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Abstract 

Road transports face increasing societal challenges with respect to emissions, safety, and 

traffic congestion, as well as business challenges. Truck automation, e.g. self-driving trucks 

may be utilized to address some of these issues. Autonomous transport vehicles may be 

characterized as Cyber-Physical Systems (CPS). A drawback is that CPS significantly 

increase technical complexity and thus introduce new challenges to system architecting. 

A product architecture is the interrelation between physical components and their function, 

i.e. their purpose. Product architectures can be categorized as being modular or integral. The 

main purpose of a modular architecture is to enable external variety and at the same time 

internal commonality. Products with a modular architecture are configured from predesigned 

building blocks, i.e. modules. A stable module, which is a carrier of main function(s) has 

standardized interfaces, is configured for company-specific reasons, which means it supports 

a company-specific (business) strategy.  

In this thesis, the present state at the heavy vehicle manufacturer Scania, concerning product 

architecting, modularization, product description and configuration is investigated. 

Moreover, a new clustering based method for product modularization that integrates product 

complexity and company business strategies is proposed. The method is logically verified 

with multiple industrial cases, where the architecture of a heavy truck driveline is used as a 

test bench. The driveline contains synergistic configurations of mechanical, electrical and 

software technologies that are constituents of an automated  and/or semi-autonomous system, 

i.e. the driveline may be characterized as a CPS. The architecture is analyzed both from 

technical complexity and business strategy point of view.   

The presented research indicates that a structured methodology which supports the 

development of the product architecture is needed at Scania, to enable control of the 

increasing technical complexity in the Cyber-Physical Systems. Finally, configuration rules 

are identified to be highly important in order to successfully realize a modular product 

architecture. A drawback with this approach is that the solution space becomes hard to 

identify, therefore a complete and flexible product description methodology is essential. The 

results from the case studies indicate that clustering of a Product Architecture DSM may 

result in a modular architecture with significantly reduced complexity, but with clusters that 

contain conflicting module drivers. It is also identified that the new modularization 

methodology is capable of identifying and proposing reasonable module candidates that 

address product complexity as well as company-specific strategies. Furthermore, several case 

studies show that the proposed method can be used for analyzing and finding the explicit 

and/or implicit, technical as well as strategic, reasons behind the architecture of an existing 

product.  

Keywords 

Modularization, Product Description, Module, Product Structure, Product 

Architecture,  Cyber-Physical System 

Language 

English 



 

 

Sammanfattning 

Vägtransporter står inför ökade samhällsutmaningar med avseende på utsläpp, säkerhet och 

trafikstockningar samt affärsutmaningar. Lastbilsautomation, t.ex. självkörande lastbilar kan 

användas för att lösa några av dessa problem. Autonoma transportfordon kan kännetecknas som 

cyberfysiska system, förkortat CPS. En nackdel med CPS är den avsevärt ökade tekniska 

komplexiteten, vilket introducerar nya utmaningar under utvecklingen av systemets arkitektur.  

En produktarkitektur är sambandet mellan fysiska komponenter och deras funktion, dvs deras 

syfte. Produktarkitekturer kan kategoriseras som modulära eller integrerade. Huvudsyftet med en 

modulär arkitektur är att möjliggöra en yttre variation och samtidigt inre enhetlighet. Produkter 

med en modulär arkitektur konfigureras med hjälp av förutvecklade byggstenar, dvs moduler. En 

robust modul, som är en bärare av huvudfunktion(er), har standardiserade gränssnitt, konfigureras 

av företagsspecifika skäl, vilket innebär att den stödjer en företagsspecifik (affärs) strategi. 

I denna avhandling undersöks det nuvarande tillståndet hos den tunga fordonstillverkaren Scania, 

angående produktarkitektur, modularisering, produktbeskrivning och konfiguration. Dessutom 

föreslås en ny klustringsbaserad metod för produktmodularisering som integrerar 

produktkomplexitet och företagsstrategier. Metoden verifieras logiskt med flera industriella 

fallstudier där arkitekturen hos en tung lastbilsdrivlina används som provobjekt. Drivlinan 

innehåller samverkande konfigurationer av mekanisk, elektrisk och mjukvara som är beståndsdelar 

i ett automatiserat och/eller halvautonomt system, dvs drivlinan kan beskrivas som ett CPS. 

Arkitekturen analyseras både utifrån teknisk komplexitet och affärsstrategisk synvinkel. 

Den presenterade forskningen visar att det behövs en strukturerad metodik som stödjer 

utvecklingen av produktarkitekturen på Scania för att kontrollera den ökande tekniska 

komplexiteten i cyberfysiska system. Slutligen identifieras konfigurationsregler som mycket 

viktiga för att framgångsrikt kunna realisera en modulär produktarkitektur. En nackdel med detta 

tillvägagångssätt är att lösningsrymden blir svår att identifiera, vilket innebär att en komplett och 

flexibel produktbeskrivningsmetodik är nödvändig. Resultaten från fallstudierna indikerar att 

klustring av en produktarkitektur DSM kan resultera i en modulär arkitektur med betydligt lägre 

komplexitet, men med kluster som innehåller motstridiga moduldrivare. Det identifieras också att 

den nya modulariseringsmetoden är kapabel att identifiera och föreslå rimliga modulkandidater 

som adresserar produktkomplexitet såväl som företagsspecifika strategier. Vidare visar flera 

fallstudier att den föreslagna metoden kan användas för att analysera och identifiera de explicita 

och/eller implicita, tekniska och strategiska skälen bakom en befintlig produktarkitektur. 
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Nomenclature 

Term Definition 

Part A physical unit that cannot be physically decomposed, e.g. a 

screw or an integrated circuit.  

Component Simple physical unit or element of a system, e.g. a pump, 

which must consist of several parts.  

Cluster A group of function carriers with significant intra-

dependencies but very low dependencies to other function 

carriers. A cluster may therefore be a module candidate.  

Function What the product or part of the product is required to do, e.g. 

transform chemical energy to mechanical energy, send 

information, transport matter. 

Functional element One of the functions that the product should perform e.g. heat 

water or reduce drag. 

Interface  Surfaces or volumes creating a common boundary between 

two modules or parts, allowing exchange of information, 

energy, material or defining a spatial relation.  

Modularization Identifying the modules for a product, by decomposing it 

depending on company specific reasons.  

Modular system 

 

All necessary and optional modules for configuring a unique 

product in a product family. 

Module Functional building block with standardized decoupled 

interfaces, which is chosen for company specific reasons.  

Module variant  Physical incarnation of a module with a specific performance 

level. 

Product variant When combining components i different ways, different 

products are created. 

Performance step A module variant with a specific performance requirement. 

Families of such modules target different levels of some 

specified performance measure. 

Product architecture The arrangement of functional elements, the mapping from 

functional elements to physical components and the 

specification of the interfaces among interacting physical 

components. 

