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Summary  

This technical report was conducted at the department YMS - PDM & CAD (Product Data 

Management & Computer Aided Design) at Scania and at KTH Royal Institute of Technology 

in Stockholm, Sweden. The report serves as a part delivery of a PhD project, within the area 

of modularization and product description, performed by the author. 

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

part of TRATON SE (owned by Volkswagen 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. However, the 

Scania product has over the last years been developed into a Cyber-Physical System (CPS), 

with embedded software in focus, demanding the modularization methodology to support this 

new dimension. There is also a growing market regarding offline and online services, which 

also generates new demands.  

Earlier published research within the presented PhD project identified that a structured 

methodology which supports the development of the product architecture was needed at 

Scania, mainly to manage the increasing technical complexity in the Cyber-Physical Systems. 

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

complexity and company business strategies was proposed by the author. The new method 

was named Integrated Modularization Methodology (IMM) due to the integrated approach for 

identifying module candidates during the clustering stage.  

One of the main challenges when using any clustering based modularization approach is to 

determine proper relation weights (importance), including the reasons behind the weights, and 

how the weights affects the clustering results. Hence, the main purpose of this technical report 

was to systematically investigate possible aspects which may affect the product architecture 

and thereby the relation weights, i.e. the reasons to consider when choosing proper relation 

weights in the architecture clustering analysis. 

The results from the report indicate that the importance of the design requirements needs to 

be reflected in the chosen relation weights, given that the DSM-clustering result is sensitive to 

the relative relation weights.  

 

Keywords: Modularization, Product architecture, DSM-clustering, relation weights.   
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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. 

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. 
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ABBREVATIONS  
Abbreviations are commonly used in the everyday communication. In the list below, the most 

common one are mentioned. 

 

 

ASM  Affordance Structure Matrix 

CAD (tool) Computer Aided Design 

CMM  Cluster Match Matrix 

CPS  Cyber-Physical Systems 

CPSoS  Cyber-Physical Systems of Systems 

DSM  Design Structure Matrix 

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

IMM  Integrated Modularization Methodology 

MATLAB MATrix LABoratory, (computing software and language) 

MBSE  Model-Based Systems Engineering 

MD  Module Drivers 

MFD  Modular Function Deployment 

MIM  Module Indication Matrix 

PDM  Product Data Management 

R&D  Research and Development 
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1 INTRODUCTION 
This technical report was conducted at the department YMS - PDM & CAD (Product Data 

Management & Computer Aided Design) at Scania CV AB and at KTH Royal Institute of 

Technology in Stockholm, Sweden. The report serves as a part delivery of a PhD project, 

within the area of modularization and product description, performed by the author. 

1.1 Background and problem description 
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. The added complexity is 

preferably targeted in the system architecting development stage, which is part of the Systems 

Engineering and Engineering Design process. 

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

part of TRATON SE (owned by Volkswagen 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.  

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

embedded software in focus, demanding 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 the product. 

Earlier published research within the presented PhD project identified that a structured 

methodology which supports the development of the product architecture was needed at 

Scania, mainly to enable control of the increasing technical complexity in the Cyber-Physical 

Systems. Hence, a new clustering based method for product modularization that integrates 

product complexity and company business strategies was proposed by the author. The new 

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

approach for identifying module candidates during the clustering stage. The IMM was 

logically verified with multiple industrial cases of Cyber-Physical Systems, where it was 

identified to be capable of identifying and proposing reasonable module candidates, that 

address product complexity as well as company-specific strategies.   

One challenge when using any clustering based modularization approach is to determine 

proper relation weights (importance), including the reasons behind the weights, and how the 

weights affects the clustering results. Williamsson (2018) found that the DSM-based 

clustering result depends on the relative weights of the different types of component 

interactions/relations that are represented by the Design Structure Matrix (DSM). However, 

the IMM-based clustering result (from the same study) clearly indicated that the relational 

weights become less important (compared to DSM-based 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 in the DSM and IMM 

affect the clustering results, and the reasons for chosen proper weights that may depend on 

reliability, safety, cost and other concerns. 
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1.2 Purpose and deliverables 
The main purpose of this technical report was to systematically investigate possible aspects 

which may affect the product architecture and thereby the relation weights (also known as 

interaction strengths), i.e. the reasons to consider when choosing proper relation weights in the 

architecture clustering analysis. When developing any system architecture, it is obviously 

important to first investigate the importance of the relation weights, before spending time and 

resources to identify proper relation weights for the product being developed. Thereafter, the 

importance of the relation weights needs to be further analyzed by determining how sensitive 

the clustering results is to the relative weights of the spatial relations and the functional flows 

of matter, energy and information.  

In order to identify possible reasons to consider when choosing proper relation weights, this 

technical report contains a frame of reference chapter, which explores architecture dependent 

aspects within the area of systems engineering and engineering design. The frame of reference 

chapter is mainly based on a literature review, but also on earlier publications by the author. 

