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Abstract

The importance of conducting efficient product development is growing steadily as 
traditional market boundaries diminish and are replaced by global market conditions. 
Digital product development builds on the foundation that digital mock-ups replace 
physical mock-ups, and this has the potential for strongly improving the efficiency of 
the product development process. This is a rather drastic change compared to the 
conventional way of conducting product development, and it cannot be implemented 
overnight. It requires that the extended enterprise gradually adapts its processes, 
methods and tools to a design environment where geometry-based product information 
is the basis for product representation. Business excellence is therefore partially 
synonymous with managing this information and making it available, and relevant, to 
different activities and geometry users throughout the business environment. 

This thesis deals with the establishment of two key expressions, Geometry 
Management Process and Geometry Based Product Information. The objective is to 
improve the utilisation of Geometry Based Product Information by supporting the 
business environment with adequate methods, tools and processes for managing this 
type of information. Such an objective contributes to reuse of already existing 
information and therefore leads to elimination of rework in many activities, for example 
the downstream activities of traditional design departments. There are numerous 
influencing factors and the research approach has been to collect these factors into four 
separate but correlating domains. The consistency of the approach stems from the fact 
that all research work is conducted with a geometrical perspective on all types of 
activity, requirement and process. The methodology is elaborated through participation 
and surveys of real cases in ongoing projects and activities when developing heavy-
duty trucks. The result is a comprehensive framework of geometry management that 
should contribute towards increased business efficiency by utilisation of geometrical 
configuration management.  

Keywords 

Integrated product development, process development, rework elimination, geometry 
management, product structuring, configuration management. 
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CHAPTER 1

This chapter gives a background to 
this thesis. It states the underlying 
motive, objective and research 
foundation that has led to the research 
approach formulation. It concludes 
with an outline of the rest of the thesis.

INTRODUCTION

1

1.1 Background 

Geometry has a history that can be traced back thousands of years. Euclid (~ BC 300) 
paid special interest to the field of mathematics that became known as geometry. 
Geometry has its origins in ancient Egyptian science [26]. The industrial utilisation of 
geometry can also be backtracked, but only for a few centuries. Technical illustrations 
and documentation of technical solutions have in earlier history been made on drawing 
boards. Computer-aided support for geometry is rather well documented since it is a 
modern science that can be traced back to the progenitor of the modern computer; it 
was named EINAC (Electronic Numerical Integrator and Calculator) and built by the 
School of Engineering in Pennsylvania in 1942 [26]. The concept of Computer Aided 
Design (CAD) is usually traced back to either Douglas T. Ross or Dwight Baumann 
and their preceding work in 1959 that led to the formation of the MIT Computer Aided 
Design Project [55]. The scientific effort of developing the theory of geometry from 
1960 and henceforth is described in books such as [48]. From the very outset, CAD 
replaced the traditional drawing board [38]. Hence, CAD was for a long period of time 
two-dimensional. The industrial application of geometry has been depended on other 
scientific conquests, for example in the field of graphics [71] and in computer science. 
There are also numerous other types of publications where important geometry history 
has been documented, for example the history of solid modelling [54].  

In order to understand the contemporary industrial situation of many industrial areas, a 
generalisation is made by studying the historical advances of one company in one 
industrial segment. The reason for this modulated perspective is the underlying research 
work that forms this thesis, which has taken place in, and been supported by, the Volvo 
Truck Corporation. Some subjective figures and years have been selected to illustrate a 
few industrial milestones that have led to the present situation. It is believed that the 
same type of trend can be identified in many other companies and industrial segments. 

The first Volvo truck was produced in 1928, see Figure 1 [75]. From the very beginning 
the Swedish market was targeted. During the 1930s, the company entered a few 
international markets that did not have any domestic truck manufacturers [45]. Some 
South American countries can serve as examples but occasional products were also 
delivered to countries such as Belgium, Israel and China. The following decades were 
strongly affected by World War Two. Making a leap in history to the 1960s, there were 
about 40 European truck manufacturers. The company had by then established itself in 
most European countries. Apart from Europe, trucks were also delivered to North 
America and Australia, among other regions. International assembly of trucks started to 
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take place in Belgium (1964), Peru (1966), Australia (1968), Scotland (1974) and 
Brazil (1980). In 1979, the first CAD system was introduced, utilising 3-dimensional 
wireframe representations. Volvo acquired White Motor Corporation, an American 
truck manufacturer, in 1981. The result of this acquisition was that Greensboro, North 
Carolina, USA, became one of the company’s primary engineering design sites, a 
situation that required global collaboration capabilities.  

Figure 1. Volvo Truck Series 1 –1928 (left), Volvo Truck F88 – 1965 (right). 

A global modularised product platform was introduced in 1993 with the launch of the 
Volvo FH. That same year, a CAD system was introduced in the cab area that 
supported surface design. 1995 saw the introduction of the first CAD system that 
utilised parametric solid modelling. In 1998 a manufacturing plant was built in 
Bangalore, India. That same year, Volvo initiated extensive collaboration with Deutz 
AG in the area of small and medium duty diesel engines. In 2000, Volvo acquired 
Renault Trucks and Mack Trucks. This acquisition emphasised the importance of 
concurrent working procedures that support the development of a global multiple brand 
platform. In 2003, Volvo entered the Chinese market by signing a joint venture with 
China National Heavy Truck Corporation, CNHTC. Finally, from the 40 autonomous 
truck manufacturers in Western Europe in 1965, that figure has today been reduced to 
just 6.  

Product focus is essential when trying to establish a long-term relationship with 
intended customers. What product changes must be made to satisfy customer 
requirements? There has been a gradual increase in customer awareness of aspects such 
as safety, environment and quality over the past 25 years. Simultaneously, the amount 
of electronics in the products has increased from almost none to a rather large part of 
the total development effort. [33] indicates that the cost proportion of 
electrical/electronic systems for one specific automotive Original Equipment 
Manufacturer (OEM) from 1997 to 2002 increased from 22% to 32%. Throughout 
history, the truck industry has provided its customers with a high level of product 
customisation. The current levels are probably not surpassed by any other industrial 
segment. Therefore, variant complexity is a key factor that must constantly be in focus 
in most types of industrial activity. 
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1.2 Motive 

The background subchapter presents a historical retrospective where three important 
areas are discussed. There are many more very important areas that as well could have 
been discussed. The reason for selecting these three areas: the geometry 
development/application, the changing market conditions and the customers’ requests 
on the product evolution, are that they typically illustrate how the prerequisites 
continuously change. The outlined background time frame extends over 2000 years and 
it calls for humbleness concerning the industrial and scientific contribution of this 
thesis. However, it proves that change is inevitable, and it impacts both science and 
industry, and therefore must be managed. On a high abstraction level, the changes have 
lead to the feasibility of rearranging the traditional way of conducting product 
development, see “PreCAD” versus “PostCAD” in Figure 2. The new way of 
conducting efficient product development strongly depends on digital representation of 
products. Accordingly, management of geometry is a key enabler in digital product 
development (DPD) and in obtaining world-class product development. 

Figure 2. A philosophical reflection on the geometry application impact on the 
traditional way of conducting product development. 

The research community has also indicated where there is motivation for further 
research contributions. [42] has highlighted the importance of promoting reuse of 
already existing knowledge. [9] argue in favour of the need to improve access to 
documented product information, the availability of relevant product information and 
the trustworthiness of product information. [23] discuss the greater importance of 
further abstractions of design information as the design systems evolve. 
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1.3 Objective 

Physical mock-ups have in the past been the way of establishing a comprehensive view 
on the future product and they have served as the master prototypes in the product 
development process (PDP). The introduction of the first generations of CAD systems 
did not embrace all the capabilities needed to replace the physical prototypes; 
inadequate functionality and deficient representation performance are examples of 
restricting circumstances. Other limiting issues must also be emphasised, such as the 
fact that organisational functions outside of engineering design did not have the proper 
geometry tools or methodology, and in addition there were distribution obstacles due to 
poor information infrastructure.  

Digital Product Development (DPD) is today the way to work in early stages of the 
PDP, see Figure 2. DPD implies that all organisational functions that participate in and 
rely on mock-up representation must utilise Digital Mock-Up (DMU) representations. 
DMUs can replace physical mock-ups as prototype masters in early stages. New mature 
generations of CAD tools are nowadays available and utilised throughout most 
industrial sectors and they can provide the necessary geometry foundation. Hence, most 
companies continuously invest large resources in filing 3-dimensional geometry models 
into databases containing 3-dimensional geometry models [5]. The enumerated 
limitations for geometry utilisation outside the CAD environment have also been solved 
to such an extent that the necessary preconditions for DPD truly exist. However, there 
are still failings concerning the exploration of these geometry database resources.  

The objective of this thesis is to improve the application of geometry throughout the 
entire extended enterprise. In order to rely on DMUs in DPD, and latter stages, a more 
thorough foundation for managing geometry must be established. The split of the PDP 
into a DPD section and a PPD section, see Figure 2, is a step that relies on the existence 
of such a foundation. In order to support this aspiration, systematic research must take 
place in the following areas:  

• Survey, in a holistic manner, different types of geometry utilisation 
• Map, decompose and synthesise geometry related requirements 
• Establish how the geometry is created and evolves 
• Determine what type of process support and control mechanisms should exist 

to support geometry evolution 
• Investigate what type of computerised support may realise geometry-related 

requirements 

Thus, the research should result in a better understanding of factors that influence 
geometry application. The results should generate surplus value to the scientific design 
community by providing a geometry-based perspective on product development 
activities. Therefore, the research output should be related to existing design 
methodology and theories. Industrial processes generally lack a holistic viewpoint 
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concerning geometry application, as well as systematic approaches on managing 
geometry. These are relevant industrial issues and the objective is to provide a 
geometry process that can complement existing industrial product development 
processes.  

It must be possible to establish some type of qualitative and quantitative measure for 
gauging research success [8]. The traditional arguments always exist; reduction of total 
time, decreased development cost and improved quality are standardised answers on 
how to improve the PDP. Reuse of already existing information and elimination of 
rework are relevant concepts that can serve as relevant criteria to measure. 
Postponement and reduction of the number of physical mock-ups are also measurable 
criteria. Improved routines in engineering design activities concerning packaging-
related issues can be measured by time estimates on individual activities and their 
improvement. The number of geometry users outside the engineering design 
departments who benefit from the advocated and implemented research results may be 
another possible measurable criterion.  

1.4 Research foundation 

Research into mature fields of science is characterised by consensus in the research 
community concerning what is to be considered as high-quality research; no such 
consensus exists in the field of design research [22]. The reason for this lack of 
consensus is the width of the research field that makes it extremely complex. [28] 
argues that the inherent complexity calls for multi-level, contextual structuring of the 
research area. The structuring postulates a conceptual scheme that arranges the universe 
of engineering design research (see the gnoseology-oriented reasoning model of Figure 
3) into three categories: (1) source categories, (2) pipeline categories and (3) sink 
categories. These three categories are to be considered as chronological and should 
symbolise the natural stream of knowledge in engineering design. 

In an industrial context, engineering design is a core issue but there are also many other 
factors that must be coordinated and taken into consideration. It is therefore important 
to take product development research into consideration. This is typically more 
process-oriented research where other development issues interplay. Examples of 
literature that adopt such an approach are [29,70,72]. Similar research approaches have 
resulted in “research domains”, such as the concepts of Integrated Product 
Development (IPD) [3] and Concurrent Engineering [50,51]. 