Product family  Set of products, based on the same product platform and 

configured from the same modular system. 

Product platform  The modules of a modular system that are mandatory for all 

products in a product family. 

Product property Detailed quantifiable statement that describes the product. 

Standardization  Increasing internal commonality by reducing the number of 

different parts and components.  

Structure The (physical) constituents of a system and their relation. 

System-Level design A product’s architecture is usually defined in the System-

Level design phase, when the functions are analyzed, arranged 

and realized as physical means, i.e. principal design solutions. 

 

  



 

 

Abbreviations 

ASM Affordance Structure Matrix 

AUTOSAR AUTomotive Open System ARchitecture 

CAD (tool) Computer Aided Design 

CAD  Component Architecture Diagram 

CCD Component Cluster Diagram 

CMM Cluster Match Matrix 

CPS Cyber-Physical Systems 

CPSoS Cyber-Physical Systems of Systems 

DSM Design Structure Matrix 

IDEF0 Icam DEFinition for Function Modeling (version 0) 

IGTA++ Idicula-Gutierrez-Thebeau Algorithm, (DSM clustering algorithm) 

IMM Integrated Modularization Methodology 

IoT Internet of Things 

MATLAB MATrix LABoratory, (computing software and language) 

MBSE Model-Based Systems Engineering 

MD Module Drivers 

MFD Modular Function Deployment 

MIM Module Indication Matrix 

OEM Original Equipment Manufacturer 

PDM Product Data Management 

PLM Product Lifecycle Management  

R&D Research and Development 

RQ Research Question 
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1. INTRODUCTION 
 

 

 

 

 

 

 

 

1.1 Background  

Road transports face increasing societal challenges with respect to emissions, safety, and traffic 

congestion, as well as business challenges related to new technologies, tightened delivery times 

and cost constraints. Combination of truck automation, e.g. self-driving trucks, and truck-to-

truck and truck-to-transport system communication may be utilized to address some of these 

issues. Truck platooning is the linking of two or more trucks in convoy, using communication 

technology and automated driving support systems. These vehicles automatically maintain a 

set, close distance between each other when they are connected for certain parts of a journey. 

The smaller the distance between the trucks can be, the larger the gains in terms of energy 

consumption will be. Platooning combines existing commercial vehicle safety technology with 

emerging vehicle-to-vehicle communications and autonomous vehicle control, and it enables a 

future system of self-driving and fully autonomous transport vehicles. Autonomous transport 

vehicles may be characterized as Cyber-Physical Systems (CPS) that are components of Cyber-

Physical Systems of Systems (CPSoS), i.e. transport systems, see e.g. (CyPhERS, 2013), (CPS, 

2016), (NIST, 2017). “A key aspect of CPS is the potential to integrate information 

technologies, operational technologies in terms of embedded systems and control systems, and 

physical electrical and mechanical systems, forming new or improved functionalities and/or 

levels of performance” (Törngren & Sellgren, 2018). As a direct consequence, CPS enables 

innovation, within and across existing engineering and technical domains. A  drawback is that 

CPS significantly increase technical complexity and thus introduce new challenges to system 

architecting (Törngren & Sellgren, 2018). The added complexity is preferably targeted in the 

system architecting development stage, which is part of the Systems Engineering and 

Engineering Design process, see Figure 1. 

Time
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Figure 1. The V-model of the Systems Engineering process. 

This chapter presents the background information to 

the research project, the objective and research 

questions, as well as the used research methodology 

and outlines the structure of this thesis. 
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The presented PhD research project was performed at the Department of Machine Design at 

KTH Royal Institute of Technology in Stockholm, and at Scania R&D in Södertälje. Scania is 

one of the leading truck, bus and engine manufacturers in the world and is today a part of the 

Volkswagen (VW) Group AG, which is one of the world’s largest vehicle manufacturing 

groups. Scania has a successful history in vehicle modularization and claims it is one of the 

most important reasons why they are a leading company today. Scania also has a unique way 

of describing the modular product in their product description, which has a generic product 

structure in order to efficiently describe the many variants.  

However, the Scania product has over the last years been developed into a CPS, with embedded 

software in focus, demanding the product description as well as the modularization 

methodology to support this new dimension. There is also a growing market regarding offline 

and online services, which also generates new demands. Collaboration within the Volkswagen 

group, and employees changing jobs more frequently, makes it even more important to 

understand and explain “The Scania Way” of modularizing and describing the product.  

1.2  Objective and research questions 

The overall aim of this research project is to develop “IT Supported Modularization”, in order 

to define functional borders and robust physical interfaces between the truck modules, to deal 

with the increased technical complexity in new multidisciplinary products containing hardware, 

electronics and an increased amount of embedded software. The new methods and tools should 

also enable trade-offs between technical complexity and company specific business strategies 

to be made. 

The first step of the project was to investigate the present state at Scania, concerning 

modularization and product description. This was mainly done in order to identify important 

aspects to consider when developing the new IT Supported Modularization approach.  

The following three Research Questions (RQs) are addressed in Technical Report F (RQ1 – 

RQ3): 

 

• RQ1: What is the present state at Scania, regarding product architecture and 

management of product data? 

 

• RQ2: What are the unique properties in the modular product architecture at Scania and 

how are they used, developed and maintained?  

 

• RQ3: How can we represent the product architecture in general and a modular 

architecture in particular in a way that facilitates cross-functional communication and 

collaboration on architecture-related tasks?  

 

In addition to these three research questions, new questions were identified during the 

creation of the appended Papers A - E  (RQ4 – RQ9): 

 

• RQ4: May clustering of a Product Architecture DSM with interactions representing 

spatial relations and function flows of energy, matter and signals propose reasonable 

module candidates? 

 

• RQ5: How does the output from a strategically adapted DSM clustering approach 

differ compared to Product Architecture DSM clustering? 
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• RQ6: Is a strategically adapted DSM clustering approach capable of identifying 

reasonable module candidates that are reasonable tradeoffs between technical 

complexity and business strategies? 

 

• RQ7: How sensitive is Product Architecture DSM clustering to the relative weights of 

the spatial relations and the functional flows of matter, energy and signals? 

 

• RQ8: Can a strategically adapted DSM cluster analysis be used to identify reasons for 

a modular architecture that has been created based on expert judgement? 

 

• RQ9: How can we compare multiple clustering results? 

 

1.3  The research methodology 

A combined inductive and deductive research approach was used in the presented research 

project. Since the first part of the research project mainly involved “desk research”, the research 

questions were of an applied nature and open-ended. Therefore a qualitative research method 

was used to answer these questions. 

