be generally split into 

soft machining, heat treatment and hard machining. Besides soft machining as an initial form-

defining manufacturing step, there are also exist non-cutting manufacturing steps for gears and 

shafts. However, since they were not applied within the application environment they shall not be 

further elaborated at this point. FFigure 39 below gives examples of various manufacturing 

methods that are applied to different degrees at Scania. 

 

 

Figure 39 - Overview of various gear and shaft manufacturing steps (compare [57]) 
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6.2 Framework application  

The application of the framework aims to demonstrate that the compiled methodologies facilitate 

production system design under uncertainties. The affirmation of this assumption requires ideally 

a holistic application of the overall framework. However, due to the limited application timeframe, 

a focus on key aspects of the methodology was required.  

As part of the validation, strategic information was processed and developed. According to a non-

disclosure agreement only necessary information is used in chapter 6, and it is ensured that the 

significance of the framework remains fully valid.   

6.2.1 Uncertainty source selection 

The first section of the framework covers the uncertainty source selection on which the later 

following investigations of the framework are based on. Uncertainty sources that were 

incorporated and considered within the framework include the external and internal corporate 

environment and furthermore, specifically the factory environment.  

 

However, the framework was developed in the first place because of a lack of information 

regarding gearbox components that are currently under development. Unclear product features and 

characteristics were therefore considered as the uncertainty source and a separate uncertainty 

selection was not performed in the course of the application of the framework.  

6.2.2 Scenario technique 

The scenario technique was performed in the next step and was divided into the six separate steps 

Forming field definition and preparation, Scenario field definition, Scenario field analysis, 

Scenario forecast, Scenario formation and Scenario transfer.  

 

Forming field definition and preparation 

 

Forming field definition and preparation includes the definition of the forming field and 

preparatory work for later investigations. The first step covered the definition of relevant system 

boundaries. Although an analysis of the whole production system, as suggested in chapter 5.4.1 

would certainly give a clear and comprehensive picture of its condition, a more superficial 

description was done. This was decided in preparatory workshops and the main area of interest 

were technical details on a workstation level. According to the systematization suggested by 

WIENDAHL ET AL., production technology and production equipment were identified as the 

relevant production system objects (see Figure 26). 

 

In the next steps, the two production system objects were further specified. This was done by 

systematically analyzing the production chains for products (gears and shafts) and the utilized 

production technologies and equipment. The result of this step was a comprehensive matrix created 

with the help of Microsoft Excel. The matrix incorporates an analogous copy of the physical 

production lines for soft and hard machining for the production of gears as well as for shafts. The 

individual lines are then further split it into material handling, material processing and quality 

assurance. It is shown at which point within the production flow of the line which equipment and 
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production technology is utilized. The individual equipment units are also marked with the internal 

Scania equipment number, so an exact identification and traceability is possible.  

 

Another important aspect at this point was also to analyze and highlight the limitations of specific 

production technologies and equipment currently used in the production lines. Limitations 

included, for instance, dimensional boundary conditions as well as reachable surface quality 

parameters. Being aware of the capabilities of the current production system facilitates later 

investigations and helps to identify need for changes at an early stage.  

 

Scenario field definition 

 

As mentioned before, the framework was developed and applied throughout a new transmission 

development project and from the perspective of the gear and shaft machining departments. The 

new transmission under development was therefore chosen as the scenario field since its final 

shape could have a direct impact on the current production system (forming field), which 

constitutes the transmission machining plants. Higher surface quality requirements or geometrical 

dimensions which differ fundamentally from current transmissions would pose a challenge for the 

production system.  

 

The sections forming field definition and scenario field definition were not done in a strict 

sequential as proposed in the framework. They were instead done simultaneously since their 

interdependency influences the scope of the respective analysis tasks. In this case the 

investigations were initiated by the department, which is responsible for designing the production 

system for machining of gears and shafts. In that sense the scenario incorporated shafts and gears 

but disregarded other components of the overall transmission system. 

 

Scenario field analysis 

 

The scenario field analysis was done to identify relevant factors that have a strong influential 

impact on the final shape of the scenario. However, this section was done more pragmatically and 

simply than suggest in the framework. Instead of using influence and relevance analysis or cross-

impact analysis, the key factors were identified in interviews and workshops. The interviews were 

conducted with experts from gear and shaft manufacturing as well as with experts from the 

development departments. In a final workshop with representatives from both departments, the 

interview results were discussed and key factors for the next sections were defined.  