The statement by [10] concerning research in engineering design is indeed relevant in 
defining the research approach of this doctorial thesis: It is therefore no simple matter 
to define the contents, the research approach or the community behind research in 
engineering design. The research incentive was from the very beginning geometry-
oriented and that theme permeates all the conducted research work that formed the 
research approach, the final title of the research project and the entirety of this thesis. 
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Figure 3. The gnoseology-oriented reasoning model [28]. 

Product development is characterised by a gradual evolution that takes it course from 
the tentative proposals towards product renewal, through the iterative design loops 
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where continuous product knowledge is gained and ends with the market introduction. 
The evolution is literally represented by the geometry models but from a geometry 
perspective deficiently described and understood. However, market introduction does 
not end the application of the generated geometry models; they are required for further 
activities that extend beyond this traditional finishing line. This insight, together with 
the previously described observations, results in a research approach that is formed 
around the hypothesis that there is a need to prescribe a Geometry Management 
Process (GMP), see Figure 4, on the management of Geometry Based Product 
Information (GBPI), see Figure 5. The hypothesis involves a decomposition of the 
GMP into four cornerstone areas, so-called domains, see Figure 4.  

Figure 4. The disposition of the Geometry Management Process. 

The adopted research approach postulates that there exists a certain chronology 
between the domains. It is furthermore presumed that there is both a degree of domain 
interdependency as well as correlation between the domains. In order to direct the 
research work in the domains, the GBPI concept is divided up as per Figure 5. 

Figure 5. The division of the Geometry Based Product Information. 

FUNCTION DOMAIN: Research carried out in the area of Engineering Management is 
to a large extent carried out by researchers with a management-oriented view of things, 
they look into organisational and business issues [29]. The main theme in this thesis is 
GBPI. In order to cover the extended enterprise, a holistic view must be generated 
where geometry users from all around the enterprise are interviewed and taken into 
consideration. Working practises will change partly because of the increased 
application of DMUs in the early stages. The total amount of development effort may 
not decrease but it is perhaps more efficient to redirect these efforts in the PDP. A 
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relevant research question connected to this domain is: Which departments can benefit 
from having access to GBPI and what sorts of requirements do they have with regard to 
this type of information? 

REQUIREMENT DOMAIN: In design science, methods have been elaborated where 
the final customer’s requirements are translated into technical terms [27]. Users of 
GBPI are usually internal customers. A relevant question in terms of the GMP is: How 
should one be able to keep track of all the different types of requirement and is it 
possible to systemise them based on different geometry user requirements?

PROCESS DOMAIN: Most companies have today turned towards a more process-
oriented way of conducting product development. There is extensive scientific literature 
in the field of product development and processes [67,70,72]. Product development 
builds upon the evolution of GBPI, that is the evolution of geometric maturity. Neither 
industry nor scientific literature addresses this evolution sufficiently. The process 
domain deals with mapping such an evolution process. An example of a research 
question in this domain is: Is it possible to divide the development process in 
accordance with the state of geometric maturity and therefore address different 
geometry user requirements?

REALISATION DOMAIN: The final domain deals with how to support the different 
types of geometry user and their requirements with relevant GBPI representations and 
procedures for realisation. The extended enterprise environment contains an abundance 
of product information systems and geometry tools. Hence, in principle the 
environment holds the necessary preconditions and therefore the enhancement 
opportunities arise in integrating the necessary tools and systems based on the 
requirements originating from the geometry users and from the process area. Product 
variance is an issue that must be handled by the realisation domain by proposing 
relevant procedures for providing relevant GBPI. An adequate research question of the 
realisation domain is: What type of geometric realisation procedure needs to be utilised 
in order to be capable of managing complex product variance? 

The kernel of the GMP is geometry and its application. The master geometry of the 
PDP is created and maintained by the engineering design departments. The evolution of 
the geometry in the DPD context is realised by the design engineers. Hence, in the 
definition of a GMP, design research is central. This can be further illustrated by 
mapping the GMP and its domains in accordance with Horváth’s gnoseology-oriented 
reasoning model of Figure 3, for instance. The relation between the reasoning model 
and the GMP is not 1:1, but can serve to indicate the research domains in which the 
GMP has its scientific sources. 

The GMP disposition is also characterised by influences from industrial geometry 
application in an enterprise perspective. The engineering design context is very much 
relevant, but a wider approach – a more business-like approach – must also be adopted 
to meet the research objective. The application and communication of GBPI in a 
product development environment constitutes the basis for establishing the extended 
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enterprise ambition. Thus, research in product development where wider considerations 
come to interplay is of essence in order to be able to prescribe an adequate GMP on 
GBPI. The following research question was formulated for the GMP: 

How can Geometry Based Product 
Information be communicated and 
made both relevant and accessible for 
the entire extended enterprise? 

This abstract question is the foundation of the GMP. It must be decomposed into each 
and every domain. The synthesis from all four domains forms the basis for the proposal 
of a Geometry Management Process. 

The underlying research work that forms this doctorial thesis postulates a holistic view 
on geometry application within the extended enterprise where special consideration is 
paid to downstream activities of engineering design. This research objective emphasises 
the need for increased levels of reuse and elimination of rework. Many relevant 
research issues occur in practical application, which suggests that case studies, 
interviews and active participation must take place to decompose suitable research 
criteria and measures. Based on the synthesis of these observations, further assumptions 
and hypotheses can be asserted that lead to additional studies and experiences. Thus, 
the research approach becomes action-based and inductive. A pragmatic level is 
achieved since the synthesised findings are continuously discussed with and 
implemented by the end users. Therefore, validation and verification become a partial 
parameter in the implementation evaluation of methods, guidelines and applications. 
The empirical knowledge from this work is used to propose a GMP.  

1.5  Delimitations 

The research approach is interdisciplinary, but certain delimitations must be applied in 
order to make the research objective obtainable. Geometry Based Product Information 
can relate to many different areas. However, it is explicitly stated within the scope of 
the research project that Product Data Management (PDM) is one area that should not 
be incorporated. There are many different types of geometry representation, and 
product-based geometry originating from the engineering design organisations is the 
primary area of research. 

Qualitative studies have been utilised throughout the entire research project. The 
number of quantitative studies has been confined to certain quantitative measures on 
issues such as performance. The research work conducted in the areas of electronics 
and sheet metal must be considered as extremely moderate.  
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1.6 Outline of the thesis 

The aim of the following chapters is to present the underlying research work which has 
resulted in this thesis. Chapter 2: The manifestation of the GMP and the GBPI is based 
on the exposition of interrelated research fields which together forms the framework of 
the conducted research. Subchapter 2.1 is therefore devoted to reporting on the 
performed knowledge acquisition, which is followed by an interpretation of the science 
of engineering design and the science of product development. The subchapter 
concludes with a synthesis of these interpretations. This synthesis is the introduction to 
the manifestation of GBPI (subchapter 2.2) and GMP (subchapter 2.3). Therefore, these 
last two subchapters are the main contribution of this doctorial thesis. Chapter 3: The 
appended publications are the results of the research work that has been, and will be, 
published. Their chronology, their intended framework coverage and some subjective 
opinions on the individual research contribution of each publication; those topics 
together with a condensed summary of each work forms this chapter. Chapter 4: A 
concluding chapter that closes the circle, that is to say compares the original motive and 
objective with the presented results. Has the research project made a delivery in 
accordance with plan? Is the conducted research relevant? Some further notes 
concerning achievements from the implementation process as proof of concept are also 
included. Conclusions are made. Finally, there is some comment on the potential of 
future research.  
Chapter 2. The framework of the thesis. Key expressions and research disposition. 
Chapter 3. Appended publications. The enclosed appendices are briefly presented. 
Chapter 4. Conclusions and future work. 
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interrelated research fields which 
together with applied research form 
the framework of the conducted 
research. 
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The paradigm of Digital Product Development (DPD) is a token on the global change 
of society. This global change is driven by the technology push [70] that has its origin 
in the incremental achievements made in electronics and the striking developments of 
computers. The prerequisite for participating in this progress is to provide the feasibility 
of working digitally, which is digital representation. Digital product representation of 
physical objects builds on mathematical definitions that belong to the scientific field of 
geometry. Thus, for the engineering industry to participate in the process of global 
change and for it to excel in the art of competitively developing new products, 
mastering geometry is a key to success. Similar observations have been made by [76] 
among others.  

Digitalisation is thus a necessary condition for effective industrial globalisation and 
efficient product development rationalisation. However, there is a downside to this 
alteration of the traditional way of conducting product development; it is likely that: 

Organisational mismatches will occur 
There will be a lack of necessary design methodology 
Inadequacies will appear in existing processes 
Shortfalls in competence of personnel will be detected  
It should also be acknowledged that there are occasionally tasks where there is 
no digital substitute for traditional procedures 

In order to detect these deficiencies in current practises, the research work must be 
characterised by pragmatism that takes its course through research work that builds on 
both observation-based participation and action-based participation. This empirical 
knowledge, in combination with theoretically acquired knowledge, should be 
transformed into a prescriptive GMP framework in the area of GBPI which will 
overcome some of these drawbacks. 

The manifestation of the GMP and the GBPI is based on exploration of interrelated 
research fields which together with empiric findings form the framework of the 
conducted research. The interrelationship is illustrated by mapping scientific disciplines 
for the proposed areas of the GMP and the GBPI; see Figure 6 where the most relevant 
research areas are superimposed onto the framework foundation. Since the field of 
science is far more comprehensive than the performed mapping, the framework 
description is initiated with a somewhat wider perspective of the research environs and 
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requisite knowledge acquisition, subchapter 2.1. The two subsequent subchapters are 
outlined in accordance with Figure 6, they are the main contribution of this doctorial 
thesis. 

Figure 6. The mapping of relevant research areas on the GMP framework. 

2.1 The research environs and knowledge acquisition  

As a result of the research, numerous research environs have been encountered. [8] 
observes that there are referencing islands within the engineering design research 
community – that is groups of researchers who primarily refer to each other’s work and 
who are linked through a specific conference or journal, for example. This observation 
implies that it is necessary to penetrate multiple referencing islands and research 
communities in order to be capable of defining unique and relevant research content 
[10]. A benefit of such penetration is that adequate research communities can be 
identified where research results can be published and where it is possible to obtain 
constructive criticism and exchange opinions. 

The all-pervading theme is geometry and its application around the extended enterprise. 
The general concentration on “engineering design/product development processes” to 
the exclusion of everything else is too narrow-minded when it comes to industrial 
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geometry application, see Figure 7 where the DMU application proceeds and extends 
beyond the PDP boundaries.  

Figure 7. The distribution of DMU applicability. 

Applied research in an industrial context can never be entirely objective. However, it 
should be possible to decompose and synthesise generic pieces of information that are 
to be considered as commonly applicable. The reason for the obstacle of objectivity is 
the circumscribing business boundaries of a specific product, its accompanying 
structural decomposition, issues of company culture, organisational structure, targeted 
market segments and so forth. Nevertheless, geometry is a common industrial 
denominator and we can see that there is thorough rationalisation leverage from 
deploying geometry assets. The question is how to end up with a prescriptive 
framework for the topic of geometry application and what type of knowledge needs to 
be acquired. 