The first step was to perform a literature review within the area of modularization, product 

architecting and PLM (Product Lifecycle Management). In order to fulfil the research aim and 

to answer the research questions, specific main Scania components were then identified and 

analyzed in multiple case studies, in order to exemplify the difficulties when describing and 

modularizing a multidisciplinary product, as well as visualizing the existing product 

architecture. The analysis involved reverse engineering of the physical and functional structures 

and their relations, i.e. the architecture, of the main system components, by combining function-

means tree representation with the Modular Function Deployment (MFD) methodology, and 

Design Structure Matrix (DSM) clustering. 

In addition to the case studies, semi-structured interviews were performed to get an insight of 

the architecting process, from the perspectives of several designers at Scania. This interview 

approach was chosen in order to allow the respondents own words and experiences to shine 

through. This gave the respondents some freedom to talk more about what was important to 

them, and also made it possible to acquire information which was not thought of in advance. 

1.4  Thesis outline 

Chapter 1 gives a short introduction to the purpose of the thesis and the research questions. 

Chapter 2 reviews the basic concepts of Cyber-Physical Systems (CPS), Product architecting,  

Modularization and Product Description. In chapter 3, the research methodology is more 

thoroughly described. Chapter 4 summarize the results from the appended papers/technical 

report, and in Chapter 5 these results are discussed. The answers to the identified research 

questions are answered in Chapter 6, where the future work also is proposed. 
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2 FRAME OF REFERENCE 
 

 

 

 

 

 
 

In this chapter, the theory on which the thesis relies is presented. In addition to the theory presented 

in this chapter, Technical Report F contains a more extensive and detailed Frame of Reference 

chapter in the area of Modularization and Product description.  

2.1 Cyber-Physical Systems (CPS) 

Cyber-Physical Systems (CPS) or "smart systems” are co-engineered interacting systems of 

physical (e.g. mechanical and electrical) and computational components. For example, CPS 

technologies include Internet of Things (IoT), smart cities and autonomous transport vehicles 

etc. These technologies range from small (pace makers) to large-scale (power-grid) systems. A 

CPS may also be part of a larger system, i.e. a Cyber-Physical Systems of Systems (CPSoS). 

Hence, a transport system may be seen as a CPSoS, which consists of CPS systems.  

Today, cars, trucks, airplanes and trains consist of an increasingly amount of networked 

embedded systems that need communication to perform their tasks. The complexity of these 

distributed systems has led to the creation of different standards, such as AUTOSAR 

(AUTomotive Open System Architecture). AUTOSAR makes it possible to share functions 

among the different components in the network, meaning that one component does not need to 

only perform one function, which enables many performance related benefits and possible cost 

reduction. However, a drawback with this type of architecture is the increased complexity, 

making it crucial to investigate and coordinate how the functions should be allocated to 

subsystems or modules (CyPhERS, 2013). 

The complexity when architecting and designing Cyber-Physical Systems has been identified 

to be considerably higher (compared to systems without a large number of computational 

elements), mainly due to the complex interaction between physical and computational elements, 

i.e. the border between software and hardware becomes blurred. A large amount of complexity 

is also caused by the great variety of architectural choices, since the number of functions that 

could be implemented with a distributed computing system often is extremely high. A fairly 

recent example of the criticality to consider complexity when developing a CPS were the 

problems that arise during the design of the Boeing 787 (Dreamliner). Hence, identifying 

undesirable interactions between components are today a major concern. A structured product 

architecting approach is therefore essential during the product development phase of a CPS.   

2.2 Product Architecture 

A product's architecture is usually defined during the System-Level design stage (also referred 

as embodiment design) in the Engineering Design process, when the functions are examined, 

arranged and allocated to subsystems or modules.  

Ulrich (1993) defined product architecture as “the scheme by which the function of a product 

is allocated to physical components”. Ulrich also defined it in a more formal way as: (1) the 

arrangement of functional elements, (2) the mapping from functional elements to physical 

components (also referred as technical solutions) and (3) the specification of the interfaces 

among interacting system components. 

This chapter provides some fundamental 

theory about CPS, Product Architectures, 

Modularization and Product Description. 
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The type of mapping between functional elements and physical components, defines the 

architecture class. If there is a one-to-one mapping between functional elements and physical 

components, the design is said to be uncoupled, while it is said to be coupled if the mapping is 

complex. Hölttä-Otto (2005) categorized these two types of architectures as being modular 

(uncoupled) and integral (coupled).  

2.3 Modularization 

A modular product architecture is a strategic means to deliver external variety and internal 

commonality. A common definition is that a module is a functional building block, with well-

defined and standardized interfaces between modules, and that it should be chosen for company 

specific reasons, i.e. support a company specific business strategy (Erixon 1998). A module 

variant is a physical incarnation of a module with a specific performance level or appearance. 

A module may therefore have multiple module variants in order to satisfy different customer 

requirements.  Thus, a modular system can be defined as the collection of module variants by 

which all the required end products can be built (Börjesson, 2014). 

Hölttä-Otto (2005) presented the following three main approaches for modularizing a product; 

Heuristics, Design Structure Matrix (DSM) and Modular Function Deployment (MFD). 

Heuristics is based on an analysis of the pattern of flow of matter, energy, and information 

between function blocks, see e.g. (Erixon, 1998). The main focus of DSM-based approaches is 

to minimize technical complexity by clustering the system components in a way that minimize 

the technical interactions between clusters of components, i.e. complex interactions are grouped 

within clusters (Eppinger & Browning, 2012).  

MFD (Ericsson and Erixon, 1999) is a five-step method for translating customer requirements 

into a modular architecture, while considering the company specific strategic objectives, 

condensed into twelve predefined Module Drivers (MD:s). The MD:s are generic, but their 

importance is company specific, e.g. modules can reduce capital needs and bring economies in 

parts sourcing (Ulrich and Tung, 1991). In MFD, the MD:s are represented by a Module 

Indication Matrix (MIM). The MIM is an interdomain matrix that relates the physical function 

carriers, i.e. the components, and the twelve MD:s.  

It should be noted that these modularization approaches only should be used to assist the task 

when identifying module candidates. The proposed module candidates should therefore only be 

seen as possible solutions, which experts needs to analyze before selecting the final modules. 

2.4 Product Description 

Depending on which type of product architecture and strategy a company has chosen, the 

products should be described accordingly. In order for a modular product architecture to be 

successfully realized in practice, a suitable PLM system is therefore absolutely essential.   

When describing a product, different viewpoints will exist, see Figure 2. There are three general 

ways to look at a product; what it does, what it is and how it is made. All these aspects are 

important in order to describe a product, but are useful for different departments at a company 

(Foussier, 2006). It should be stated that many other viewpoints of a product also may exist. 
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What do we look at? 

Functional

approach

What it does

Descriptive

approach

What it is

Constructive

approach

How it is made

Heat water Kettle Stamp out the parts ...

• Control water temperature
• Transfer heat to water
• Convert electric energy to heat 

• Thermostat 
• Heat element

• 450 X 300 mm sheet 
metal in stainless steel

 

Figure 2. An example of different viewpoints when describing a product. 