Moreover, the report contains a  discussion and conclusions chapter, where the findings from 

the frame reference chapter is investigated and discussed, and possible conclusions are made. 

The following research questions where addressed: 

• How can we estimate if the clustering result depends on the relative relation weights? 

• How can we quantify the sensitivity of the clustering results when assigning different 

relation weight combinations? 

• What are the possible reasons to consider when choosing proper relation weights? 

• What process can be used when choosing proper relation weights? 

 

The long term goal with this PhD 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. 

1.3 Delimitations 
To fulfill the purpose of the project and to deliver the desired information, without 

overshooting any deadline, clear delimitations are crucial. Therefore, the following 

delimitations were identified during the beginning of the project, which were consistent with 

the stakeholder demands. 

• Only aspects within the area of systems engineering and engineering design will be 

investigated in terms of how it affects the product architecture.  

• No additional system will be investigated in this technical report. All findings from 

case studies are based on earlier published research.  

1.4 Method description 
In order to fulfill the purpose of the project, several scientific and industrial methods will be 

used. To acquire the latest knowledge within the area of product architecting, systems 

engineering, requirements, product performance, robust design etc., an information retrieval 

will first be performed by using the internet, library and meetings with Scania engineers.  
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2 FRAME OF REFERENCE 
This chapter presents the theoretical reference frame, which forms the basis of the performed 

research. 

2.1 Systems Engineering & MBSE 
One way to describe systems engineering is according to its main function, which is to 

manage or guide the engineering of complex systems, in order to add customer value. 

Systems engineering therefore selects the path for others to follow, even though there are 

many other paths available, see Figure 1.  

Systems engineering is not only related to a process, it is also a profession (Systems Engineer) 

and a perspective (Systems thinking). Important questions which are addressed in the systems 

engineering approach are what functions should be developed? and why should they be 

developed?. Systems engineering also links the different engineering disciplines together, in 

order to create a complete well-functioning system which fulfills the customer needs. 

 

Customer needs
• Basic
• Spoken
• Delights

System 
requirements

Functions
Principal 
solutions

Solutions Processes
Customer 

value

Capturing Translation
Conceptual 

design
Detail 
design

Process 
design

 

Figure 1. The Systems Engineering Process. 

In this report, a system is defined as “a set of interrelated elements working together toward 

some common objective” (Kossiakoff, et al., 2011). As previously mentioned, systems 

engineering only deals with complex systems. In fact, the systems engineering discipline 

emerged as an effective way to manage both complexity and change. The term complex 

means that the elements in the system are large in numbers and diverse in terms of type, and 

have many relations with each other. A good example of a complex system is a Scania truck, 

while a washing machine is a good example of a non-complex system. Complexity can be 

viewed in terms of objective complexity (structural-based), which can be measured and 

quantified, or in terms of subjective complexity (information-based), which is related to how 

humans perceive a system. In this technical report, the concept of Total Cost is used to 

quantify objective complexity, which further on is referred to as technical complexity. 

In recent years, technical complexity has increased dramatically in many products and 

services, especially in products containing a large amount of electronics and embedded 

software. The added complexity is preferably targeted in the product architecting 

development stage, which is part of the systems engineering and engineering design process. 

Potential business benefits by lowering technical complexity in a system include reduced 

development time and cost, reduced lead time and increased robustness and quality.  

The engineering design process usually consists of three phases; concept development, 

system-level design and detail design.  A very important stage in the system-level design is 
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the creation of the product architecture, which will be further explained in the next chapter. 

For example, it is the product architecture that determines how the product can be changed 

during its lifetime, and how the complexity can be handled. A well-performed product 

architecting phase may therefore be a very good, if not absolutely essential, investment for a 

company. Since product architectural decisions are made during the early phases of the 

development process, where the R&D function of a company often plays a lead role, the 

product architecture is particularly relevant to the R&D function. 

Systems thinking is a central perspective or mindset used in systems engineering, which 

requires an awareness of the whole and how the parts within the whole interact. A systems 

thinker is someone who knows how systems fit into the larger context of day-to-day life, how 

they behave, and how to manage them. Systems engineering therefore differs from other 

engineering disciplines (e.g. mechanical) in several important ways. The most important 

difference is that systems engineering is focused on the system as a whole, including the 

interactions with other systems and the environment. It is not only concerned with the 

engineering design of the system, but also with external factors which may affect the design, 

e.g. identification of customer needs, system operational environment, interfacing systems, 

and capabilities of operating personnel. Moreover, systems engineering differs in terms of 

available type of information in many design decisions. Traditional engineering disciplines 

heavily relies on quantitative knowledge, whereas systems engineering must often rely on 

qualitative judgments, balancing a variety of unknown quantities and utilizing experience in a 

variety of knowledge domains, especially when dealing with new technology. 