2.1.1 Knowledge acquisition 

There ought to be an optimal research path for each individual research project 
concerning the acquisition of necessary knowledge. This path will most likely in 
retrospective be possible to elaborate on when describing what is considered to be 
relevant research communities and research areas. The definition journey of the GMP 
framework is illustrated in Figure 8. In the following paragraphs five primary 
milestones are reflected upon - the five articles appended. They together illustrate the 
theoretical sampling that has taken place [24] and how the knowledge acquisition fields 
have shifted during the research period. Altogether, the research work has been 
exploratory and iterative where each iteration has been characterised by data collection, 
analysis and validation; that is in accordance with the grounded theory approach [24]. 
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The initial incentive builds on a hypothesis that a thorough understanding and 
knowledge must be acquired on (1) how geometry is defined (2) by whom it is applied, 
(3) how it is applied (4), and what type of tools are utilised. If sufficient knowledge can 
be acquired in these fields, it should be possible to classify different categories of 
geometry users, what their geometry requirements are and what type of tools and 
functionalities should exist. For further information refer to appendix 1 – article 1.  

Figure 8. The definition journey of the GMP and GBPI. 

In an industrial context, product-based geometry evolves within the boundaries of 
product development projects with various durations. The master geometry is a 
responsibility of the engineering design functions and there are a few different types of 
principle profession that generate this evolution. It is therefore logical that process-
based aspects of this geometrical evolution are studied. The geometrical state at a 
certain project stage, referred to as the geometrical Level Of Detail (LOD), will reflect 
the accumulated geometrical evolution from the initiation stage of the effort. For further 
information look at appendix 2 – article 2. 

Geometry is created in the engineering design organisation and it is applied throughout 
the entire extended enterprise. A majority of the geometry users outside the engineering 
design organisation, such as downstream organisations, must have access to relevant 
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GBPI. For companies with complex products consisting of thousands of components 
and where the level of customisation is high, the number of possible product 
configurations is in the millions. Thus, it is impossible to manually provide relevant 
GBPI for all these different types of geometry user. In order to be able to provide 
automatic product configuration of complete or partial DMUs, further product 
documentation must take place. However, the constant ambition must be to minimise 
this supplementary product documentation. A passable configuration technique that 
utilises a methodology for providing spatial variance on both a high abstraction level 
and a low abstraction level would meet the demand on product variance. One 
precondition for adopting such an approach is to establish a set of rules and regulations 
for the smallest configurable entity, referred to as the geometrical building blocks (BB). 
The set of rules and regulations would not cover only geometrical information but also 
other types of necessary but non-geometric product information. For further 
information look at appendix 3 – article 3.  

The configuration technique must be capable of handling various types of product view 
to become useful to different categories of geometry user. Product views are based on 
the geometry users’ perspective of the product. These perspectives are in their turn 
normally based on hierarchical product decompositions that can be traced back to the 
purpose of the decomposition. The standardised way of collecting these decompositions 
is to create different sorts of structure such as product structures and process structures. 
Accordingly, prior to the actual configuration, the geometry users utilise non-geometric 
product information as a selection mechanism to filter out relevant GBPI. Therefore it 
is important to incorporate this selection activity into the actual configuration sequence. 
It is also vital to emphasise availability of product specifications; they are a 
precondition since they define relevant configuration contexts. The activities that are to 
be considered as relevant to the configuration sequence have been collected into a so-
called configuration procedure. Further reading regarding these issues is found in 
appendix 4 – article 4.  

Product development in early, so-called preconceptual, stages are characterised by 
obscurity. This obscurity may invoke a feeling of chaos, but it also provides the 
organisations with a higher degree of design freedom, which is an opportunity for more 
drastic product renewal. The general tendency in modern product development is that 
more and more resources are transferred to these early stages since total development 
time is gradually shrinking. The consequence is that more activities must be conducted 
in parallel. Concurrent engineering is dependent on intensive communication between 
the different activities and many professions are involved simultaneously. The 
availability of configured DMUs is of essence since the DPD paradigm does not 
contain any physical prototypes. The challenge of making configuration feasible in 
these preconceptual stages implies that certain enabling preconditions must be fulfilled. 
The geometrical evolution builds on an incremental product documentation that must 
be coordinated in order to suit the advocated configuration procedure. This 
coordination builds on both geometric maturity and also on the maturity of non-
geometric product information. Therefore it is advocated that these two Levels of 
Maturity (LOM) are utilised for coordination. Furthermore, alignment to the existing 
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projects and systems and the integration of relevant information sources must be 
established to be capable of supporting these early stages. Appendix 5 – article 5 
discusses enabling preconditions in early preconceptual stages of engineering design.  

The preceding paragraphs roughly highlight the underlying research work that forms 
the basis of this thesis. Product-related geometry is primarily a product of engineering 
design and hence ample research efforts have been invested in this area. There is no 
sharp distinction or description of what is to be considered as engineering design 
research and what is not. Therefore, the following subchapters’ division is therefore 
subjectively formed by the author’s own impressions and should serve as a rough 
orientation in relevant research fields and research communities. Subchapter 2.1.2 will 
reflect on the area of engineering design. Subchapter 2.1.3 discusses research of 
product development-oriented research. Finally, subchapter 2.1.4 is a concluding 
synthesis on the discussed topics. 

2.1.2 Science of engineering design 

It is irrelevant to try to establish why design science in general is carried out; the 
underlying reasons are context-dependent and will continue to be so. There is no 
reigning supreme definition of what is embraced by design science [22,28]. The 
historical approach leans towards the view that the scientific cradle of design science is 
research in the area of mechanical engineering [10,13]. In practise, actual design 
activity is carried out by engineers in a product development environment. Engineering 
design research is applied in many different types of field and discipline [10]. Therefore 
it is important to emphasise that the conducted research work has been performed in the 
research area of mechanical engineering and manufacturing industries. The 
consequence is that the presented perspective on design science is strongly influenced 
by the previously described knowledge acquisition activities. Thus, when mention is 
made of design science, the reader must bear in mind the author’s limited scope. 

My perception is that the core of the traditional design is unaltered, i.e. there is still a 
portion of the design assignment that has a touch of innovation, problem-solving and 
product redesign. This core will always rely on the existence of heuristic structure and 
heuristic principles [47]. However, the designers’ working content, working context 
and working tools are undergoing continuous change. This alteration is gradual and 
chapter 1.1 touches on all the factors influencing this process of evolution. [67] offers a 
reasoned argument as to why engineering design is no longer a “one-man show”. He 
traces the underlying causes back to the 1950s when product design started to become 
too extensive to grasp for one single individual. The introduction of further professional 
disciplines resulted in the first attempts to utilise a design process, “the thrown over the 
wall process”, which was a sequential process basically utilising one-way 
communication. The sequential era was replaced, during the 1970s and early 1980s, by 
a simultaneous engineering process, which in turn was replaced by integrated product 
and process design (IPPD). There are many illustrations on the subject of design 
process dispositions. One example is presented in Figure 9, it is reproduced from [13]. 
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Figure 9. Schematic of the design process [13]. 

Computational design tools and data models are nowadays an inextricable part of the 
design process. The common belief is that the combination of adequate tools/systems 
together with human capabilities forms a much stronger foundation for more effective 
and efficient product development [15]. The knowledge-related characteristics of the 
design process ensure that the process will continue to be driven by human designers, 
but it makes it a challenge to adopt knowledge-intensive computer tools to support the 
designers [9]. Thus it is acknowledged that the design process is very much impacted 
by computer-based tools and the ambition must be to develop tools, guidelines and 
methodology that make the development activity as efficient as possible by supporting 
the personnel with this kind of methodology. 

For the individual designer, knowledge is a key enabler in succeeding with the design 
task. There are generally three different types of knowledge that must be deployed 
when creating or altering design solutions; general knowledge, domain-specific 
knowledge and procedural knowledge [67]. There are several reasons why knowledge 
is of such paramount interest in the design process, and a few arguments are given 
below: 

The total development time is steadily decreasing, [37,72] provide examples of 
companies that have gone from XX months in total development time to XX 
months.  
Product changes that are introduced late in the design process are more 
expensive than those occurring earlier. 
75 percent of the manufacturing cost is committed during finalisation of the 
conceptual stage of the design process [67]. 

The domain-specific knowledge deals with product-related knowledge. In order for the 
designer to be capable of creating a successful design solution, he/she must possess 
thorough understanding of how the product is utilised by the intended customer. Many 
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products are utilised in several different types of application field, so experience plays 
an important role. [17] discusses some fields of knowledge that are crucial in a 
development context, see Figure 10.  

Figure 10. An example on balancing of core competences [17].  

Product utilisation is said to be an area of understanding that is indispensable to the 
designer during the design operation. The existence of uniform terminology in the area 
of product utilisation is an enabler for eliminating misinterpretations concerning the 
product’s fields of application [18]. The product’s application fields, together with 
national and international legislation, provide the designer with explicit design 
requirements. The customers expect these types of requirement to be fulfilled. The 
explicit requirements are characterised by the fact that they are proportionately easy to 
translate into measurable design criteria. There is, in addition, another type of 
customer-implicit requirement that the designer must account for, referred to as product 
features. Implicit requirements are characterised by more vague definitions. In the 
automotive industry three examples of product feature are handling characteristics, 
steering feel and comfort. These types of requirement are often more intrinsic in the 
product and moreover based on a combination of several product functions; product 
features are thus interdependent. The customer perceives them but finds it difficult to 
pinpoint or describe how they are supposed to be quantified. In addition, there are 
further implicit requirements that the customer unconsciously counts on, such as brand 
distinctions. In addition to these requirements, there are many other compulsory 
considerations and requirements that the designer must bear in mind when creating new 
product design solutions; maintainability, reliability, manufacturability, 
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crashworthiness, environment concerns, see Figure 11. Requirements in general are a 
separate strand of research that fall within the boundaries of so-called requirement 
management. The requirement research area is traditionally incorporated as a subset of 
the systems engineering area [1]. 

The designer’s lack of knowledge of various domains is partly compensated by the 
establishment of a collaborative design environment where many organisational 
disciplines work together, see Figure 11. The number of organisational disciplines 
involved depends on the scope of the development effort and the current stage of the 

Figure 11. The integration of design considerations and engineering disciplines [7]. 

specific project [7]. In order to make this collaboration efficient and effective, 
organisational formations of relevant personnel commonly take place, such as the 
establishment of multi-functional teams [62], core teams [32] and development teams 
[72].  

The nature of most development project is iterative. The reason for this iterative 
approach is that there are no methods for directly transforming a problem into a design 
solution [3]. Instead, the characteristics of the development effort tend to become cyclic 
where the total development effort consists of several cycles. During these cycles 
knowledge about the design solutions’ technology and alternative solutions mature and 
it is a gradual, iterative product evolution that takes place, see Figure 12 [67]. From this 
empiric knowledge acquisition a reflection is made, although the design process 
paradox of Figure 12 does not adequately describe what takes place. The reason is that 
the curve of “knowledge about the design problem” indicates that there is no 
knowledge about a new design problem when it is initiated; experiences from life and 
from earlier design tasks will be utilised to assess the new design problem, 
subconsciously or not, when it is initiated.  
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Figure 12. The design process paradox [67]. 