Product Lifecycle Management (PLM) is a strategy and a systematic method for both managing 

and developing industrially manufactured products and related information (Saaksvuori & 

Immonen, 2008). A PLM system therefore manages all product variants, i.e. the entire product 

portfolio and all of its parts, through the products entire lifecycle, from innovation to recycling. 

Ideally, a PLM system therefore works as an information processing system that integrates the 

functions of the entire company. One of the most important parts of the PLM system is Product 

Data Management (PDM), whose primary purpose is to manage all product data that is created 

and used throughout the product lifecycle.  

The product data model is a conceptual model of the product, in which information of the 

product and the relations between various information objects are analyzed at a general level, 

i.e. generic level. This information can later be used when creating all individual product 

variants.  

A product structure is a model (related to physical decomposition), which represents the product 

information and how the information relates hierarchically to other pieces of information. In 

other words, parts, modules, service elements and documents are attached to the product and to 

each other through the product structure. The product structure can also contain configuration 

rules in the structural relations, which makes it possible for e.g. the “design function” at a 

company to inform “sales” about allowed combinations of modules. Modular products that are 

configured according to customer specifications are always created with the help of 

configuration rules, which usually are handled by the PLM system.  

The difference between a product architecture and product structure should be noticed. The 

product architecture is the main model of a product, which brings together the product structure 

and the function structure, i.e. the mapping between functions and technical solutions (Brecher, 

2012).  

The generic, or general, product structure is a structure developed for a product portfolio, 

instead of a single product variant. It contains several interchangeable and configurable 

components, in order to describe all possible product variants. This means that a generic product 

structure and the corresponding product portfolio is created during the product development 
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process, while the individual product variants are formed during the order delivery process. 

When a product variant is customized according to a customer wish, it is called product 

configuration or a configuration process. A generic product structure therefore supports a 

modular product architecture, especially when it is possible to create many product variants 

from the product portfolio.  
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3 RESEARCH METHODOLOGY 
 

 

 

 

3.1 Research method 

A combined inductive and deductive research approach was used in the presented research 

project. The inductive approach or inductive reasoning is a “bottom-up” approach where 

specific observations are used to identify patterns and develop theories, i.e. explanations for the 

observed phenomena. In this approach, it is also possible to use existing theory to identify 

research questions to be explored. When analyzing the results and developing theories, new 

research questions may also be identified. The deductive research approach is a “top-down” 

approach which aims at testing theory, i.e. it typically begins with a hypothesis. The testing part  

is largely associated with quantitative methods, however, qualitative methods are also possible.  

The main process of the presented research project is represented with the IDEF0 functional 

modeling method, see Figure 3. As earlier stated, the overall aim of the presented research 

project is to develop “IT Supported Modularization”, in order to define functional borders and 

robust physical interfaces between the truck modules. To fulfil this aim, the first milestone of 

the research project was to investigate the present state (as-is), concerning modularization and 

product description at Scania. Hence, this stage involved an inductive research approach.  

The first step was to perform a literature review within the area of modularization, product 

architecting and PLM (Product Lifecycle Management). The result from this investigation is  

the Frame of Reference chapter in Technical Report F, as well as an input to the research 

question identification stage.  

Identify 
research 
questions

RQ1

Research aim

Literature review

Define 
state of the art Define

as-is at Scania

Architecture analysis
Semi-structured interviews

 Business strategies     

RQ2

RQ3

Clustering analysis

Subsystem 
analysis 1

 Paper B

 Paper C

 Paper D

 Paper E

Architecting principles   

 Nomenclature   

Module Drivers
 Technical Report F      

Subsystem 
analysis 2

 Technical complexity

Subsystem 
analysis 3

Subsystem 
analysis 4

Paper A

Clustering analysis

Clustering analysis

Clustering analysis

RQ4 – RQ7

RQ8

RQ9

Analysis

 

Figure 3. Main process of the presented research project.     

After performing the literature review and identifying the state of the art within the research 

area, the following main research questions (RQ1 – RQ3) were identified: 

 

A brief presentation of the 

methodology and process applied in 

the presented research. 
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• RQ1: What is the present state at Scania, regarding product architecture and 

management of product data? 

 

• RQ2: What are the unique properties in the modular product architecture at Scania and 

how are they used, developed and maintained?  

 

• RQ3: How can we represent the product architecture in general and a modular 

architecture in particular in a way that facilitates cross-functional communication and 

collaboration on architecture-related tasks?  

The research questions and aim of a research project determine the suitable type of research 

design, i.e. the overall plan for conducting the study. It is therefore highly important to first 

identify and specify the research questions and aim before choosing any research design. 

Since the first part of the research project mainly involved “desk research”, the research 

questions were of an applied nature with open-ended questions. Therefore a qualitative research 

method was used (Backman, 2016) in the inductive research approach. The qualitative research 

process may look different depending on research project, since it is relatively flexible. 

However, in this project a general qualitative research process was used as a guideline, see 

Figure 4.  

It should be stated that many of the steps in this process are highly integrated in the practical 

workflow, and that the illustration therefore only gives a general view of the actual research 

process.  

Interviews at Scania
and MAN
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Analysis
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Report
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Figure 4. The general qualitative research process (Backman, 2016). 

To fulfil the research aim and to answer the research questions, specific main Scania 

components (subsystems) were then identified, selected and analyzed, in order to exemplify the 

difficulties when modularizing and describing a multidisciplinary product, as well as 

visualizing the product architecture. The aim of the case study was to create general knowledge 

from individual observations, i.e. the research approach was basically inductive.   

During the background study, it was identified to be especially important and interesting to 

investigate a subsystem that covers different technical disciplines, in order to exemplify the 

11 
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difficulties when modularizing and describing a multidisciplinary product with complex 

relations between the components. When selecting the main components to investigate, one 

criterion was therefore that it should contain mechanical hardware, electrical system and 

embedded software.    

After identifying the main components, an extensive analysis concerning modularization and 

product description was performed by the author. In order to identify which type of product 

architecture the main components had, including the degree of modularity, the analysis 

involved  physical as well as functional decomposition of the main components.   

By analyzing the product architecture, it was possible to answer the first research question 

(RQ1) regarding the present state at Scania. However, in order to answer the second and third 

research question (RQ2 & RQ3), the results from the case study were not complete. Therefore 

a  phenomenological research analysis was performed with semi-structured interviews, to get 

an insight of the modularization process, from the perspective of several designers at Scania. 

This interview approach was chosen to allow the respondents own words and experience to 

shine through. This gave the  respondents some freedom to talk more about what was of 

importance to them, and also made it possible to acquire information which was not thought of 

in advance. By analyzing the result of the semi-structured interviews, including the case study,  

it was finally possible to answer the second and third research question. The result of this 

investigation is the Technical Report F, as well as knowledge of some general architecting 

principles and suggestion for nomenclature improvement at Scania. 