 

The later investigations were based on the following key factors: 

 

▪ Maximum and cruising engine speed RPM (revolutions per minute) 

▪ Maximum and cruising engine torque 

▪ Maximum and cruising engine power 

▪ Noise level of the transmission system (qualitative) 

▪ Efficiency of the transmission system (qualitative) 

▪ Lifetime of the transmission system 
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Scenario forecast 

  

Based on the preceding scenario field analysis, the defined key factors are then forecasted in the 

section scenario forecast. This was done by gathering transmission and powertrain development 

experts in workshops and exploring possible extremes for key factor values. At the time the 

framework was applied, the overall future powertrain configuration was loosely defined. 

Therefore, the scenario forecast helped to further delineate the variation of decisive key factors.  

 

The outcome of this section was a matrix, including the before mentioned key factors. For each of 

the key factors a maximum and minimum value were defined which represented rather extreme 

development alternatives. Besides the maximum and minimum, also a value that represented the 

most likely development alternative was defined. It was clear during the workshops that 

development alternatives based on maximum and minimum values for key factors will most 

probably not be realized in the transmission project. However, it allowed defining the interval of 

viable powertrain configurations.  

 

Scenario formation 

 

Based on the forecasted key factors concerning the overall powertrain and transmission 

configuration, a particular scenario for maximum, minimum and more realistic values was formed. 

This was done in workshops gathering experts from development departments. Relevant 

transmission characteristics included material specifications, basic gear geometry, gear 

dimensions, basic shaft geometry, shaft dimensions, gear tooth form, gear tooth forces, surface 

quality requirements and bearing forces.  

Scenario transfer 

 

The last section of the scenario technique closes the circle between the production system and 

possible transmission systems. In the course of the scenario technique, the production system was 

defined as the forming field and the transmission systems were concretized with forming scenarios.  

 

The section scenario transfer aims to analyze which impact the formed scenarios would have on 

the forming field. As explained in chapter 5.4.6, the section scenario transfer is supposed to be 

conducted separately in the form of a so-called impact evaluation followed by response measure 

development.  

 

However, due to the prioritization of other development activities and time restrictions, the 

complete application of the rest of the framework was not feasible anymore. Therefore, an 

alternative and more pragmatic approach was applied during workshops.  

 

The first step of this approach included a screening of transmission characteristics based on the 

formed scenarios. After this, the most relevant characteristics were selected and listed in a matrix. 

In the next step the matrix of the overall production system which was created in the first step of 

the scenario technique was used. With help of this matrix, production system areas were identified 

which were affected due to changes in gear or shaft geometries or other characteristics. After 

having identified the affected areas, an evaluation of the production feasibility was done. This 

included a superficial analysis of the currently available machines and equipment are in principle, 

capable of realizing the new transmission characteristics. If requirement and new transmission 

characteristics cannot be reached it was discussed whether machines, equipment, or production 

chains can be adjusted so new transmission characteristics can be realized. In case there were no 

adjustment possibilities, it was discussed what concrete steps could be undertaken to adapt the 

production system.  
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6.3 Framework evaluation 

In the following section, the framework developed will be evaluated on the basis of the defined 

requirements in chapter 5.1. In this context, the specific requirements will be discussed in the 

beginning, followed by the evaluation of general requirements. In addition, economic 

considerations are discussed in chapter 6.3.2.  

6.3.1 Fulfillment of requirements 

The first requirement on the framework is the possibility to integrate production system design 

activities into product development to reach transparency throughout the development process of 

new products. Mainly the scenario technique contributes to the fulfillment of this requirement. 

During the section scenario field analysis, scenario forecast and scenario formation, product 

development experts are actively involved in workshops and discuss the current and future state 

of development.  

 

The framework was applied in a case where unclear characteristics of gears and shafts in a 

transmission development project constituted the uncertainty source. However, the framework was 

developed to apply to various kinds of uncertainties. The first section of the framework fulfills this 

requirement and gives the user the possibility to choose from various kinds of uncertainties. Those 

uncertainties towards production system design are based on findings in research and literature.  

 

The second requirement covers the need for continuously considering uncertainties throughout 

production system design. This involves the early evaluation of the impact of uncertainties as well 

as the possibility to develop and assess response measures. The third section in the framework 

fulfills the requirement of evaluating the impact at an early state. Thereby the framework facilitates 

identifying change drivers and affected production system areas. Besides this, the third framework 

section also gives guidance in formulation a precise problem statement and goal formulation. The 

requirement to develop and assess response measures is covered by the fourth section of the 

framework. Since the framework was developed mainly around technological aspects of 

production systems, the suggested solutions development approaches are also directed towards 

this area.  