The deployed personnel can work more efficiently if it is possible to work in parallel. 
Parallel activities facilitate the reduction of the total design time span. The consequence 
of increasing the parallelism of the design process is that communication becomes 
crucial, i.e. good communication among the team members is a prerequisite for 
obtaining a successful result [63].  

Several assumptions have been made concerning this parallel way of working. They are 
by no means justified, they should instead be regarded as risks or bottle-necks that 
obstruct the goal of reaching full parallelism throughout the entire PDP. As a result of 
the paradigm shift that DPD signifies, all organisational functions that participate in the 
design effort must be capable of utilising the information content in the communication. 
The paradigm shift is literally based on the shift of product representation, that is 
physical prototypes are replaced by DMUs. Accordingly, the design environment, and 
therefore also the complete product development environment, becomes computerised 
and the prerequisite for participating in the design evolution process is possession of the 
adequate methodology and tools to view and adapt the communicated information into 
a “local” context. Thus, the success of a development project is not based on the actual 
technical design solution but instead on the total time needed to secure a successful 
market launch of the product change; in this context, it is important to bear in mind that 
there are many “downstream” organisational instances that must participate between 
engineering design output and successful market launch. 

The computer-based environment is to be considered in the same way as it is for global 
engineering and the prospect of communication. It is also a prerequisite for efficient 
and effective variety management. The general trend inclines toward more 
customisable products, that is the customer to a much greater extent gets to specify the 
product configuration based on his/her own requirements. Therefore, from a design 
perspective, the total customer offer, the product assortment, becomes much more 
complex to manage. A design environment that should support high product variance 
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and product evolution is extremely demanding in the context of communication 
capabilities. 

In the preceding paragraphs knowledge, communication, computer-based environment 
and design collaboration in a development process were in focus. No attention was 
focused on the obvious; what are the core elements of knowledge sharing, quantitative 
figures on why knowledge sharing is important, and what in fact is knowledge? [42] 
points to the necessity of excelling not only in physical logistical management of 
material flow but also in the area of logistical management of various types of 
information flow. This objective is achievable if one can master the reuse concept of 
already existing information. Knowledge capitalisation and knowledge deployment are 
advocated as primary pursuit issues to obtain this excellence [42]. The knowledge 
capitalisation area deals with how to generate knowledge in a relevant form by: (1) 
capturing the knowledge during its generation, (2) systemisation of this knowledge by 
abstraction, generalisation and aggregation. Knowledge deployment deals with the 
issue of reuse, that is to say how the capitalised knowledge should be made available in 
order to support reuse and contribute to elimination of rework. There are several 
academic studies on the design engineer’s working conditions when dealing with 
acquisition and communication of knowledge. [9] touch upon the subject of knowledge 
accessibility, availability and trustworthiness in knowledge deployment. Some figures 
appear in the same reference concerning the proportion of time spent for acquiring 
knowledge compared to the total time available; approximately 20-30% of the 
designer’s product time is accounted for by knowledge acquisition and the provision of 
information. [64] investigate the time spent on communicating where two separate 
types of communication were studied, knowledge-type communication and 
coordination-type communication. For a typical team member between 20% and 40% 
of the total disposable time was spent on these types of communication. One of the 
conclusions from this study dealt with the improvement potential in making the 
engineers utilise information capabilities technology to a greater extent. Even though it 
is justified to emphasise quantitative measures on how the design engineer goes around 
his work, the real leverage lies in also making this type of knowledge available to 
“downstream organisational functions”. [65] do not provide any actual figures on 
leverage but pinpoint the importance of ensuring that designers and engineers not only 
utilise knowledge intensively during the design activity, but that they also document the 
information for use in later stages of the product life-cycle. 

In many types of publication the terms data, information and knowledge are frequently 
interchanged, that is to say many authors tend not to reflect upon the differences 
between these terms and their order of priority. [13] states “The application of 
knowledge is every bit as respectable an intellectual challenge as is the acquisition of 
knowledge. The application of knowledge requires understanding and purpose”. This 
“understanding and purpose” can be transformed into an application fact of today; it is 
inevitable to rely on database technology when dealing with systemisation of 
knowledge capture and knowledge deployment in a product development environment. 
The reason for this type of database dependence is that database technology provides 
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the means for storing, querying and distributing data, information and knowledge. The 
following definitions of data, information and knowledge are adopted from [53]: 

Data is a set of discrete and objective facts about events. It does not contain 
any interpretation, sustainable basis of action or relevance/irrelevance since it 
does not contain any meaning. However, it is business crucial since it is the 
raw material for the creation of information. 
Information is data endowed with relevance and purpose. It is distributed 
through the organisation by hard and soft networks. Hard networks are for 
example e-mail, delivery-service packages and Internet transmissions. Soft 
networks are ad hoc and somewhat less formal and visible, such as a college 
that is providing another college with an article marked with “FYI”. 
Information always has meaning, but it is the receiver of the information who 
judges if it is of relevance. 
Knowledge is created within a human, or between humans. Knowledge is 
based on information, which in turn builds on data. The following quote is 
from [53]: 

Knowledge is a fluid mix of framed experience, values, 
contextual information, and export insight that provides a 
framework for evaluating and incorporating new experiences 
and information. It originates and is applied in the minds of 
knowers. In organisations, it often becomes embedded not 
only in documents or repositories but also in organisational 
routines, processes, practices, and norms. 

This method of categorisation of data, information and knowledge serves as one 
example. It is advantageous to view ongoing activities in such manner, but it is perhaps 
not sufficient for the purpose of engineering design activities. [16] discuss how 
knowledge should be represented where the underlying reasoning is based on 
characteristics of the design environment and design activities. It is argued that the 
nature of design calls for a flexible product, and therefore also knowledge, definition 
that must support the vagueness of early stages, but also the more succinct product 
definitions in the latter stages of product development evolution. [32] discuss the 
essence of establishing a balance between supporting creativity and maintaining 
discipline in the “fuzzy front end” in order to gain insight into how to work in the early 
stages. [28] points to the research obligations to explore the area of computer-aided 
conceptualisation systems and requirements on producing initial and possible 
incomplete models of the future product. My perspective is that in order to be able to 
support this type of endeavour, a merger must take place between the traditional 
research fields of engineering design and information science. This is a logical 
consequence due to computerisation of the design environment. [28] designates this 
merger as the research domain of design informatics, see Figure 17.  

It is interesting to compare different perspectives on data, information and knowledge. 
[53,16] devote themselves to textual representations of knowledge; such knowledge is 
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not exploitable without a human mediator [74]. The information science society has a 
somewhat different approach to the three precedent terms; [74] states the following 
concerning data and knowledge: 

Data describes specific instances and events. Data may be gathered 
automatically or clerically. The correctness of data can be verified vis-à-vis the 
real world. 
Knowledge describes abstract classes. Each class typically covers many 
instances. Experts are needed to gather and formalize knowledge. Data can be 
used to disprove knowledge.  

The perspective of data and knowledge above is presented in an information system 
context and the following is a quotation from the same author: “Effective information is 
created at the confluence of knowledge and data”. The essence of difference lies within 
the originating context for the descriptions; the product development/engineering 
design environment is “just” another field of research in information science and there 
exists plentiful other fields of applications. The information science challenge in the 
product development environment concerns the data source heterogeneity and 
subtleness of raw data [68], the complexity of the conceptual data modeling (In 
Artificial Intelligence (AI) literature referred to as knowledge representation) [19] and 
distribution of databases, see Figure 13 as an example on data distribution theory [79].  

Figure 13. Framework on distribution [79]. 

In my mind, the designer acts as a catalyst in the design context. The metaphor makes 
sense since large portions of the design tasks end up as a product documentation 
responsibility for the design engineers. They should not just acquire the adequate data, 
information and knowledge, they should also transform this acquisition into a 
competitive design solution. This design solution should be documented in such a way 
that it is interpretable for other types of personnel and moreover support their 
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requirements on the information. Design shortcomings that emerge during the iterative 
design process are also a responsibility of the design engineer to correct, that is they 
need to re-engineer and re-document. Therefore, the product documentation is required 
to be fed “into the system” in order to make it sharable and reusable. [66] describe the 
design engineers’ product documentation task as painful. The statement is relevant 
since design engineers are to a certain extent required to document things that appear to 
be evident and just add to their existing work load. 

Design science, or design research, is a relatively young research discipline compared 
with the more established research fields of natural science [8,10,23]. It was not until 
the mid of last century, some years after the World War II, that engineering science 
began to make progress. The perception of what encompasses design science diverges 
due to the background of the person describing the area, the context and when the 
description was made. Three separate views on engineering design are depicted, in 
order to add some perspective. The last perspective is utilised to roughly illustrate the 
research domains in which the conducted research project has been active. The first 
depiction is from [13] and it was published in 1966, see Figure 14. 

Figure 14. Engineering design in several dimensions [13]. 

The perspective builds on two dimensions; the science-production dimension and the 
functional-aesthetic dimension. The science-production dimension highlights the 
importance of basic knowledge from other more traditional science disciplines, such as 
mathematics and physics. The theoretical assertions must be set against the feasibility 
of producing the future product; “That which cannot be built is not useful”. The 
functional-aesthetic dimension involves aspects of arts and crafts. It points to the design 
engineer as a human being with a responsibility not only to beauty, but also to 
economics and other areas of society, such as environmental responsibility. The 
objective of the description is to serve as a general insight into the engineering design 
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area. It is the context where the description is utilised, student training in techniques 
and/or methods to make them utilise their knowledge.  

The second depiction is from [8] and it was published in 2002, see Figure 15. It pertains 
to areas in which it is relevant to perform design research, or at least areas to bear in 
mind when contributing to improvements in the research area of engineering design. 

Figure 15. An illustration of design research [8]. 

The knowledge areas in Figure 15 are unified by what is referred to as understanding 
and support. Emphasis is put on the importance of defining (1) criteria for research 
success, (2) the influencing factors that contribute to understanding of the research area, 
and (3) the feasibility of transforming the understanding into supporting guidelines, 
methods and tools. It is also emphasised that it is important to evaluate the resulting 
support against the postulated criteria, preferably in practice. The objective of the 
description is to pinpoint how research in engineering design should be conducted, and 
to elaborate on the difficulties in upholding a consistent engineering design research 
community when it has become so complex.   

The third depiction is a creation of [28] and can be viewed in Figure 17. It is a 
classification survey based on a content-driven approach on engineering design which 
utilises a reasoning model to perform a discourse on design science. The underlying 
theme in this reasoning model is based on an analogy of the source, pipeline and sink of 
a material flow; it should serve as a schematic guide for knowledge transfer in design, 
see Figure 16.   
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Figure 16. The natural stream of knowledge in engineering design [28]. 

The author argues that “The knowledge is transferred from scientific/theoretical inquiry 
and comprehension to technical/pragmatic application”. In order to establish the 
natural stream, the three categories are broken down into nine so-called research 
categories, the vertical standing ellipses of Figure 17. Each category is then further 
divided by the identification of research domains within research category.  

Some of the research domains have a black background in Figure 17. These are the 
research domains where the author considers that active knowledge acquisition has 
taken place to define the GMP and GBPI. Each research category where some research 
efforts have been carried out will therefore be briefly described. 