After performing the first case study and interviews, new knowledge was established which led 

to the conclusion that several other case studies were needed to verify, generalize and further 

improve the new proposed Integrated Modularization Methodology (IMM) into a robust and 

efficient methodology. Hence, this stage involved a deductive research approach. It should be 

stated that the IMM method was originally created in Paper A, which was published by the 

author prior to the presented research project. Therefore, the findings in Paper A mainly served 

as an input to research presented in Paper B and Paper D. The findings in Paper B thereafter 

served as an input to Paper C, which in turn served as an input to Paper E.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

20 
 

 

 

 

 

  



 

21 
 

4 SUMMARY OF RESULTS AND APPEDED PAPERS 
 

 

 

 

 

 

 

4.1 Summary of appended papers and technical report 

Product architecting and modularization is a multidisciplinary research area which requires 

knowledge and acceptance from various scientific communities, each being specialized in a 

certain research area. Hence, this thesis is a synthesis of multiple scientific papers, which all 

have been reviewed and accepted by leading experts in each specific knowledge area. The 

papers were therefore presented at multiple academic conferences within the Design Society 

and ASME (The American Society of Mechanical Engineers), covering both Engineering 

Design and Systems Engineering, see Figure 5. To further verify and generalize the findings, 

some of the Research Questions (RQs) are input to several case studies and thus elaborated on 

in more than one paper. As earlier stated, RQ1 - RQ3 are addressed in Technical Report F. 

CIRP Design Conference

Paper A: 

An approach to integrated 

modularization

Product Architecting

The Design Society

ASME

International Design Conference

ASME, IDETC/CIE

International DSM Conference

Norddesign

Paper B: 

Product architecture transition 

in an evolving multi-brand 

organization

Paper C: 

The hunt for proper relation 

weights in product architecture 

clustering

Paper D: 

Product architecture transition in a 

modular cyber-physical truck

Paper E: 

A hunt for the hidden reasons 

behind a product architecture

RQ4 RQ5

RQ4 RQ5 RQ6 RQ7

RQ4 RQ5 RQ6 RQ7 RQ9RQ8

RQ4 RQ5 RQ6 RQ7 RQ9RQ8

RQ4 RQ5 RQ6 RQ7 RQ8

 

Figure 5. This thesis is a synthesis of multiple papers presented at the indicated academic conferences.  

This chapter summarizes the results from the 

appended papers and the technical report.  
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Paper A: An approach to integrated modularization 

A new methodology for product modularization that integrates technical complexity and 

company strategies is proposed and logically verified with an industrial case study. The new 

method is named Integrated Modularization Methodology (IMM) due to the integrated 

approach for identifying module candidates during the clustering stage. Existing 

methodologies, such as Modular Function Deployment (MFD) with the Modular Indication 

Matrix (MIM) representation of identified company-specific module drivers, can be used to 

assist the module identification task. Other approaches, such as clustering of the Design 

Structure Matrix (DSM) product representation, may be used to identify modules from a 

technical complexity point of view. The core of the new IMM is to adapt the Product 

Architecture DSM with MIM-strategies, before clustering this hybrid representation with the 

IGTA++ clustering algorithm in MATLAB.  

The result of the case study leads to the conclusion that clustering a standard Product 

Architecture DSM results in a modular architecture with significantly reduced complexity, but 

with clusters that contain conflicting module drivers. The study also identifies that the IMM 

proposes module candidates with significantly reduced complexity, but without any conflicting 

module drivers.  

Paper B: Product architecture transition in an evolving multi-brand organization 

The introduced Integrated Modularization Methodology (IMM), proposed in Paper A, is 

logically verified with a new industrial case, where a truck manufacturer with a unique business 

strategy had to modify parts of its modular gearbox architecture to also become a First-Tier 

OEM-supplier to another large truck manufacturer, with slightly different strategies.  

Reverse engineering of the presented case indicates that the IMM is capable of identifying and 

proposing reasonable module candidates that address product complexity as well as company 

specific strategies. The case study leads to the conclusion that clustering of a Product 

Architecture DSM, with interactions that represent spatial relations and functional flows of 

energy, matter and signals, may propose module candidates that address technical complexity, 

but not strategic business concerns. Finally, it is found that the DSM clustering result depends 

on the relative weights (importance) of the different types of component interactions that are 

represented by the DSM. 

Paper C: The hunt for proper relation weights in product architecture clustering 

In this paper, the performance of the Integrated Modularization Methodology (IMM) from 

Paper A, is conceptually verified with an industrial case (based on Paper B). The case is also 

used to analyze if clustering could be used to re-engineer the reasons why the original gearbox 

architecture was rearchitected in the way it was, from technical complexity point of view, by 

elaborating on the relative weights of the spatial relations and the three different types of 

functional flows, and from an integrated technical complexity and changed business strategy 

viewpoint. 

Reverse engineering of the investigated architecture indicates that the current modules are most 

likely not only based on technical complexity concerns. They are rather derived from different 

types of business strategic aspects, e.g. outsourcing. The study also indicates that the IMM is 

capable of identifying clusters without strategic conflicts, and with the most similar result to 

the analyzed architecture, which is assumed to be based on expert judgements. The result of the 

case study leads to the conclusion that the IMM methodology can be used for analyzing and 

finding the explicit and/or implicit, technical as well as strategic, reasons behind the architecture 
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of an existing product. To enable comparison of clustering results of the same system, a Cluster 

Match Matrix (CMM) is moreover developed and proposed. 

Paper D: Product architecture transition in a modular cyber-physical truck 

The Integrated Modularization Methodology (IMM) introduced in Paper A, is logically verified 

with a new industrial case, where the architecture of a heavy truck driveline is analyzed in terms 

of how it has evolved over a couple of decades, due to changed business strategies and the 

evolution of new technology. The case is also used to identify potential architectural 

improvements and to identify how the architecture may be transformed in the future due to a 

larger presence of embedded software and information interfaces.  

The results of the case study show that the new IMM is capable of identifying and proposing 

reasonable module candidates that address product complexity as well as company specific 

strategies. Furthermore, the case study clearly shows that the business strategic reasons for a 

specific architecture can be found by analyzing how sensitive the clusters are to changes in the 

module drivers. 

Paper E: A hunt for the hidden reasons behind a product architecture 

In this paper, the performance of the Integrated Modularization Methodology (IMM) from 

Paper A, is conceptually verified with an industrial case (based on Paper B), where a heavy 

duty modular gearbox architecture is represented and analyzed. In focus is re-engineering of 

hidden technical complexity and business strategy concerns behind the existing product 

architecture. The architecture of the investigated gearbox is represented and analyzed with a 

Product Architecture DSM and the Integrated Modularization Method (IMM). Furthermore, 

the Cluster Match Matrix (CMM) from Paper C is refined and used as a means to compare 

multiple clustering results.  