6.3.2 Economic evaluation 

An accurate calculation of the cost and economic efficiency when applying the framework cannot 

be made. It is depended on the size of the group of experts, the application case, the amount and 

quality of available data within the company and the connected effort to apply the framework. In 

general, a distinction must be made between the costs for including experts and the costs for a 

moderator. The moderator knows the framework and its elements in detail. He is responsible for 

the preparation, the correct application, the follow-up as well as the documentation of the results. 

The expert team is working out results under the instructions of the moderator according to the 

methods of the framework.  
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7 Discussion  

The research questions pursued in this thesis project encompass the problematic of how to manage 

uncertainties in production system design during early phase product development. An extensive 

literature review was conducted to investigate to which degree research findings and activities 

provide an answer to the questions referred. 

As mentioned in chapter 4, most of the research papers connected to production systems and 

uncertainties consider uncertainties regarding material and production planning. Uncertainty was 

thereby for instance based on fluctuating demands or inventory and managed through 

mathematical models. Other papers discussed the general information asymmetry between product 

and production development and the consequences regarding product quality, efficient production 

chains, project time and overall profitability of the development project.  

However, only a few scientific contributions covered the matter of uncertainty in production 

system design from a holistic perspective. Besides uncertainties in production planning and 

product development also other sources of uncertainty should be considered during strategic 

decision-making processes in production system design. That gave cause to create an overview of 

possible uncertainties in production system design, which is part of the developed framework.  

The second research question addressed the problematic how to concretize uncertainties. Given 

the fact that only few papers were found which addressed uncertainty in the context of production 

system design there were no papers that described how to concretize uncertainties in that context. 

However, promising concepts for concretizing uncertainties were found in the research area of 

future forecasting and future analyses. A particularly suitable methodology was the so-called 

scenario technique since it allows to not only incorporate the current state of the production system 

but also various kinds of uncertainties. Furthermore, the scenario technique provides the methodic 

steps for gradually concretizing uncertainties and was therefore incorporated in the developed 

framework.  

The third research question aimed to investigate how to forecast the impact uncertainties might 

have on the current production system. This aspect is of high importance to initiate appropriate 

countermeasures in an early stage.  The core element of an application-orientated methodology 

presented by EVERSHEIM & SCHUH is to match product characteristics, production tasks and the 

production system environment. This methodology was taken as a basis and extended in a way so 

the impact various uncertainties can be evaluated. In order to generate a complete picture of the 

impact, the framework was also extended in the sense of considering technological, organizational 

and spatial production system aspects equally.  

The framework developed in the course of this thesis contributes to bridging the above-mentioned 

gaps in research and literature. The framework is intended to provide production system design 

with a guideline for managing various kinds of uncertainties. Due to its interactive character, it is 

particularly suitable for promoting systematic and structured cooperation between production 

system design and product design departments. 

As mentioned in chapter 1.1, the overall idea of increased cooperation and process parallelization 

between production system design and production design is the core element of simultaneous 

engineering and, therefore not a unique feature of the developed framework. However, keeping 

the challenges of a rapid application in mind, the framework can be applied in the first 

implementation level of simultaneous engineering according to the classification of EVERSHEIM & 

SCHUH [4]. This level is focused on the organization wise integration through parallelization and 
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bringing together of competencies. The framework allows so to close so the gap between the 

theoretical side of simultaneous engineering and the actual application in an industrial context.  

This was achieved by developing the framework in a general way, so it applies to various kinds of 

uncertainties. However, the framework is yet specific enough to support, for instance the 

mentioned collaboration between product design and production system design when product 

development projects constitute uncertainties. The sections uncertainty selection and scenario 

technique contribute to the significance of the framework in strategic decision-making. The 

sections impact evaluation and response measure development, in turn, allow bridging the abstract 

strategical level with the existent situation of the production system.  