The heterogeneous technologies used in many of the elements in complex systems requires 

different engineering disciplines to be involved during the development. Hence, systems 

engineering bridges traditional engineering disciplines together. As earlier defined, the main 

purpose of systems engineering is to manage the engineering of complex systems, in order to 

add customer value. This does however not mean that systems engineers do not themselves 

play an important role in the development of the system architecture and design.   

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

complexity (which mainly is addressed in this report), a Model-Based Systems Engineering 

(MBSE) approach is another important process related way to master complexity (Törngren & 

Sellgren, 2018). The International Council on Systems Engineering (INCOSE) defined MBSE 

as “the formalized application of modeling to support system requirements, design, analysis, 

verification and validation activities beginning in the conceptual design phase and continuing 

throughout development and later life cycle phases” (INCOSE, 2007).   

MBSE is a lean approach which aims to support fast learning of a system under development, 

before the cost of change becomes too high. Traditional methods of systems engineering are 

relying on static document-based representations of a system, as well as physical testing. The 

MBSE design process is based on living digital models (e.g. SysML), i.e. modeling is used as 

the primary means of communicating information. These models help define, design, analyze 

and document a system under development, as well as providing an efficient way to gain fast 

feedback on decisions, and enhanced communication between different engineering domains. 

Hence, the MBSE models provide a thorough understanding of the dependencies among 

system functions, components, requirements, developers, and users etc. 

Most MBSE models can be executed to some extent and are either used to explore the 

architecture and behavior of the system, evaluate design alternatives, evaluate design changes, 

or validate assumptions as fast and as early as possible. The main idea of MBSE is that the 

models of the system are developed early in the product development process, which then are 

improved over time as the system development progresses. Hence, the models have a low 
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resolution in the early concept development stage and higher resolution as the development 

progresses.  

2.2 Product architecting & Modularization 

A product's architecture is defined during the system-level design stage (also referred to as 

embodiment design) in the engineering design process, when the functions are examined, 

arranged and allocated to subsystems or modules. The essence of architecting is structuring, 

which in its most general form can be defined as “bringing order out of chaos”. 

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 to as technical solutions) and (3) the specification of the interfaces 

among interacting system components. 

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). In reality, most products or systems will embody a hybrid 

architecture, which is a mix of the two types, and consequently there is a degree of modularity. 

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

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

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).  

There are three main and also complementary approaches to define modularity; Heuristics, 

Modular Function Deployment (MFD), and Design Structure Matrix (DSM), e.g. (Hölttä-Otto, 

2005). 

Heuristics, as proposed by Stone et al. (2000), refers to rules of thumb that will likely give 

good results. In (Hölttä-Otto, 2005), two main categories are investigated: modules dictated 

by the patterns of flow (matter, energy, and information) between functional blocks, and 

patterns of commonality/variety in a family of products. Stone et al (2000)  categorized flow 

as being either dominant, conversion-transmission, or branching-combining. Börjesson (2012) 

found dominant flow to be the most usable heuristic method in most industrial cases. 

Heuristic methods are highly repeatable (Hölttä-Otto, 2005), but do not consider strategic 

objectives (Blackenfeldt, 2001). 

The MFD methodology (Erixon, 1998) is a five-step approach for translating customer 

requirements into a modular architecture, while focusing on the company-specific strategic 

objectives, represented as a Module Indication Matrix (MIM) of twelve predefined generic 

Module Drivers (MD:s). The MIM is an interdomain matrix that relates the components and 

the twelve MD:s. MFD does not explicitly address technical complexity. 

The main focus of DSM-based modularization approaches is to minimize technical 

complexity by clustering the DSM in a way that minimizes the technical interactions/relations 
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between clusters of components, i.e. complex interactions are grouped within clusters. The 

term cluster refers to a module candidate.  

In an attempt to balance technical complexity and company-specific business strategies, 

Williamsson and Sellgren (2016) introduced the Integrated Modularization Methodology 

(IMM). The core of IMM is to integrate company-specific module drivers (represented by the 

MIM) with a Product Architecture DSM (paDSM) into a strategically adapted DSM (saDSM), 

which is the clustering input. Williamsson (2018) confirmed that the IMM methodology can 

identify and propose reasonable module candidates, from both product complexity and 

company-specific strategy points of view.  

Product architecting involves product module identification and product layout design 

(Dieter et al., 2013a). This is a highly iterative process that benefits from representations that 

represent change. De Weck (2007) introduced Component-Based ΔDSM and Change-DSM to 

represent and manage existing or future changes in complex products. A ΔDSM represents 

the difference between an original and a changed product. The Change-DSM contains the 

change propagation paths, i.e. how a change propagates from one component to another. 