The case study concludes that clustering of a Product Architecture DSM may propose module 

candidates that address technical complexity, but not strategic business concerns. It is also 

found that the investigated gearbox architecture most likely is developed to provide company 

strategic benefits, besides from the aim to reduce technical complexity. Hence, the case study 

indicates that the IMM methodology and CMM can be used for analyzing and finding the 

explicit and/or implicit reason for an existing product architecture.  

Technical report F: Modularization and product description:  

In this technical report, the present state at Scania concerning product architecting, 

modularization, product description and configuration is investigated. The report also serves as 

a foundation for the case studies in Paper B, C, D and E. The report contains a literature review, 

a case study based on semi-structured interviews, as well as an architecture analysis of some 

main Scania components. The analyzed components were chosen to both include mechanical, 

electrical and software technologies, in order to highlight some of the challenges when 

modularizing and describing a high-performing product configured from heterogeneous 

technologies that are developed and managed by a multidisciplinary organization.  

An analysis of the results indicates that the nomenclature needs to be further defined at Scania 

in order to reduce the risk of confusion and design mistakes during future collaborations with 

other potential companies. Furthermore, a structured methodology which supports the 

development of the product architecture is clearly needed at Scania, to make future 

collaborations as efficient and successful as possible, and to control the increasing technical 

complexity in the Cyber-Physical Systems to be developed in the future. Finally, configuration 

rules are identified to be highly important in order to successfully realize a modular product 
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architecture, since the architecture normally will not be fully uncoupled. A drawback with this 

approach is that the solution space (i.e. all valid configurations) becomes extremely hard to 

identify, therefore a complete and flexible product description methodology is essential.   
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5 DISCUSSION 

 

 

Road transports face increasing societal challenges with respect to emissions, safety, and traffic 

congestion, as well as business challenges related to new technologies, tightened delivery times 

and cost constraints. A combination of condition monitoring and truck automation may be 

utilized to address some of these issues. Autonomous transport vehicles may be characterized 

as Cyber-Physical Systems (CPS) that are components of a Cyber-Physical Systems of Systems 

(CPSoS). A  drawback of CPS is that it significantly increases technical complexity and thus 

introduce new challenges to Systems Engineering. The added complexity is preferably targeted 

in the system architecting development stage of Systems Engineering. 

In addition to technology related changes, (e.g. electrification of a system due to paradigm shifts 

in technology), changed business strategies may affect a product architecture in various ways, 

see Figure 6. For example, becoming a First-Tier supplier, or starting to sell transport services 

instead of vehicles, are large business related changes that may affect the relative importance 

of some of the module drivers, which in turn may require the product architecture to be changed 

in order to enable efficient and effective operations.  

 

Product architecture 
(Modular view)

New Product architecture 
(Modular view)

Re-architecting

Technology

Drivers of Change

Business strategies

 
 

Figure 6. Drivers of change to a product architecture. 

In the heavy vehicle industry, the future is in many ways uncertain when it comes to both 

technology and business strategies, making it highly important for an OEM to be flexible and 

react rapidly to changes. The most likely outcome will probably be that combinations of 

different technical solutions are needed in the near future, which makes it necessary to 

modularize the product even more and at a higher level in order to be profitable. For example, 

different types of combustion engines with diesel, renewables and gas will most likely still play 

an important role in long-distance operations in the near future, while battery electric vehicles 

may be suitable for shorter deliveries in densely populated areas. However, within the vehicle 

modules the need for high performance (mainly in terms of volume and weight) as well as the 

integration of more sensors, electronics and embedded software for monitoring and control will 

The results are discussed in this chapter. 
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most likely result in an even more integral design, i.e. the modules will have an integral 

architecture.  

These changes make it highly important to have a clear view of and strategy for the product 

architecture, allowing the modules to be developed and maintained as independent as possible. 

The investigated product architecture at Scania is clearly a hybrid between a modular and an 

integral architecture, meaning that it is modular at a higher system level and integral at a lower 

level. This hybrid architecture therefore needs to be defined with configuration rules, since the 

modules cannot be combined arbitrarily. At Scania, most of the truck modules are manufactured 

in-house. This means that outsourcing has generally been a weak module driver, compared to 

many other performance related module drivers. Hence, the architecture has not been strictly 

developed according to some predefined architecture rules, but rather to the solution which 

works best at the moment for the customer and the company. This means that product 

architecting and complexity management is generally a weak area, which may be a future 

challenge due to increasing complexity, caused by the increasing amount of software and 

electronics. Scania will therefore need to work a lot more with product architecting and Systems 

Engineering when outsourcing becomes more and more common, i.e. moving from “closed 

source” to “open source” to integrate modules from different suppliers, as well as selling 

modules as an OEM supplier. In the future, it will be too demanding for a single company to 

develop everything in-house, making these changes a high priority.  

A similar example from another industry is how smartphones are developed. Most smartphones 

are not developed by one single company, instead modules (e.g. camera, display, battery etc.) 

are outsourced to different suppliers, while the systems integrator develops key modules in-

house e.g. the processor and software. This approach makes it possible to develop a smartphone 

in a highly effective and efficient way. It is highly important for the systems supplier to identify 

what to focus on (i.e. what makes the supplier unique from others).   

Sometimes larger architecture changes must be done due to paradigm shifts in technology or a 

changed business strategy. If only small changes are made over a long period of time, there is 

a high risk that the transformed product architecture becomes sub-optimized for the new task. 

When performing larger changes to the architecture of a product, it is highly important to use a 

methodology which brings rigor and robustness to the highly complex and largely ambiguous 

task, otherwise important aspects may not be treated properly.  

Since there is currently no accepted methodology on how sudden changes in both technology 

and business strategy could or should be reflected as changes in an existing modular product 

architecture, a new methodology is clearly needed. A Product Architecture DSM represents 

aspects of technical complexity. Consequently, it does not contain any strategic information 

and is therefore not capable of handling strategic aspects in the architecture clustering stage. 

This limitation of DSM clustering has been illustrated and confirmed in all of the papers 

presented in this thesis.  

The core of the proposed IMM method is a strategic DSM, which is a DSM that integrates a 

Product Architecture DSM with the Module Indication Matrix (MIM).  The MIM is a central 

tool in the MFD method and describes how the components relate to the company-specific 

strategic objectives, i.e. the twelve predefined MD:s. All of the papers presented in this thesis 

show that integrated clustering with IMM is capable of proposing modular product architectures 

without conflicting MDs, and with reasonable module candidates from a technical complexity 

point of view. 

Furthermore, Paper B, C, D and E confirm that the result of the DSM and IMM clustering 

depend on the relative weights (importance) of the different types of functional and spatial 
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interactions that are represented in the Product Architecture DSM. However, the results from 

the IMM analyses clearly indicate that the relational weights become less important (compared 

to DSM clustering) when multiple strategic aspects are introduced, i.e. the constraints reduce 

the solution space. Hence, it is highly important to systematically investigate how the weights 

of the relations/dependencies in the DSM and IMM affect the clustering results, and the reasons 

for chosen proper weights that depend on reliability, safety, cost and other concerns.  