Human assets: Even though the discussion throughout this subchapter has taken in 
somewhat different issues of design, the ambition has been to pursue a design engineer 
centric view together with a holistic perspective on potential geometry users located 
within the extended enterprise. [28] defines design psychology as the research domain 
where one investigates the humans who design and who are affected by design. This is 
true, but with the limitation that the studied topic has primarily been geometry. Design 
marketing deals with fundamental understanding of issues such as customer behaviour, 
life-cycle engineering, customisation and globalisation. The latter three are strongly 
affected by the presence of geometry based product information and the potential which 
lies within the area of DPD. 

Design knowledge: This research category is extremely extensive and the author by no 
means claims to have fully penetrated the “marked” research domains, merely small 
portions of them. The following reasoning serves as a basis. Geometry is the artificial 
representation and extension of design knowledge and its purpose is to support the 
handling of complexity and externalisation of the future product. Geometric 
configuration management is a good example of knowledge-intensive design systems 
which benefit from systemisation of the designers’ knowledge.  

Artifact knowledge: Design taxonomy research is an area where emphasis is put on 
principle understanding of how to generate purposeful artefacts and where orderly 
classifications of the artefacts and artefact relationships are of importance. Geometry 
management deals with creating the prerequisites for a design environment which 
during the early stages of the design process depends solely on digital representation of 
these artefacts. Taxonomisation of geometrical building blocks, their constituting 
geometry models and their configurability, classification of the geometry models and 
different types of relationships between the geometry models are examples of 
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performed research activities that ought to belong the research domain of design 
taxonomy. 

Figure 17. The gnoseology-oriented reasoning model by [28]. 

Process knowledge: Product development normally takes place in a design process. In 
order to be able to optimise design resources, rationalise the design process itself and 
contribute towards automation of part of the design work, a fundamental understanding 
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of the design evolution is a prerequisite. This understanding is generated by actively 
participating and observing within the boundaries of the design evolution, that is 
qualitative process research. The research domain of design logistics deals with how to 
optimise the design process and manage design knowledge regarding artefact 
complexity and process complexity. The design life-cycle research domain builds on a 
holistic viewpoint that is crucial in the GMP definition.   

Design theory: An extremely wide research category and research domain whose 
objective is to break down, synthesise and generalise engineering design by adopting 
different types of research procedure (qualitative, qualitative, empirical) and also to 
explain, idealise and formalise different types of model and theory on the evolutionary 
design process. The GMP and GBPI relate to but utilise some of these procedures in 
their definition. Design automation deals with the relevant areas of computer-based 
problem solving and how to work with strategies and methods in the design 
environment.  

Design methodology: Methodological aspects of design encompass many different 
strands of engineering design research. The objective of the GMP and the GBPI is to 
contribute to systemisation of the design process in a few areas, concerning for example 
the methodology of geometric configuration management and structuring of GBPI 
requirements. Furthermore, working with digital representation will definitely involve 
other ways of realising and sorting out design problems, an area of design innovation.
Geometry models belong to the research domain of design modelling, which deals with 
how geometry models are defined and utilised in different types of activity such as in 
communication.  

Design technology: For obvious reasons, this is the core research residence of many 
issues associated with geometry application. [28] defines the first research domain as: 
“Research in design informatics aims at studying all design-specific aspects of handling 
data and knowledge related to humans, products and tools”. The following domain 
definition, that is the description of the design environment, pinpoints the importance of 
graphical and geometric information as one of the key areas in which to perform 
research. The remaining four “market” research domains of Figure 17 all have strong 
correlation to the GMP and the GBPI since they embrace areas such as design 
modelling systems, product data/knowledge management and knowledge-intensive 
systems.  

Design application: Utilisation of design theories and methodologies in practical 
application, that is to say the research topic of the final category. The GMP and GBPI 
are researched in an industrial context and the findings are gradually implemented 
during the progress of the research project. Design praxeology deals with studies of 
design in practice while design management, performs research on how to make the 
design environment more efficient, among other things.  
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2.1.3 Science of product development 

The scope of this thesis is to incorporate and address aspects of geometry evolution and 
communication within the extended enterprise based on pragmatic, holistic and 
empirical research in an industrial context. The reason why I choose to separate the 
science of engineering design from the science of product development is that I 
consider the science of product development to embrace a much more comprehensive 
perspective which more accurately reflects a business context. In business contexts, 
larger product development commitments embrace most organisational functions and it 
is the cumulative effort which should realise this commitment. In such a context, 
engineering design merely constitutes a portion of this collected product development 
effort. Furthermore, a majority of potential geometry users fall outside the engineering 
design boundaries so the science of product development is an important piece of the 
puzzle for defining a GMP framework. 

[56] argue that there are different types of conceptual framework for design research. 
One of the exemplified conceptual frameworks is management science, which deals 
with areas such as product development, concurrent engineering and design processes. 
[56] emphasise the distinction between research in engineering design and management 
science but simultaneously point to the continuous overlap between these two different 
research areas. Nevertheless, the science of product development is considered to be an 
important area for my research project so some of the existing research domains and 
concepts will be briefly described in the subsequent paragraphs.    

[3] have defined their perspective on the integrated product development (IPD) concept. 
Their definition is influenced by the perspective presented by [44], see Figure 18, 
where they choose not to incorporate the fourth arrow (the bottom arrow). The 
argument given for the omission of this fourth arrow is that they claim they are 
primarily addressing companies with established product development and a well-
established financial situation. [3] point to the fact that integration does not primarily 
deal with integration of departments, functions or management activities. They instead 
argue that the ambition should be to provide the means for integration by procedures, 
aims, attitudes and methods in the product development. Accordingly, attention is 
focused on coordination of the product development effort and special focus is put on 
issues related to project realisation. 
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Figure 18. Model of product development [44]. 

Concurrent engineering (CE) is a well-established research area where there exist both 
journals and conferences where research findings are brought forward. There are 
numerous publications and an example of a comprehensive CE framework is the one by 
[50,51], see Figure 19. The original basic philosophy of CE is the feasibility of 
executing a product development activity in as parallel a manner as possible and thus to 
reduce the total product development time to a minimum. In 1988, [73] published a 
commonly cited definition of concurrent engineering: 

CE is “a systematic approach to the integrated, concurrent 
design of products and their related processes, including 
manufacture and support. This approach is intended to cause the 
developers, from the outset, to consider all elements of the 
product life-cycle from conception through disposal, including 
quality, cost, schedule, and user requirements”.
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Figure 19. The concurrent engineering framework of [50,51]. 

Simultaneous Engineering (SE) is another example of a product development concept. 
The complex interplay of various factors in a product development context, and 
accordingly in a business context, requires the simultaneous coordination of many 
different aspects of the development environment. [37] point to the necessity of 
managing the correlation between supporting technology and organisational aspects, 
see Figure 20. The leverage in lead-time reduction will have much stronger impact if 
interacting phenomena can be dealt with simultaneously. Therefore, [37] emphasise the 
incorporation of manufacturing activities and highlight the importance of a 
collaborative design environment which takes advantage of information technology 
advances.  
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Figure 20. An example of correlation between technology and organisation [37]. 

[3] discusses the relevant points of view when defining product development. These 
points of view can be connected to the persons describing the activity of product 
development, examples of aspects that affect the persons’ descriptions are: 

The reason for the description 
Previous experience 
Professional points of view 
The subset activity studied and the personnel concerned in this subset 

From a pragmatic viewpoint, it is irrelevant which product development paradigm a 
research effort belongs to as long as the results from the effort contribute to more 
effective and efficient product development procedures. There are many authors who 
have drawn attention to the similarities between the concepts of IPD, CE and SE 
[11,29,67]. Concurrent, simultaneous and integrated paradigms all have the same 
ambitions, to produce more competitive products by rationalising the product 
development effort. The driver for each effort may differ but the goal is common. The 
general and advocated way of promoting growing competitiveness is by providing the 
preconditions for increased parallelism throughout all the development activities. 

The science of product development constitutes many different angles of approach and 
just a few have been highlighted. Certain areas of product development research should 
be emphasised since I consider this area to stand apart from engineering design 
research. 

The business context: The primary driver for most rationalisation efforts when 
it comes to product development concerns industry’s requirement for 
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continuous improvement in order to stay competitive. The success level of 
such rationalisation is ultimately judged by the customer. The majority of the 
research initiatives in product development contain a solid industrial 
foundation and can accordingly assess the research based on this foundation. 
Examples are [3, 37, 72]. 
The holistic view: Product development efforts tend to involve large portions 
of a company’s resources. This makes it complex to comprehend all aspects, 
but it is essential to adopt such an approach since it is otherwise hard to obtain 
an impact. Emphasis on customers, products, markets, industrial design, 
engineering design, manufacturing, suppliers, testing, service, aftermarket and 
environmental considerations are all examples of such widespread issues. 
Examples are [70,32, 51]. 
The design process in a project context: The importance of timely delivery of 
product development projects is crucial since the market window of 
opportunity is steadily diminishing. Project coordination becomes crucial due 
to the parallel manner in which most of the development effort takes place. 
The importance of development projects is mentioned in [3,50,63], for 
example. 
The importance of the organisational structure: Shorter development cycles 
require that more company personnel are active simultaneously. The 
traditional way of conducting development is undergoing gradual change due 
to computer technology. These two facts impact the organisational structure 
and its setup. Authors who address these issues are for example [12,37,51].   
Issues of collaboration, communication and enabling computer technology: the 
globalisation trend has been obvious for more than a decade by now. 
Distributed development efforts and globally dispersed suppliers communicate 
and must work together. Computer technology and its steady evolution are 
enabling preconditions that industry must embrace, deploy and develop further 
to maintain a competitive edge. [12,37,64]. 

2.1.4 Concluding synthesis  

In engineering design literature and in product development literature, many different 
crucial issues are dealt with regarding the development and maintenance of product 
range. However, my perspective is that insufficient attention is paid to one of the most 
fundamental aspects, that of geometry. Therefore in the remainder of this doctoral 
thesis the ambition is to provide a geometrical perspective on engineering design and 
product development activities. As an increasing proportion of the product development 
effort becomes digitised, it is evident that it is extremely important to master the sole 
means of digital product representation – that of geometry management. 

[28] elaborated on the natural stream of knowledge throughout the product 
development process. This stream is made up of several sub-streams, which is obvious 
if one examines Figure 17. One of these sub-streams is geometry and its evolution. 
What are the boundaries of this geometry stream? In order to boost product 
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development efficiency one step further, what key areas need to be mastered? 
Questions like these have to be studied in order to be able to obtain a better 
understanding and therefore contribute to best practice, both in science and in industry.  

The reasoning concerning the make-up of the geometry stream must embrace many 
different types of knowledge area and one of the complicating facts is the 
interrelationship between these areas. The following disposition is considered for the 
geometry stream: 

Source category: The source category is characterised by a holistic perspective of 
participants in the development effort, the existing geometry foundation, and 
requirements related to this foundation. Thus, the source category serves as an area that 
should establish the geometric prerequisite for development execution. 

Pipeline category: This category serves as the transformation area, i.e. this is where 
the prerequisites should be converted into output. The output consists of product 
solutions that are based on geometry representations. In order to realise such 
commitment there must be a systemised foundation built on geometry procedures, 
methodology, tools and guidelines. Furthermore, the commitment builds on a high level 
of communication and collaboration between the participants, this in order to ensure 
that all possible issues where one can predict a digital development environment are up 
for discussion. 