Making a rough spatial layout of the product enables analyses of potential spatial, thermal, or 

electrical interferences between components within module candidates. In the Affordance 

Based Design theory (Maier and Fadel, 2008), an Affordance Structure Matrix (ASM) may be 

used in the conceptual design stage to augment the DSM, by representing the relations 

between system components and affordances. An affordance is what one system provides to 

another system (or part of a system, e.g. a component). Unlike functions, affordances are 

form-dependent. With the main purpose to identify components with improvement potential, 

Maier et al. (2008) modified the original ASM, with relations represented as existing or not, 

by specializing the relation types as being helpful (+), neutral ( ) or harmful   (-). ASM may 

thus be used to represent harmful or undesirable interferences between components.  

It is important to remember that there are many important tools in a system designer's tool kit. 

Hence, choosing a combination of methods, tools and representations when architecting a 

product is frequently the most powerful approach. Williamsson (2018) proposed a graphical 

representation of a general product architecture, referred to as Component Architecture 

Diagram (CAD), aiming to facilitate efficient cross-functional communication and 

collaboration on architecture-related tasks. Moreover, a Component Cluster Diagram (CCD) 

was proposed. The CCD is a simplification of the CAD since it represents the modular 

clusters, i.e. it provides a modular view of the architecture. The CCD can be used to visually 

compare multiple clustering results based on different relational weight combinations. 

2.3 Clustering analysis and relation weights 
When developing any system architecture, it is obviously important to first investigate the 

importance of the relation weights, before spending time and resources to identify proper 

relation weights for the product being developed. This can be done by analyzing if the 

clustering result is sensitive to changes in the relation weights, and will be further explained 

in this section.  

As earlier stated, the main focus of DSM-based modularization approaches is to minimize 

technical complexity by clustering the DSM in a way that minimizes the technical 

interactions/relations between clusters of components, i.e. complex interactions are grouped 

within clusters. The term cluster refers to a module candidate. Börjesson and Sellgren (2013) 

proposed a very efficient DSM-clustering algorithm, referred to as IGTA++. This algorithm is 
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based on stochastic hill climbing, which is a mathematical optimization technique frequently 

applied to many hard computational problems, e.g. the  traveling salesman problem. All 

algorithms which are based on hill climbing are iterative algorithms, and starts with an 

arbitrary solution to a problem. The IGTA++ algorithm aims to minimize an objective 

function, where the sum of all Intra and Inter-cluster relations are used to calculate the Total 

Cost complexity index.  The algorithm aims to minimize the complexity index by moving one 

element at a time until stable clusters, i.e. convergence is found. 

Pimmler & Eppinger (1994) proposed four generic relation types to represent the interactions 

between pairs of technical solutions or functions in a Product Architecture DSM (paDSM) 

(Eppinger & Browning, 2012a). These relation types are spatial relations and flow of matter, 

information and energy. Relation weights, also known as interaction strengths, can be used to 

represent their relative importance with numerical values, e.g. 1 (functional dependency) or 2 

(strong dependency). The result of paDSM-clustering often depends on the relative weights of 

the different types of component relations. To analyze how sensitive the clustering result is to 

changes in relation weights, and compare results based on different relational weight 

combinations, a Cluster Match Matrix (CMM) was proposed by Williamsson (2018), see 

Figure 2. 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. The relation 

weight combination with the highest cluster match score is the one closest to the base 

architecture, i.e. the hidden relation weights are thus partly revealed. Additionally, 

components with conflicting module drivers may also be identified in the CMM. 

 

Figure 2. Example of a Cluster Match Matrices (CMM). 

Williamsson (2018) confirmed in a case study that clustering of a standard paDSM resulted in 

a modular architecture with significantly reduced complexity, but with clusters that contained 

conflicting module drivers. It was also identified that the IMM proposed module candidates 

with significantly reduced complexity, but without any conflicting module drivers. Moreover, 

it was 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. Finally, it was 

confirmed 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. 

https://en.wikipedia.org/wiki/Travelling_salesman_problem
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2.4 The importance of Product Architecture  
The product architecture can be a key driver of the overall profitability of a manufacturing 

company, given that the company has the possibility of affecting its own architecture. Some 

of the areas which are affected by the product architecture are technical complexity, product 

performance, product variety, component standardization, product change, quality, 

robustness, reliability, outsourcing/insourcing, product development and manufacturing 

(Ulrich, 1993). Many of these aspects are captured by the company-specific Module Drivers 

in the MFD methodology, while some complexity related aspects are captured by the DSM 

approach.  

The architecture of a product also causes the emergence of functions and behaviors 

(anticipated or not). Product performance is the measure of function and behavior, i.e. how 

well the device does what it is designed to do. The difference between function and behavior 

should be noticed. Function is the desired output from a system, while behavior is the actual 

output, which is dependent on the actual physical properties of a known system. Thus, 

function is only a desire, whereas behavior can be simulated or measured (Ullman, 2010). 

Since the architecture of a product causes the emergence of functions and behaviors, large 

improvements of a system can often be achieved by only clustering the system components in 

an alternative way, without significantly changing the system components or interactions. 