The long term aim of the presented research is to develop a robust, agile and efficient 

modularization methodology, which could support the designers to identify module candidates 

or when making larger changes to a product architecture. To be able to verify, generalize, and 

improve the proposed IMM approach, a larger range of products and development cases have 

to be analyzed. 

It is important to highlight that the proposed IMM method should assist and not replace the 

designers knowledge and experience when architecting a product. Presently, the designers at 

Scania are not used to get this type of assistance and may therefore not fully identify the need 

or the benefits of such a method. On the other hand, the designers are used to get other types of 

assistance in their work, e.g. when designing with a CAD tool or when writing a technical report 

in e.g. Microsoft Word. These tools make the work easier and faster in many aspects, but they 

still rely on humans performing most of the actual work and thinking. In a similar way, a future 

modular architecting method should assist and simplify the work and should therefore not be a 

method which the designers strictly rely on and that replace their own experience, i.e. it should 

be a knowledge level that enhances human capabilities.  

When designing a new product, the designers usually do not start from a blank sheet of paper, 

but rather from an existing product which then is redesigned. Hence, an important aspect to 

consider when developing the IMM is the re-architecting phase, including what drives change 

and what effects it has to an existing product architecture. At the same time, it should be possible 

to use the IMM approach if the reasons behind the architecture of an existing product need to 

be identified, or if a fully new product should be developed, see Figure 7.       

Integrated Modularization Methodology (IMM)

New developmentPresent state Re-architecting

Investigate the present state of an existing 
product architecture.

May also serve as a reference 
representation.

Develop a new modular product 
architecture from scratch.

• Identify the relative weights of the 
different types of component 
interactions for a specific existing product 
architecture. A CMM is suitable for this 
type of analysis.

• Identify the business strategic reasons 
for a specific existing product 
architecture.

• Identify potential architectural 
improvements, e.g. lower complexity.

• Identify how the architecture may be 
transformed in the future due to e.g. a 
larger presence of embedded software 
and information interfaces.

Used to:

• Identify reasonable module candidates 
that address product complexity as well 
as company-specific strategies.

Re-architect an existing architecture 
due to e.g. changed business 

strategies and the evolution of new 
technology.

 
 

Figure 7. Areas where the IMM approach may be used.  
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Potential business benefits by using a robust product architecting method include reduced 

development time and cost (lower complexity), reduced lead time, increased robustness and 

increased flexibility. A well performed product architecting phase may therefore be a very 

good, if not absolutely essential, investment for a company. It should be stated that other 

modularization approaches are available in addition to the methods presented in this thesis, 

which may also offer several benefits.  

One other important aspect to consider in the redesign phase of an existing product is change 

propagation paths, i.e. how a change propagates from one component to another. A product's 

architecture is closely related to the ease with which a change to a product can be implemented. 

The product architecture representation may therefore serve an important role in this analysis.   

After identifying the module candidates by using the IMM approach, the next logical step will 

be to investigate the layout of the module candidates, i.e. how they should be positioned in the 

physical product configuration, depending on spatial constraints and various other physical 

phenomena and performance requirements.  

It is highly important to investigate whether there is likely to be spatial, thermal, or electrical 

interference between the components and module candidates, in order to prevent any harmful 

or undesirable effects in the system. It may sometimes not be possible to find a solution to this 

layout problem, meaning that it may be necessary to go back to the clustering stage when the 

module candidates are identified. Hence, the choice of final modules may be dependent on the 

product layout. A future investigation of if and how a layout analysis should be part of the IMM 

is therefore needed.  

One potential way to avoid undesired or fatal interference between components is to use the 

Affordance Based Design approach and the Affordance Structure Matrix (ASM) (Maier et al., 

2008). One advantage with this approach is that affordances are form-dependent, unlike 

functions which are form-independent. The working hypothesis is that components with 

interference (negative effects between different affordances)  should not be clustered together 

or positioned close to each other, i.e. a similar approach as conflicting module drivers in the 

IMM. Hence, this new approach may take physical phenomena and implementation dependent 

behavior into consideration during the clustering and layout stage. 
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6 CONCLUSIONS AND FUTURE WORK 

 

 

 

 

6.1 Answers to the research questions 

The research questions (RQ1 – RQ9) and their condensed answers are summarized in this 

section. Furthermore, a dependency matrix is used to represent how each research question is 

explicitly and/or implicitly addressed in the different papers/technical report, see Figure 8.   

 

Figure 8. Research questions which are explicitly and/or implicitly addressed in the papers/technical report. 

RQ1: What is the present state at Scania, regarding product architecture and management of 

product data?  

 

• The interviews presented in Technical report F clearly indicate that there is no general 

consensus among the design engineers on the nomenclature and terminology, e.g. 

function, product architecture, product structure, modular architecture, standardization, 

etc. In the field of mechanical engineering, the word product property is sometimes 

thought to be the same thing as a function, which is an unfortunate misconception. The 

terminology clearly needs to be defined more rigorously at Scania, preferably with a 

definition which is consistent and aligned with accepted terminology from design theory 

and Systems Engineering in order to reduce the risk of confusion and design mistakes 

internally at Scania, and especially when collaborating with external partners. A 

consistent nomenclature also makes it easier for everyone to aim for the same target.  

 

• The investigated gearbox is described as a part of a Scania system, meaning that other 

parameters outside of the gearbox e.g. axel distance, tyre size etc. may affect the gearbox 

configuration. This approach makes the product description at Scania partly integral.  

 

This chapter presents answers to the 

research questions and future work is 

suggested. 
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• Configuration rules (conditions) are highly important in order to successfully realize a 

modular product architecture. The conditions at Scania are located at all levels in the 

product structure, which allows the product to be configured in a highly complex way. 

A drawback with this approach is that the solution space (i.e. all valid configurations) 

becomes extremely challenging to identify.  
 

RQ2: What are the unique properties in the modular product architecture at Scania and how 

are they used, developed and maintained?  

 

• Based on the results from the interviews, it is clear that Scania has a well-defined 

business strategy for the product architecting stage, and a fairly modular product 

architecture at a high product level. The modularization strategy at Scania is based on a 

sort of informal consensus that parts add cost, and variants add opportunities. As a 

consequence, Scania aims at creating as many product variants as possible to provide 

variety to the customers, with a limited number of parts to satisfy the requirement of 

internal commonality.  

 

• Scania strives to maximize the number of product variants (external variety), while 

keeping the number of technical solutions low (internal commonality). Furthermore, the 

product variants are not designed to satisfy some predefined and specific customer 

requirements and during configuration they are chosen as late as possible (late variant 

definition) when the actual customer demand is known.  