Sink category: The digital development environment can never totally replace the 
physical reality. Besides, a computer does what it has been instructed to do, since it is 
humans who feed the computers with the information; validation and verification of 
digital prototypes end with physical prototyping.  

Figure 21 roughly illustrates the holistic view of the natural geometry stream. There are 
numerous examples of communication which does not rely on the existence or 
availability of geometry; this type of communication is illustrated with black arrows. 
The red arrows symbolise the most intensive collaboration patterns where geometry 
constitutes one of the primary types of information. [70] highlight two areas of 
importance which must be emphasised, Industrial Design and Prototypes. The 
Industrial Design organisational function is also referred to by some authors as Styling, 
and it is steadily becoming more important as market conditions get tougher. It is not 
enough to compete in the marketplace with mere product core technology. Industrial 
Design’s primary focus lies within the areas of ergonomics and aesthetics where the 
industrial value lies in establishing product appeal, product brand differentiation and a 
corporate identity that is cherished and recognised by the marketplace. Industrial 
Design is important in the natural geometry stream since the organisation has a strong 
impact on the boundaries of engineering design. 
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Figure 21. The natural stream of geometry through product development. 

[70] define prototypes as: “an approximation of the product along one or more 
dimensions of interest”. Figure 22 builds on the basic prototype framework dimensions 
that were suggested by [70]. In the original illustration, [70] utilised an industrial study 
from Apple Computer Inc and the “Duo trackball” in combination with two orthogonal 
axes. I have instead chosen to illustrate the framework’s dimensions with examples 
from the truck industry in association with a lumped matrix approach. One of the 
dimensions ranges from analytical to physical, and the other dimension ranges from 
focused to comprehensive. The “greyish cloud” is a remnant from the original figure of 
[70] and it will proven that “the greyish cloud” is both feasible and very much relevant 
in a product development context. The GMP framework’s process domain and 
realisation domain will deal with issues of periodic prototyping [72] and DMUs. 
Furthermore, the physical prototype activity concludes the natural geometry stream by 
providing the necessary precondition for validation and verification. Therefore, the 
primary focus of this doctoral thesis deals with geometry-based DMUs, although it 
must be acknowledged that physical testing capabilities are crucial for securing the 
product development commitment. It is true that physical testing involves considerable 
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cost, but one should not neglect the contribution that these types of activity have on 
final product quality. The consequence of eliminating physical prototypes is that it is 
the customers who will detect and tune the last development loop. This is therefore not 
a concept to advocate when performing qualitative product development. 

Figure 22. Types of prototype. The underlying dimensions of this figure were created 
by [70]. However, it has been altered somewhat to fit the context. 

2.2 Geometry-Based Product Information 

In the foreword to chapter 2, the mastering of geometry was regarded as a key to 
success in the competitive conditions that characterise the prevailing industrial 
situation. However, geometry itself will not make the difference; it is the combination 
of geometric information and complementary non-geometric information that is the 
fundamental enabler. In order to systematise these enabling types of information, a 
collective expression is introduced – Geometry-Based Product Information (GBPI), see 
Figure 23. Thus, Geometry-Based Product Information is a collective name for all the 
necessary product information that must be understandable to augment geometry 
application within an extended enterprise perspective. Accordingly, the GBPI research 
area has its origins in multiple strands of research. Examples of pertinent research 
strands are product modelling [36], industrial geometry [49] and product 
structuring/product architecture [2,6,58,59,69]. The ambition of this subchapter is to 
describe the basic make-up of GBPI and its key elements, respectively. In the GMP 
subchapter (2.3), the GBPI will thereafter be further investigated in each of the GMP’s 
domains.  
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Figure 23. The core elements of GBPI. 

Product information is a collective name for all the stored data and information that a 
company must manage in order to manufacture its products. GBPI constitutes a part of 
this product information and it is the primary enabler for digital representation in DPD 
activities. The motives for conducting DPD are increasing steadily as the number of 
applications for digital representations increase. One of the core benefits of DPD, 
provided all applications are conducted digitally, is that organisational functions can 
proceed concurrently, so time-to-market is significantly reduced. This is a message 
used in different forums that hides far stronger arguments. When the conceptual 
development stage is completed, 75% of a typical product’s manufacturing cost is 
already committed [67]. Therefore, it is up until the conceptual development stage that 
the largest impact of systemised GBPI can make a difference. Systemised GBPI 
methods, procedures and guidelines should contribute to: 

The possibility to evaluate more conceptual design solutions 
The feasibility to develop a broader product assortment 
Maturity improvements on the finally derived design solutions [37] 
Digitally generated educational material [25] 
Minimising the number of physical prototypes [35] 
Digital factory investigations 
Digital assembly simulations 

These outlined feasibilities only represent a small portion of the total number of 
advantages with fully implemented DPD. Furthermore, DPD enables the paradigms of 
“fail early, fail often” and “quality cannot be built into a product unless it is designed 
into it” [67]. 

It is justifiable to compare the proposed GBPI concept with theories presented in the 
area of Product Modelling, such as [2,30,36]. From a general point of view, GBPI has a 
much narrower approach than Product Modelling, GBPI deals only with product 
information associated with geometry. At the same time, there are resemblances 
concerning the scope; both Product Modelling and GBPI aim at supporting product life 
cycle activities through augmented information technology utilisation and accordingly 
form a basis for DPD. Thus, there is obviously strong influence from the ongoing 
evolution in the area of computer technology and computer science which calls for 
consecutive pushing of the envelope. The research area of Product Modelling and GBPI 
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is therefore characterised by its dynamics and consequently requires an open 
information infrastructure which embraces and makes improvements feasible.  

In order to support the concept of a geometry stream, GBPI must contribute to the 
“front loading” of the product development process, i.e. it is relevant to pinpoint the 
sources that introduce geometry into the process. It is reasonable to assume that among 
the sources there will be different geometry-generating applications that rely on 
different geometry-generating techniques. It is therefore justifiable to assign these 
geometry sources as the core of the geometrical evolution and it is the geometrical 
progression that must be communicated to the geometry users who are located around 
the extended enterprise. The geometry information must be made relevant; this is 
achieved by putting it into a product context and process context. Thus, the contribution 
from the ‘Product information’ portion of GBPI is to provide this context.  

The GBPI area provides the GMP framework with a number of prerequisites and 
feasibilities in the form of requirements, see Figure 6. There are in addition 
requirements in the opposite direction. For example, there are requirements from both 
the Process Domain and the Realisation Domain concerning how the product 
documentation should be created and there are requirements concerning how the 
geometry models should be structured to enable geometric configuration. However, the 
remainder of this subsection will be devoted to further elaboration of the GBPI area’s 
key elements, that is the geometry models and the appurtenant product documentation. 

2.2.1 Geometry Models 

In principle, geometry models are built on mathematical definitions that are integrated 
into different types of software solution, utilising computers to compute and graphically 
represent the geometry models. Thus, two of the most pertinent research strands for 
geometry models are geometry modelling and computer graphics. There are numerous 
publications in each area, such as [41,71]. 

Even though the necessary mathematical foundation for geometry models was 
established many decades ago, the amount of ongoing research in applied geometry is 
extensive. The application of different representation techniques varies between various 
research disciplines and herein lies a potential for lucrative synergies by combining 
experiences and techniques from different research areas [49]. [34] points to the 
necessity of combining appropriate geometrical representations with efficient 
algorithms that are supported by efficient data structures, in order to achieve efficient 
geometry processing. The importance of algorithms, the information infrastructure and 
the type of representations is also emphasised when it comes to providing proper 
prerequisites for development collaboration [39].  

In a context like this, it is more or less compulsory to briefly pursue a historical 
retrospective when dealing with these more contemporary reflections on the research 
area of geometry application. This study is motivated by the need to quantify just how 
dynamic the area of geometry models is, and by the likelihood that there will be future 
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paradigm shifts in the area of geometry models. In 1982, [54] made a historical 
summary and discussed the forthcoming paradigm shift; the introduction of the next 
generation of CAD systems which were to be based on solid modelling techniques. 
Until 1982, that is only just 20 years ago, several underlying geometry techniques and 
advances in computer technology had formed the differences between the earlier 
generations of the CAD systems; for example the first two-dimensional CAD systems, 
wireframe-based three-dimensional CAD systems, wireframe-based three-dimensional 
CAD systems with bounded-surface facilities, and so forth. After 1982, the predictions 
of [54] have been accurate concerning the progress of CAD systems and the utilisation 
of solid modelling techniques. However, [49] and [39] discuss concepts that will 
definitely have an impact on the existing CAD systems which prove that the dynamic 
characteristics of the geometry modelling area are still very true. 

The application of geometry models is today very widespread and the techniques 
practised are regarded as mature. Such a state would not have been possible without the 
achievements made in areas such as computer performance, database technology and 
networks during the past two decades. A consequence of these achievements is that 
nowadays it is not only components and smaller assemblies that one can manage in the 
CAD systems, but also entire products made from many hundreds, or even thousands, 
of components and sub-assemblies. The CAD systems, together with the computer 
systems that industrial designers utilise, are essential in the natural geometry stream 
since they are considered to introduce a majority of all product-related geometry into 
the stream. Some readers may oppose the addition of an additional third geometry 
source, particularly a source that not is a geometry-creating system but a storing 
system. I have chosen to incorporate the third geometry source since it is considered to 
be extremely important to bear in mind in a product development context; the third 
source is denoted ‘Carry-Over Material’. Thus, the following three geometry sources 
constitute the upper boundary of the natural geometry stream: 

1. New industrial designs. Most large companies today have one or more industrial 
design departments. The purpose of industrial design is to create customised 
products that connect to trends in the product segments and establish a unique 
identity for the product. In the past, sketching and wood/clay models were used in 
the industrial design area. Computer tools are steadily replacing traditional 
sketching and clay models. One of the reasons is time, another is that newly 
graduated industrial designers are more accustomed to these tools. Many of the 
software packages used in industrial design utilise 3-dimensional surface modelling 
techniques where aspects such as real-time rendering and textures are important.  

2. New engineering designs. The computer-aided tools used in engineering design 
departments are chosen depending on the type of product to be designed. In the 
automotive industry, it is common to utilise software packages that build on 3-
dimensional solid modelling techniques. Partners and suppliers are one source of 
geometry models in the engineering design departments since they contribute with 
their components/systems to the development effort. Irrespective of whether the 
engineering design department or the partner/supplier has design responsibility, 
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this kind of co-operation is built on the exchange of geometry models during the 
development of new products. 

3. Carry-over material. For many industrial companies, the development of new 
products is not the same as an entirely new product. To a certain extent, “old 
solutions” are reused, which means that geometry models from old projects are 
used once again, they are carried over. Carry-over from a geometrical point of view 
implies that the old versions of the geometry models must be compatible with the 
latest versions of the tools used. 