This approach of system improvement is also commonly used to improve organizations 

(Organization Architecture), where people may be grouped into different set of teams to 

achieve various benefits, typically in terms of efficiency.  

An example of how architecture drives behavior (in this case unanticipated interferences) will 

now be presented. The Swedish SAAB 340 turboprop passenger aircraft was developed in the 

early 1980s to be a highly efficient (i.e. low fuel consumption during short flights) and fast 

aircraft, without traditional jet engines. To accomplish this, the designers equipped the 

turboprop engine with long propeller blades, resulting in a short distance between the blade 

tip and fuselage, see length L in Figure 3.  

 

Figure 3. Illustration of the SAAB 340 aircraft engine and fuselage.  

When the blades passed by the fuselage, the pressure difference at each tip of the blades 

caused the fuselage to vibrate, resulting in severe cabin noise. To resolve the root cause of the 

problem (i.e. the short distance L), large architecture changes would be required, which would 

result in costly redesign of the aircraft. Hence, the most economical way to master the 

unintended behavior was to add an expensive active noise cancellation system, making the 

aircraft less profitable and less desirable by the airlines. This example highlights the 
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importance of product architecting and identifying interference between components in the 

early product architecting stage, when the design degrees of freedom still is high.    

The main benefit with a modular product architecture is mass-customization, but also the high 

flexibility, which allows the product to be redesigned with minimal work effort. This is 

possible since the modules have standardized and decoupled interfaces, allowing one module 

to be redesigned without affecting the others. 

Another very important feature that modular product architectures offer is the possibility to 

develop the modules in parallel. This makes it possible to shorten the development time (lead 

time) dramatically, however, it does not necessarily mean that the amount of working hours 

will be reduced. To be able to work in parallel, when developing a complex product, an 

obvious prerequisite is to define the modules and interfaces. The design teams could then be 

grouped based on the identified modules, allowing minimal interaction between the teams, in 

order to develop the product as fast and efficient as possible.  

Sometimes it is not possible or desirable to create a modular design. This normally occurs if 

the need for high product performance is more important than all benefits that a modular 

architecture can offer. It is important to remember that a module itself may be designed with a 

highly integral architecture, but may be used in a highly modular way as a part of a modular 

system. Or in other words, at a high level of decomposition the product may have a very 

modular architecture, while it may have a very integral architecture at a low level. Eppinger 

(2003) defined this type of modular architecture as a “hypothetically perfect modular system”. 

Moreover, a “hypothetically perfect integral architecture” would be one with a very integral 

architecture a high level of decomposition, and a modular at a low level. 

2.5 Requirements 
A vital starting point when developing any type of product includes deriving suitable design 

requirements from the customer needs. What the customers need and want from a product is 

typically called customer requirements. Examples of customer requirements may be; easy to 

use, low noise and long service intervals. Other factors may include requirements by company 

internal customers, e.g. the manufacturing department. 

The customer requirements must be clearly defined so that a specification of the product can 

be formulated. A detailed listing of the product requirements is typically called product 

design specification (PDS). The PDS describes what the design must be in terms of product 

performance, quality, robustness, reliability, availability, risk, safety, cost, and many other 

design requirements. These aspects will be further explained in the following chapters, since 

they all explicitly or implicitly are affecting the product architecture.  

Quality function deployment (QFD) is a commonly used tool for linking customer 

requirements with design requirements (Erixon & Ericsson, 1999). The QFD method aims at 

identifying the voice of the customer, and to satisfy the customer needs and wants throughout 

the entire product development process. After the customer requirements have been identified, 

they are translated into product properties in order for the design engineers to know what they 

should aim at, in order to satisfy the customers. In this report, a product property is defined as a 

detailed quantifiable designation of the product characteristics. Product properties may sometimes 

also be referred to as engineering specifications in the QFD (Ullman, 2010). Examples of product 

properties may be; power (W), material rigidity (MPa), weight (kg), time to maintain the system 

(min) and color (red, green). 
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2.6 Product performance  
It is obvious that a design must fulfill the required performance in order to be feasible. As 

earlier stated, product performance is the measure of both the function and the behavior of the 

design, i.e. how well the device does what it is designed to do. Or in other words, 

performance is the degree to which the design meets or exceeds the design objectives. 

Typical performance properties are speed, efficiency, and noise etc. Sometimes the term 

economic performance is used to express the overall financial performance of a company. 

However, this type of performance is excluded in the product performance definition and is 

therefore not explicitly used in this report.  

Some performance characteristics arise from a separate technical solution of a product, 

implementing a one or a few specific functions, e.g. the illumination from a light bulb. This 

type of product performance is typically referred to as local performance. In the opposite way, 

some performance characteristics arise from most (if not all) technical solution of a product, 

implementing most (or all) functions, e.g. a vehicle's fuel efficiency and noise. This type of 

product performance is typically referred to as global performance and is linked to the 

product's size, shape, mass and material properties etc. A product's local performance can be 

optimized through a modular architecture, while global performance only can be optimized 

through an integral architecture (Ulrich, 1993). Hence, a good design strategy when 

developing a modular architecture may be to avoid modularity in some areas where global 

performance penalties are severe. 