Concretizing uncertainties and deriving the needs for action on a production system basis is not 

only diverse in terms of the level of abstraction but also in terms of the involved parties in a 

corporate environment. The practical and theoretical significance of the developed framework is, 

therefore, to provide a guideline how to master the balancing act between abstract uncertainties 

and the concrete and practical consideration within production system design.  
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8 Conclusion  

The competitive pressure on commercial vehicle manufacturers substantially intensified. This is 

due to large-scale market changes, disruptive technologies and other market forces. At the same 

time, many companies are lacking behind in the strategic orientation of production areas. These 

circumstances lead to an increased degree of uncertainty in production system design. 

In the course of this thesis, a framework was developed to manage such uncertainties in production 

system design. The framework was designed to be applicable for various kinds of uncertainties 

but is especially suitable for uncertainties originating during early-phase product design. The first 

section of the framework covers the description of company external and internal uncertainties 

within production system design and provides so a holistic picture of decision-relevant 

environmental factors. This section is especially helpful when the application of the framework is 

not based on a concrete uncertainty case but rather serves an explorative purpose. The second 

section describes the concretization of uncertainties with help of the scenario technique. The 

scenario technique begins with analyzing the current state of the production system and key factors 

influencing the uncertainty object. Trough gradual forecasting and forming of scenarios, 

uncertainties can be concretized. The third section includes the analysis of cause-effect 

relationships between the current production system and the formed scenarios. The fourth section 

describes how to derive concrete response measures for affected production system areas, which 

were identified in the previous section.  

The functionality of the framework was validated within the scope of a product development 

project at Scania CV AB (commercial vehicle industry) in Södertälje, Sweden. Product design and 

product features represented, thereby the uncertainty source, which increased the complexity in 

decision making in production system design.  

An advantage of the framework is that it allows developing alternative future states of the object 

of analysis in a structured and team-oriented way. This contributes to increased transparency while 

offering a platform for discussions and participation. The structured approach also facilitates 

documentation, traceability and communication of results. Despite the predetermined systematic 

nature of the framework, the structure gives users enough flexibility to ensure an uncomplicated 

application. The third and fourth part of the framework facilitates a solution orientated way of 

working when it comes to the development of response measures. This allows that a moderator 

who has little background knowledge about the object of analysis can moderate and guide expert 

groups towards solutions and response measures.  

 

A disadvantage of the framework is that success is primarily dependent on the methodological 

competence of the moderator. Sufficient moderation expertise concerning the different parts of the 

framework is a key success factor for the application of the framework. However, also the 

background knowledge, preparedness and willingness of the expert group is a factor that 

determines the success of the framework. Besides of this, a well-founded database about the 

production system is essential for performing subsequent evaluations.   

 

The framework was applied and validated within the transmission manufacturing department at 

Scania CV AB. The application in different departments, companies and industries would allow 

identifying adjustment requirements to further optimize and validate the framework. In this context 

also particular sections could be described in more detail. Especially impact evaluation covered 

by the third section of the framework would allow a cause-effect analysis throughout the whole 

complexity spectrum of production systems.  
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Since financial aspects are often a decisive factor in decision-making processes, future research in 

this field must also examine the financial impact of formed scenarios. The framework developed 

in the course of this thesis can be used as a basis for identifying affected production system areas 

and can be extended with a methodological toolset for evaluating the financial impact.  
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Appendix 

A Uncertainty source catalogue  

Internal / External Uncertainty group Uncertainty source 

Company external 
(exogenous) 

Laws and  
regulations 

New / changed building regulations 
New / changed test and inspection regulations 
New / changed procedural guidelines 
New / changed labor-law provisions 
New / changed environmental laws and regulations 
New / changed tax regulations 
New / changed subsidies 

Customer and 
market 

New / changed requirements on product quality  
New / changed requirements on product properties  
New product technologies and innovations 
Increase in demand 
Introduction of new product 
Changed market prices 
Changed order quantities  
Changed delivery times to the customer 
New market areas 

Suppliers 

Change delivery times from the supplier 
Changed delivery reliability 
Changed product properties 
Changed product quality   
Changed material costs 
Long-term supply bottlenecks 
Changed energy costs 
Changed water costs 

Competitors 
Appearance / disappearance of competitors  
New / changed cooperations or alliances between competitors  
New products of competitors  

Company internal 
(endogenous) 

Company 

Change of corporate vision, mission, strategy, objectives 
Change of production objectives 
Change of Make-or-Buy strategy 
Change of company internal awarding contracts 
Internal production innovation 
New / changed cooperations 
Acquisition / transfer of company assets 

Technology New developments of technological elements 

Employees 
Development of specialist availability 
Age structure among employees 
Changed payments 
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