There is a major difference between the upper and the lower boundary of the geometry 
stream; the objective of accessing the geometry. The lower boundary is referred to as 
downstream activities in some publication, such as [72], which in this particular context 
is very suitable. One of the key functions of the natural geometry stream is to unify the 
upper boundary and the lower boundary by guaranteeing accessibility to relevant GBPI, 
independent of where in the stream a geometry user is located. However, the objective 
of the upper boundary is to create and introduce the geometry into the stream, while the 
objective of the lower boundary is to control and ensure that the proposed design 
solutions comply with the requirements of the downstream organisational functions. 
Hence, downstream organisational functions are not supposed to create or modify 
product-related geometry. The consequence is that different requirements arise 
concerning geometry application and functionality. In the upper boundary, functionality 
must exist to support the geometric evolution. In the lower boundary, functionality 
must exist to: 

View the progress of the geometrical evolution 
 Put the evolving design solutions into a downstream context 
Support different types of product documentation activity  

Geometry application presumes that the necessary software solutions exist. In the early 
days of geometry application, there were few commercial geometry applications. 
Accordingly, it was fairly common for many companies to develop their own geometry 
applications, and a few examples are presented in [48]. Nowadays, companies tend to 
focus on core business and thus utilise commercially available geometry applications. It 
is seldom justifiable for a company to devote its development personnel to the 
development of new commercial geometry applications; the exception is of course 
vendors who develop geometry applications. 

CAD systems utilise mathematical definitions that define the geometry models 
unambiguously. In order to provide such unambiguous definitions, additional 
geometrical features are utilised to set up these prerequisites. Examples of these 
additional geometrical features are points, lines, alignment planes and different types of 
measurement. Furthermore, geometrical evolution is characterised by iteration, 
modification of geometrical drafts requires that the entire “design history” of each 
geometry model resides within itself. The result is that the geometry models in the 
CAD systems are quite flexible concerning change and modification. The flip side of 



The framework of the research 

41

the coin is that CAD system geometry models tend to become rather large and all the 
necessary functionality to support creation and modification functionality means the 
learning threshold is quite high. Once the threshold level is reached, regular usage is 
required to maintain the obtained CAD competence. 

Many of the downstream activities do not require “design history” or change 
capabilities. This is most likely one of the reasons why a new type of visualisation 
application has appeared during the past decade. Such geometry applications do not 
provide the capability for creating or modifying the geometry. Instead, they rely on 
geometry models that are derived from the CAD systems by various conversion 
procedures where, among other things, the entire “design history” is removed from the 
geometry models of the CAD systems. The result is geometry models where the initial 
size is reduced by up to approximately 95 % of the original CAD system geometry 
models. One benefit of this type of geometry application is that they tend to be capable 
of incorporating geometry models from various CAD systems and from industrial 
design systems. They thus both overcome the existence of multiple CAD systems in the 
engineering design environment and at the same type serve as integrators in the natural 
geometry stream. Another benefit that arises due to relatively small size is the 
feasibility of visualising large numbers of geometry models simultaneously. In Figure 
24, five trucks have been superimposed on top of each other. Furthermore, more than 
one CAD system has provided the geometry models and the number of components 
exceeds 30,000.  

Figure 24. Example of capabilities of a visualisation application. 

The number of different types of visualisation system has increased considerably over 
the past few years. Figure 25 contains the output from another visualisation application 
where geometry models are utilised to guide visitors around an exhibition stand. 
Exchange and communication between different types of geometry application is 
chiefly associated with conversion. This is also a fact when exchange takes place 
between different CAD systems. This situation will most likely not change because 
each vendor has its own geometry format. However, there are ongoing standardisation 
activities for so-called neutral formats for the exchange of product data. Thus, the 
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standardisation work deals with both geometry models and related product information 
[46,57]. From the mid 1980s a new era arose when the STandard for Exchange of 
Product model data (STEP) was initiated. This standardisation work is immensely 
comprehensive and encompasses many different fields of product model data.  

Figure 25. An example of utilisation of geometry models in market area. 

2.2.2 Appurtenant Product Information 

Product information is a very wide concept in design science as well as in industry. 
Different companies and scientific areas have various definitions of what should be 
included in this concept. In this thesis, a portion of the total corporate product 
information is pertinent; it is designated as appurtenant product information for the 
geometry models. This definition should be interpreted as information that must exist in 
order to generate relevant and accessible geometry models. The procedure for realising 
relevant geometry models is covered in the realisation domain. The objective of this 
subchapter is to break down the appurtenant product information and discuss the 
product data that must exist for supporting the realisation of relevant and accessible 
geometry models  

The appurtenant product information should provide the geometry models with a 
context that is relevant to the geometry user. The relevant context is referred to as a 
product view and it is constituted by the geometry user’s perspective of the product in a 
specific activity of the business environment. What then constitutes a product view? In 
order for a product view to become relevant, it must support the geometry user in 
fulfilling the assignment in a specific activity. If the geometry user is a design engineer 
who is responsible for a specific design solution; a relevant product view may involve 
functional aspects, system aspects or volume allocation aspects. Furthermore, in order 
to put the design solution into a product context and thus a geometrical location, 
additional product specification information must exist. If the geometry user instead is a 
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manufacturing engineer, a relevant product view might involve aspects such as 
manufacturing flow, assembly order or the availability of different manufacturing 
equipment. Moreover, the manufacturing engineer also depends on product 
specification information to obtain a relevant product context. 

In the two preceding examples, not just two but instead multiple product views are 
mentioned. In all cases, the product views utilise some type of product decomposition 
mechanism. The product can for example be broken down in accordance with its 
function, its systems or its assembly sequence in the manufacturing process. However, 
this decomposition always presumes that there is an underlying product specification 
description that provides a product context. A product specification description is 
therefore also a product view. It involves a decomposition whose objective is to make it 
possible to specify which design solution is valid for a certain product specification. In 
another user context, it will instead contribute the eligibility product combinations. The 
trend in the marketplace is clear, in many industrial segments the mass product 
paradigm is replaced by a mass customisation paradigm [6,21,58]. The consequence of 
customisation is that product variance increases, that is the product assortment becomes 
more comprehensive. Many companies have therefore adopted a modular design 
approach to meet increased product variance. Hence, modularity is also a way of 
decomposing the product to meet variance; it can therefore constitute a product view. 
However, it deserves to be very explicit concerning a modular product view and a 
modular product design. Modularisation is primarily a means of conducting efficient 
product development where product diversity is a core issue, a modular product view 
should not be placed on equal footing with the implementation of proper modular 
design. In addition to the above-mentioned product views, there naturally also exist 
further product views from areas such as marketing, spare parts and service.  

There is accordingly a need to support many different product views. Some product 
views will overlap each other, while others have less in common; see the example in 
Figure 26. [69] argues on behalf of different product architectures and the consequences 
of different approaches. [60] discusses the growing industrial attention to what he refers 
to as Product Structure Management and the existence of different types of activity-
domain-specific product structure view. In this thesis, product structures, or product 
architectures, are considered to embrace the same issue. However, it is relevant to 
collect the different decomposition entities of a specific structure into some type of 
hierarchical scheme. Henceforth, the schemes are referred to as different types of 
structure and it is these structures that constitute a key element when different product 
views are generated. It should be emphasised that the most frequently occurring product 
views are based on a combination of at least two structures; one structure that provides 
the product context and one structure that constitutes the actual product view.  
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Figure 26. Examples of different product views. 

The different types of structure are company-unique or organisation-unique. The reason 
for this uniqueness is that when establishing a structure, compromises are made. Each 
company, and in some cases each organisational function, has its own culture and 
priorities that will lead to compromises. The product itself, and its constitution, will of 
course have a strong impact on how the decomposition will be carried out. In a business 
context, there is another issue that must be emphasised, the existence of an order of 
precedence among the different structures. There must accordingly be a master 
structure. Normally it is the product documentation structure of engineering design that 
is chosen as the master structure. Changes that are introduced in the master structure are 
then fed to the remaining structures and systems. Product documentation is a major 
commitment that constitutes a large portion of the total development effort, that is to 
say in terms of time and resources. It is therefore wise to utilise a documentation 
structure that is as static as possible over time, otherwise there is a risk that large 
resources must be diverted to re-documentation. Four examples of product views are 
given in the following section: 

Product variant structure. The most crucial structure. The product is broken 
down into its smallest eligible features, seen from a customer/sales/variant 
perspective. It is applicable throughout the entire product life cycle and widely 
recognised throughout most of the company.  
Modular product structure. The structure should be a derivate of the 
modularisation efforts. Modularisation builds on a systemised way of breaking 
down and identifying so-called building blocks where tackling of product 
variance is a core issue. The modular product structure definition should be 
performed from a holistic viewpoint where product life cycle aspects are 
important. The structure is therefore a compromise between the different 
organisational functions that participate in the definition process.  
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System product structure. Product function and product characteristics are 
core customer values. They are a responsibility of the engineering design 
department and in order to support its representation, a separate structure is 
needed. The system structure is incorporated into Figure 26 which shows that 
the structure tends to transverse the hierarchy of the modular product structure, 
that is the systems are made from a combination of multiple, partial product 
modules, see Figure 27. 

Figure 27. Example of product view of steering system. 

Manufacturing process structure. This structure distinguishes itself from the 
former three by its decomposition mechanism; it normally breaks down the 
product in accordance with the sequential assembly line that constitutes the 
main manufacturing flow. One of the challenges with this structure concerns 
the need for managing both product–related geometry and process-related 
geometry.  

There is a strong focus on the content of the different structures that constitute the 
various product views. However, there is further non-geometric product information 
that must exist in order to create these relevant product views. The relevant product 
views are supposed to be made available by application of geometry models in 
development projects, or in an “ordinary state of production”. In such a context, they 
should represent the prevailing level of maturity (LOM) in the digital prototypes. 
Hence, there are more examples of necessary appurtenant product information that must 
exist to create these product views, such as: 

Positioning references 
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Time of introduction 
Version control 
Weight and cost information 
Project relationship 

The existence of some of this relevant product information is necessary in order to 
provide the preconditions for coordination and follow-up of different aspects of the 
digital prototypes. In other words, compulsory product information that must exist in a 
product development process to secure project progress and project target fulfilment. 
Moreover, this is really one of the core areas to take into consideration in order to make 
sure that the geometry models are relevant. By providing this type of information, reuse 
is supported and this is an enabler for elimination of rework around the extended 
enterprise.

2.3 Geometry Management Process 

The research area has been divided between the two concepts of GMP and GBPI. In a 
GMP, all questions are concerned with various aspects of GBPI. The objective of a 
GMP is to contribute the methods, processes and tools that form a framework for 
improved working routines through the utilisation of GBPI. The GMP is depicted in 
Figure 28.  

Figure 28. The Geometry Management Process. 

Communication of GBPI is of the utmost importance in order to integrate and 
rationalise product development. The reason for the urgency of communication is that 
the geometry models constitute the primary means for product representations since 
physical mock-ups are postponed to the later development stages. There is another side 
to this urgency that must be emphasised; the parallel manner in which the development 
effort is executed. Hence, the consequence of parallelism is that intensive 
communication is required. 
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The GMP is to be considered as a stand-alone concept that relates to existing theories 
and procedures in product development and design methodology. When dealing with 
GBPI, many different aspects have to be accounted for. The approach has been to 
divide the GMP into four different domains: the function domain, the requirement 
domain, the process domain and the realisation domain. The concept of domains makes 
it possible to address various aspects from a few relevant perspectives. In the original 
approach, it was assumed that there was a certain chronology between the domains. The 
argument for this chronology was that in order to answer the major research question a 
sequence of questions had to be asked. The first effort must be to establish which 
organisational functions participate in different activities throughout the extended 
enterprise, that is WHO are the geometry users, who rely on access to GBPI. If the 
participating geometry users have been identified, the following question must give an 
answer to WHAT these different geometry users’ requirements are concerning GBPI. 
The next question in this sequence is concerned with WHEN these requirements can be 
fulfilled. The final question deals with HOW these requirements should be fulfilled.
Thus, a chronological approach was adopted where the function domain was initially 
surveyed. On top of this chronology, there are also correlations between the different 
domains that must be taken into consideration. 