A common design strategy to increase global performance is to apply function sharing and 

geometric nesting. Function sharing is a design strategy in which multiple functions are 

integrated into a single technical solution, i.e. creating an integral architecture. In this way, 

several technical solutions may be removed, resulting in increased performance (normally in 

terms of lower mass or increased efficiency). Function sharing is also widely used when 

trying to reduce manufacturing cost, however, an integral architecture has a higher complexity 

which increases the development time and cost. An integral architecture also makes the 

redesign phase much more costly and complex, since a change in one specific function may 

require redesign of multiple components, or in the extreme case redesign of the entire product. 

Another design strategy is geometric nesting, where the technical solutions are tightly packed 

to increase global performance in terms of reduced volume. 

2.7 Product Quality & Robust design 
The concept of quality has a great number of different meanings depending on perspective. 

One common definition in Engineering Design is that “quality implies the ability of a product 

or service to satisfy a stated or implied need” (Dieter et al., 2013a). From an engineering 

point of view, quality can simply be defined as “fitness for use”.  

The customer may confuse quality with luxury, since the word is loosely used in various types 

of everyday situations. However, in a product development context, quality is related to how 

well a product meets its design specification. 

The old approach to achieve high quality was by simply inspecting the product as it came off 

the production line. Quality control is a statistical technique action where the variability of the 

product is sampled during production. Presently, the aim is to design quality into the product 

from the beginning, preventing defects by improved design, manufacturing, and process 

control.  
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A modular product architecture mainly enables quality improvements in the assembly system, 

if the modules are designed to allow for separate functional testing. The increased quality is 

possible due to the shorter feedback loops within the module assembly lines, i.e. it is far less 

expensive to repair a defect module compared to repairing the same defect after the module is 

fully assembled. 

The basic principle of quality is that variations of all kinds are undesirable, hence, the main 

approach to achieve high quality is by reducing variation. The collection of methods used to 

achieve robustness are referred to as robust design. Hence, robust design can be defined as 

the systematic approach to finding optimum values of design aspects that lead to an 

economical design with low variability. A product that is robustly designed will therefore 

satisfy the customers even when subjected to extreme operating environments. Robustness 

means fulfilling high performance while operating in a wide range of environments, i.e. a 

robust design is resistant to environmental influences (water vapor, temperature, vibration, 

etc.) and will therefore continue to function well under these circumstances. Moreover, a 

robust design is insensitive to variations in the manufacturing processes.  

Creating a robust design and selecting final dimensions and tolerances is typically carried out 

in the parametric design step, which is part of the embodiment design. The first step when 

creating a robust design is called parameter design, followed by tolerance design (if required).   

Parameter design is the approach of identifying and selecting the design parameters (or 

process variables), aiming at lowering the design’s sensitivity to variation. However, there are 

examples when the variability may be too high, making it necessary to reduce tolerances to 

lower the variability.  

A modular product architecture may increase the robustness and reliability of a system mainly 

through redundancy. Since a modular architecture has one-to-one mapping between 

functional elements and physical components, it prevents function sharing, potentially 

resulting in increased physical redundancy. In a product with full active redundancy, all but 

one module can fail before the complete system fails. Moreover, the standardized interfaces 

may result in additional redundancy, since they must be designed to fulfill a wide range of 

performance requirements.  

2.8 Reliability, Risk and safety 
Reliability is the probability that a system, component, or product will function without 

failure during a specific period of time and under certain predefined operating conditions 

(Dieter et al., 2013a). A system is said to be reliable if all (or a sufficient number) of required 

functions can be performed. The overall system reliability is dependent on all components and 

functions of a system, including how their individual failure rates are arranged, which partly 

is dependent on the system architecture. Hence, system reliability is a complex system 

dependent property, which may only be possible to measure after the systems integration 

stage. Hence, reliability forecasts may play an important role in early development stages 

(Lindén, 2017).  

Two of the most simple system arrangements are series and parallel systems. A series system 

fails if any of the components fail, whereas a parallel system fails only if all components fail 

at the same time. An example of a series system is an old Christmas light (lightbulbs 

connected in series) were a failure in one lightbulb results in a system failure (blackout) of the 

entire Christmas light. In a series system, the overall system reliability is limited on the 

weakest link in the system and will therefore become lower when adding more components. 

An example of a parallel system are the two (or sometimes four) jet engines of most common 
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passenger aircrafts, were a single engine failure allows the aircraft to continue flying. In a 

parallel system, adding more component increases the overall system reliability.  

A system architecture representation may support the reliability analysis, manly since it 

represent how the technical solutions and functions interact. In order to compute the actual 

probability of a system failure (or undesired event), fault trees are widely used, were the 

probability of failure for individual components are arranged in an hierarchical structure. 