 

• The modules at Scania are highly linked to how the product is manufactured and 

assembled, i.e. to manufacturing complexity, but not necessarily according to product 

complexity.  

 

• At Scania, most of the truck modules are manufactured in-house. This means that 

outsourcing is generally a weak module driver at Scania, compared to many other 

performance related module drivers. Hence, the architecture does not have to be strictly 

developed according to some predefined architecture rules, but rather to the solution 

which works best at the moment for the customer and the company. Scania has chosen 

a mainly decentralized control strategy architecture, i.e. much of the intelligence is 

embedded in modules, and much of the higher order control functions are also 

distributed, thus taking advantage of computing power wherever it is available.  
 

RQ3: How can we represent the product architecture in general and a modular architecture 

in particular in a way that facilitates cross-functional communication and collaboration on 

architecture-related tasks?  

 

Discussion with engineers and domain experts (see Technical report F) has shown that 

communication and design analyses can be enabled by three different and complementary 

architectural representations:  

 

• The component structure and the functional relations can be represented in a very 

condensed form as a Product Architecture DSM, which is a component-DSM, but with 

the dependencies represented as functional flows (energy, matter and/or information 

flow) and/or spatial relations. This representation can be used for product clustering 

analyses.  
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• A graphical representation, referred to as Component Architecture Diagram (CAD), has 

been created and used in the project. The new representation was highly appreciated by 

the domain experts, and the CAD showed to make architectural discussions in general 

and modularity discussion in particular with and between domain experts efficient.  

 

• The Component Cluster Diagram (CCD), which is a simplification of the CAD since it 

represents the modular clusters but with no interactions represented, showed to be an 

efficient tool for presenting the modular view of the architecture. 

 

RQ4: May clustering of a Product Architecture DSM with interactions representing spatial 

relations and function flows of energy, matter and signals propose reasonable module 

candidates? 

 

• Clustering a Product Architecture DSM with interactions that represent spatial relations 

and flows of energy, matter and signals may propose module candidates that reduce 

technical complexity, but not on strategic business concerns. The DSM clustering result 

depends on the relative weights of the different types of component interactions that are 

represented by the DSM.  

 

RQ5: How does the output from a strategically adapted DSM clustering approach differ 

compared to Product Architecture DSM clustering? 

 

• It is confirmed in all presented papers that IMM clustering proposes modules that reduce 

technical complexity and also takes the effects from corporate specific business 

strategies and plans into consideration.  

 

• The results of all IMM clustering analyses in Paper C gained the highest cluster match 

scores compared with the existing architecture, thus the IMM proposed module 

candidates that are most similar with the architecture designed by domain experts.  

 

RQ6: Is a strategically adapted DSM clustering approach capable of identifying reasonable 

module candidates that are reasonable tradeoffs between technical complexity and business 

strategies? 

 

• Reverse engineering of the presented cases in Paper B, C, D and E indicates that the 

IMM methodology is capable of identifying and proposing reasonable module 

candidates that address product complexity as well as company specific strategies. 

 

• The result of the IMM clustering analysis gained the highest cluster match score  

according to the proposed Cluster Match Matrix method in Paper C, thus it proposed 

the most similar module candidates in comparison to the investigated existing product 

architecture.  

 

RQ7: How sensitive is Product Architecture DSM clustering to the relative weights of the 

spatial relations and the functional flows of matter, energy and signals? 

 

• The result of the DSM and IMM clustering depends on the relative weights (importance) 

of the different types of functional and spatial interactions that are represented by the 

Product Architecture DSM. This is confirmed in Paper B, C, D and E.  
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RQ8: Can a strategically adapted DSM cluster analysis be used to identify reasons for a 

modular architecture that has been created based on expert judgement? 

 

• In both Paper C, D and E it is confirmed that the proposed IMM methodology can be 

used to re-engineer i.e. analyze and find, the explicit and/or implicit reasons behind the 

architecture of an existing product. 

 

• Clustering of the studied system in Paper D clearly shows that the strategic reasons for 

a specific architecture can be found by doing analysis of how sensitive the clusters are 

to changes in the module drivers.  

 

RQ9: How can we compare two clustering results? 

 

• To enable comparison of clustering results of the same system, a Cluster Match Matrix 

(CMM) is developed and proposed in Paper C. A refined version of the CMM is 

moreover proposed in Paper E. A CMM is a matrix containing a representation of an 

existing modular architecture, and the clustering results based on different relational 

weight combinations. With the CMM, it is possible to compare how close a clustering 

result is to an existing or base modular architecture in a quantitative and repeatable way. 
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6.2 Future work 

After conducting the presented research project, the author has identified the following work 

and research questions to be interesting and important to study further. 

The long term aim of the presented research is to develop a robust, agile and efficient 

modularization methodology. Hence, it is highly important to systematically investigate how 

the weights (importance)  of the relations/dependencies in the DSM affect the clustering results, 

and the reasons for chosen proper weights, i.e. reliability, safety, cost and other concerns. To 

be able to verify, generalize, and improve the proposed IMM approach into a robust and 

efficient methodology, a larger range of products and development cases have to be analyzed. 

Moreover, an investigation of if and how a layout analysis of the module candidates could be 

part of the IMM methodology is clearly needed, i.e. how the module candidates should be 

positioned in the physical product configuration, depending on spatial constraints and various 

physical phenomena and performance requirements. It is highly important to investigate 

whether there is likely to be spatial, thermal, or electrical interference between the components 

and module candidates, in order to prevent any harmful or undesirable effects in the system. 

One potential way to avoid interference between components could be to use the Affordance 

Based Design approach and the Affordance Structure Matrix (ASM). One potential advantage 

with this approach is that affordances are form-dependent, unlike functions which are form-

independent. 

In addition to the architecture related approaches to reduce the increased amount of complexity 

when developing a CPS (which is addressed in this project), a Model-Based Systems 

Engineering (MBSE) approach is another potential process related way to master complexity 

(Törngren & Sellgren, 2018). Hence, a separate new PhD project within the area of MBSE is 

proposed by the author in order to identify and resolve process related challenges in developing 

existing and future CPS products at Scania.  

Further research questions:  

• How should the layout of the module candidates be optimized?  

• Should interference between components be addressed with the Affordance Based 

Design approach in the IMM? 

• How does the relation weights change depending on layout of the module candidates? 

• Should business strategic aspects (based on the module drivers) be inserted as a new 

set of relations between technical solutions in the Product Architecture DSM? 

• How is the robustness to change and variation of an architecture preferably analyzed? 

• How can we compare different architectures? i.e. multiple DSM matrices of different 

systems?  

• How should trade-offs that balance modularity with integral solutions be performed? 

• What are the proper weights for different components and interactions based on their 

consequence on system availability, reliability and safety?   

• Should performance targets on reliability, safety etc. be addressed with a new or 

modified set of module drivers? 
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