One very effective way to increase reliability is with redundancy. An example of system 

reliability, and how it can be improved with redundancy will now be presented. In the TESLA 

model 3, many of the physical dashboard buttons found in most other car brands have been 

replaced by one main display, allowing the driver to control almost all functions in the car 

with this supposedly simple user interface. However, if this display component fail, the car 

may not function properly. By instead adding some physical buttons (or a separate screen) to 

control some important functions, the overall system reliability can be improved.  

Moreover, the fail-safe design strategy is frequently used to ensure a certain level of 

reliability in a system. The fail-safe approach aims at identifying the weakest link in a system 

and provide some way to monitor that weakness. After (or preferably before) the weak link 

fails, it is replaced by a new functioning technical solution.  

As technical complexity of engineered systems has increased in recent years, risk assessment 

has become more important in area of engineering design. A risk is the likelihood and 

consequence of an event (e.g. accident, death, or economic loss) occurring over a specified 

time period. The risk can be calculated as the product of the likelihood, i.e. frequency or 

probability of an event occurring over a specified time period, times the consequence of the 

event.  

Safety can be defined as the relative protection from exposure to hazards. In order to 

determine if a system is safe, the risk needed to be acceptable.  An aircraft or nuclear 

powerplant embedded control software have different safety and reliability constraints than a 

software running on a PC, i.e. the acceptable risk is dependent on application. 

A product must not only be safe to use, it must also be safe to manufacture, and to dispose 

after use. Recalls of unsafe products can be very costly for a company in terms of liability 

suits or tarnished reputation etc. Designing a safe product primary involves identifying 

potential hazards, and then develop a design that is free from these hazards. If the hazards 

cannot be avoided without affecting the functionality of the design in a negative way, the next 

best approach is to design protective devices that prevent the user from the hazard.  

2.9 Cost 
As earlier stated, the product architecture can be a key driver of the overall profitability of a 

manufacturing company, given that the company has the possibility of changing its own 

architecture. Generally, among equivalent alternatives, the lowest-cost product will be most 

successful in a free market economy. However, it is important to remember that profitability 

is not only about cost reduction, it is also about increasing revenues. A modular product 

architecture aims to solve this “profitability problem” by delivering an external variety 

(increased revenue) and internal commonality (cost reduction). Moreover, a modular 

architecture makes standardization possible mainly due to the robust standardized interfaces 

and the one-to-one mapping between functional elements and physical components. 

Standardization of a product means that the number of different components are reduced in 

order to gain various types of benefits e.g. reduced manufacturing or purchasing cost. Higher 

volumes per unit result in reduced material and purchase costs (less administration per unit). 
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However, when reducing the number of components, the external variety may decrease to 

some extent if not handled correctly.  

As earlier defined, the product development time and cost are some of the areas which are 

affected by the product architecture, and may be reduced through complexity reduction. 

Moreover, product architecture has strong implications for production costs.  

If the only objective is to minimize production cost (with a low external variety), the unit 

manufacturing and assembly cost for high-volume products can frequently be optimized 

through an integral architecture. An integral architecture allows the size and mass of a unit to 

be reduced, hence, lowering the material cost (which frequently is a significant part of the 

total cost for high production volumes). This explains why some high volume disposable 

products like pens and razors with low unit cost frequently have a highly integral architecture. 

Moreover, an integral architecture allows the number of parts to be additionally reduced 

through the concept of Design for Manufacture and Assembly (DFMA), potentially resulting 

in reduced manufacturing and assembly cost.  

On the other hand, if the objective is to maximize revenues, the total manufacturing and 

assembly cost may be reduced through modularization. A modular product architecture 

enables parallel manufacturing and assembly, i.e. reduction of production lead time. Reduced 

lead time results in less capital tied up in production and in stock. This is especially an 

important feature for large complex products with many components, e.g. a truck or aircraft.   

As seen in this section, cost reduction can be an argument for choosing both modular and 

integral architectures. It is therefore not possible to claim that one type of architecture is better 

than the other (in terms of cost) in all situations. Nevertheless, a modular architecture has the 

advantage of capturing more customers, generating higher revenue and thereby increased 

profitability. At the same time, a modular architecture enables reduced development time and 

production cost, making this type of architecture favorable in many situations.  
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3 DISCUSSION AND CONCLUSIONS 
A discussion of the results and the conclusions from the presented study are presented in this 

chapter. 

3.1 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, which is part 

of the systems engineering and engineering design process. 

When developing a CPS, 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 CPS 

often is extremely high. Moreover, since it is fairly easy to transfer electrical energy 

(compared to mechanical energy) to any point in an electric truck, the architectural options 

increase even further. This type of design freedom obviously has many advantages, but may 

also increase the risk of unwanted side-effects caused by harmful component interferences. A 

structured product architecting approach is therefore essential during the product development 

phase of a CPS. Furthermore, it is important to monitor the technical complexity over time to 

make sure that it does not increase beyond control, potentially avoiding increased 

development time and cost. 

When developing any system architecture, it is obviously important to first investigate if the 

clustering result depends on the relative relation weights, before spending time and resources 

to identify proper weights for the product being developed. This can be done by the means of 

a sensitivity analysis, by visually comparing multiple CCDs based on different relation weight 

combinations, as well as different business strategies. If (and only if) the clustering results is 

found to be sensitive, the reasons behind the weights needs to be carefully investigated, see 

the general process in Figure 4. This can be done by systematically investigating how 

sensitive the clustering results is, based on all (or a large number of) relation weight 

combinations. The result of this analysis can be presented and evaluated according to the 

earlier presented CMM method. In this way, the effects from assigning different weights can 

be quantified in terms of how it affects technical complexity. It is also possible to find which 

weight combination that generates the most similar result with an existing modular 

architecture, indicating which type of relation that had a higher importance when the 

architecture was created.  

It is important to remember that the relational weights may become less important in IMM-

based clustering (compared to DSM-based clustering) when multiple strategic aspects are 

introduced, i.e. the constraints reduce the solution space.  

After identifying how sensitive the clustering results is, the design requirements needs to be 

identified in order to choose the most proper relation weight combination. A vital starting 

point when developing any type of product includes deriving suitable design requirements 

from the customer needs. These design requirements need to be carefully considered when 
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selecting proper relation weights, i.e. the importance of the requirements needs to be reflected 

in the relation weights. 

 

Figure 4. The “choosing proper relation weights” process. 

For example, if there is an important design requirement in terms of information speed 

transfer between some electronic control units (ECUs), the relation weight of information 

flow needs to assigned with a relatively high weight between the affected ECUs. This is vital 

since the design requirements have the potential of explicitly or implicitly affecting the 

product architecture, and thereby product performance, quality, robustness, reliability, 

availability, risk, safety, cost, etc.  

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 high 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 most likely result in an even more integral design, i.e. the modules will have 

an integral architecture. As uncertainty decreases in the future, the degree of modularity can 

potentially be lowered to some extent in order to e.g. increase performance and lowering 

manufacturing cost, etc.  

An analogy, if you are about to go on a trip to an unknown destination, it may be smart to 

have a “modular” packaging strategy, where different items are located in different 

compartments, including some extra space for some souvenirs. This packaging strategy 

obviously makes the luggage slightly heavier and larger than necessary for the first part of the 

journey, but will most likely be successful during the later stages. On the other hand, an 

experienced hiker who knows the trail and weather in advance can of course reduce the 

weight and volume of the backpack tremendously. Today’s trucks can best be described as 

“experienced hikers”, while autonomous and electric trucks are about to go to an unknown 

destination, i.e. the future trucks need to be more modular, at least to a beginning.  

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, 
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generalize, and improve the proposed IMM approach, a larger range of products and 

development cases have to be analyzed. 

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). 

3.2 Conclusions 
 

How can we estimate if the clustering result depends on the relative relation weights? 

• The Component Cluster Diagram (CCD) can be an efficient tool for visually comparing 

multiple CCDs based on different relation weight combinations, as well as different 

business strategies. Based on this information, it is possible to estimate if the 

clustering result depends on the relative relation weights, i.e. estimating if the 

clustering result is sensitive to the relative relation weights 

 

How can we quantify the sensitivity of the clustering results when assigning different relation 

weight combinations? 

• By systematically investigating the clustering results based on all (or a large number 

of) relation weight combinations, and evaluating the results according to the CMM 

method, the effects from assigning different weights can be quantified in terms of how 

it affects technical complexity. 

 

What are the possible reasons to consider when choosing proper relation weights? 

• The importance of the design requirements needs to be reflected in the choice of 

relation weights, given that the clustering results is sensitive to the relative relation 

weights. The design requirements should describes what the design must be in terms 

of product performance, quality, robustness, reliability, availability, risk, safety and 

cost etc.  

What process can be used when choosing proper relation weights? 

• One approach to select proper relation weights is to use the process represented in 

Figure 4. This process has been created based on earlier publications by the author, 

and has shown to assist the task when choosing relation weights in a highly effective 

way.  
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4 RECOMMENDATIONS AND FUTURE WORK 
Finally, after conducting the presented study, the author has identified the following work to be 

interesting and important to study further. 

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

product architecting methodology. This requires a larger range of products and development 

cases to be analyzed. It is also important to identify, implement, and verify potential 

methodological improvements, including the applicability of the eIMM in the SE process. 

 

• How robust is a modular architecture to changes in technology and strategy? 

• How could a modular architecture be optimized for the complete modular truck 

system? 

• How should the identified module candidates be oriented in the physical product 

configuration? 

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

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

consequence on functional performance, reliability, signal transfer speed, functional 

safety, manufacturing cost etc.? 
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