2.3.1 The kernel of the GMP 

The kernel of the GMP is presented in Figure 29. The geometry models originate from 
different organisational functions within the Development Process, so-called geometry 
sources, which create the models. Examples of geometry sources are industrial design 
and engineering design. The geometry sources are linked to parallel activities that 
utilise the created geometry models to solve their development assignments. The 
backbone of the figure is the greyish arrow which symbolises the product development 
process.  

Figure 29. The kernel of the Geometry Management Process. 
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Nowadays, it is necessity to possess the skill to simulate parts, assemblies, systems and 
complete vehicle features and characteristics in order to have the feasibility to postpone 
the physical prototypes to the later stages of the development process. In Figure 29, 
these activities are covered in the upper loop, Analysis & Verification. One of the most 
frequently used techniques is the finite element method (FEM) [4,77,78]. One way of 
creating FEM models is to utilise geometry models, see Figure 30. The example in 
Figure 30 comes from a simulation of brake disc temperatures and stresses. 

Figure 30. Example of FEM model derived from a geometry model. 

Collaboration with suppliers and partners must work. In most engineering industries, 
the companies themselves do not have the competence, or resources, for both designing 
and manufacturing all the parts and systems they require. Different companies have 
different policies concerning what is considered as strategic competence and how they 
should utilise their available resources. Nevertheless, during the development process, 
there is continuous collaboration with internal and external manufacturing functions. 
The objective of such collaboration is to take advantage of the combined design and 
manufacturing competence already from early stages in the development process. 
Geometry models are an important ingredient in this collaboration. Many 
manufacturing disciplines today utilise geometry models in their manufacturing 
simulations before actual production is initiated, one such example being casting 
simulations. Therefore, it is important to exchange the geometry models when their 
geometrical maturity reaches a level of detail that makes them acceptable for 
performing manufacturing simulation. Often this collaboration will last for the entire 
life cycle of the part since smaller modifications often take place several times during 
its life cycle. This collaboration is illustrated by the Manufacturing loop in Figure 29.  

When the manufacturing parts are available, the final product must be assembled. Most 
engineering companies keep the assembly operation in-house. Thus, the loop is named 
Assembly Operations in Figure 29. There is a wide range of assembly operations, 
depending partly on the nature of the product to be assembled. The range of operations 
stretches from fully automated to almost manual assembly. The chosen path for the 
assembly operations depends on product volume and product variety. For example, 
trucks are very customer adapted, resulting in a rather high level of manual assembly in 
most workstations in the assembly operation’s product flow. Assembly operations must 
be taken into consideration from early stages of engineering design, so-called product 
preparation. As a result of the drive towards elimination of physical prototypes in early 
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stages, the assembly operation must be simulated digitally. These types of simulation 
can be divided into different simulation areas, such as process simulation, off-line 
programming and ergonomic simulations. Digital simulations depend on access to 
relevant geometry models from engineering design. Furthermore, the remaining 
assembly equipment such as facilities, fixtures, tools and machines must be available as 
geometry models in order to completely perform these simulations. An example of an 
assembly operation of a front axle is given in Figure 31. 

Figure 31. Example of digital simulation of front axle assembly operation. 

The product life cycle is initiated by investigative activities such as benchmarking, 
technical feasibility studies and market investigations. The product life cycle can 
thereafter be divided into a number of stages such as the development stage, operational 
stage and recycling stage. The development stage is a generative stage of product 
information for documentation purposes. During the development stage itself, Process 
& Product Documentation (Figure 29) is carried out. Project progress and validated 
product requirements are examples of issues to document. Besides documentation of 
the development effort, the objective of numerous documentation activities is to 
generate product information on the new product for customers, legislation and 
aftermarket purposes. Examples of organisational functions that participate in these 
documentation activities are marketing, service and spare parts functions. These 
activities are normally located in the latter stages of the detailed design stage. The 
documentation generated will serve as a basis for the subsequent product life cycle 
stages until the product is finally recycled. Many of these activities would benefit from 
having access to relevant geometry models. In Figure 32, an example is depicted from a 
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service manual for a certain type of gearbox. It is a good example since this illustration 
does not originate from geometry models from engineering design. 

Figure 32. Example of product documentation conducted at the end of the development 
stage.

The Geometry Management Process embraces all three categories of the natural 
geometry stream. There are, however, some limitations on the scope of what is 
considered as relevant to comprehend in the GMP. In the following subchapters, 2.3.2 
to 2.3.5, examples will be provided of how each respective domain contributes to these 
categories. The mentioned limitation concerns the sink category. The sink category is 
regarded as extremely important for validation and verification of geometry models. 
However, in order to obtain such objective physical prototyping, various issues must be 
incorporated and dealt with, and that is beyond the scope of the GMP. 

2.3.2 Function Domain 

Development excellence is not merely a result of making state-of-the-art development 
technology available to a company’s employees. A holistic view of product 
development includes organisational aspects, business strategy reasoning and 
knowledge management. Such a view also incorporates suppliers and partners, who in 
many engineering industries contribute to the development projects at different stages. 
In most industries such as the automotive and aeronautics industries, globalisation is 
obtained through organic growth, mergers, take-overs or joint ventures. Irrespective of 
the chosen way of expanding the business, global integration and collaboration issues 
must be tackled by the organisational functions in accordance with the chosen actions. 
Therefore, in the framework of this research project, extended enterprise constitutes 
internal and external organisational functions – the company’s own personnel and the 
personnel of suppliers and partners – spread around the globe. The function domain is 
from a historical perspective the most static of the GMP’s domains. The static state is 
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caused by the fact that most companies in the automotive industry have existed for a 
long time and their products have matured. Accordingly, the companies’ organisations 
have settled.  

The function domain has primarily been dealt with from a geometry perspective where 
the objective has been to map and study the extended enterprise’s geometry users. In 
this work, other issues of importance have appeared which are well worth emphasising. 
One such issue is the importance of providing an efficient development environment 
that is supported and understood in accordance with Figure 33. A majority of geometry 
users are supposed to utilise GBPI. They constitute the wide basis that performs the 
actual development work. In order to provide the basis with the adequate prerequisites, 
further levels must be established that continuously ensure that the rapid new 
achievements taking place in computer hardware and software are incorporated and 
made available. It ought to be obvious that Tools and Guidelines and Methodology are 
directly influenced by this rapid technology development. However, it is equally 
important that the Business Strategy concentration is flexible in its formulation since it 
is most likely that it will be reformulated relatively regularly. The importance of the 
business strategy will be further discussed in the realisation domain.  

Figure 33. Prerequisites for an efficient development environment regarding GBPI. 

The mapping of the function domain builds on several surveys where interaction has 
taken place with geometry users located around the extended enterprise. The objective 
of these investigations has been to establish an understanding of different types of 
GBPI utilisation. The consequence is that the conducted mapping reflects the AS-IS 
organisation and its geometry users, see Figure 34. From an organisational point of 
view, the geometry user is not just one working profile but many profiles. These 
profiles can be distinguished by their GBPI requirements. The correlation between the 
function domain and the requirement domain is therefore apparent. 
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Figure 34. The principle of the function domain. 

The gradual transition to DPD will change working procedures in many functions. The 
TO-BE organisation must be able to deploy its experiences from the traditional product 
development. Obstacles normally detected in early physical prototypes should be 
detected in the DMU tools. The lack of methods and procedures for conducting these 
kinds of activities must be approached and managed. Since there will be no physical 
prototypes in the early stages, different functions must complement their competence in 
order to comply with their new way of performing their assignments. The sequence of 
activities may also be altered, as a result of which the traditional organisational 
boundaries must be broken down. 

∴∴∴∴ The function domain should primarily answer the question: WHO
are the potential geometry users? 

2.3.3 Requirement Domain 

The primary objective of the requirement domain is to support a systematic way of 
representing different requirements concerning GBPI. The second objective is to utilise 
this systematic way of representing requirements to create geometry users/profiles, see 
Figure 35. The third objective is to simplify the entire principle of requirements and 
profiles. The profiles are created by categorising different geometry users with similar 
requirements. Many methods proposed in design science are too cumbersome to 
implement and maintain; therefore one of the objectives is plain and simple 
methodology. The concept of pinpointing the requirements has been chosen because of 
the increased importance of supporting different GBPI needs at different stages of the 
PDP. New requirements will continuously arise, partly due to the introduction of new 
hardware with improved performance and partly due to new software that is user-
friendlier and provides more and better functionality for different functions. For this 
reason, the character of the requirement domain is more dynamic than that of the 
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function domain. Most requirements can be translated into requirements concerning 
functionality, but also as regards availability of the relevant GBPI. In the disposition of 
the research work, availability issues have also been addressed concerning the 
underlying structure and with respect to how the GBPI is realised.  

Figure 35. The principle of the categorisation method of geometry users. 

Key Quality Function Deployment (QFD) principles have been applied when 
elaborating the GBPI matrix [27]. Elimination of rework is carried out by fulfilling the 
GBPI requirements. The requirement domain must support the establishment and 
separation of different GBPI requirements. The correlation between the process domain 
and the requirement domain is that the process is dependent on the requirement 
domain’s methodology as regards terminology. The requirements belong to geometry 
users which can be considered as internal customers of the extended enterprise. In 
Design Science, QFD has been deployed and described in many different areas. The 
fundamental principle is to collect end-customer attributes for describing the product 
and to translate them into technical terms (design parameters) recognised by the design 
engineer.  

The GBPI matrix has evolved from interviews with geometry users from many 
different organisational functions. As with end-customer requirements, most geometry 
user requirements can seldom be assigned one specific functionality. Instead, a specific 
requirement is fulfilled by a combination of variables that can be related to databases, 
tools and functionalities. The rows of the matrix have been derived from decomposed 
requirements. The principle has been that each row has been differentiated to meet low, 
intermediate and high requirement levels. Thus, some rows cover geometry model 
aspects while other rows lean more towards product information issues. The matrix 
columns consist of geometry users from different functions. The creation of geometry 
profiles, the categorisation procedure, takes place when several columns, that is to say 
geometry users from the same or different functions, are collected and collated. An 
example of a decomposed requirement is presented in Figure 36. The GBPI evolves 
during a development project, the Level Of Detail (LOD) reflects how the geometric 
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maturity grows. The lowest level of LOD is Envelop (to the left), the intermediate one 
is Draft (in the middle) and the highest level of LOD is Detailed (to the right). 

Figure 36. A decomposed requirement, Level Of Detail (LOD). 

CAD software system requirements for enabling Concurrent Engineering have been 
presented in an earlier publication [52]. This thesis presents methodology that adds 
other perspectives to these requirements since GBPI embraces CAD and other 
geometry users’ requirements. Furthermore, the definition of GBPI also includes the 
area of product information, and this is becoming increasingly important. The business 
contribution of this type of methodology is the possibility of reducing the number of 
geometry user profiles to a manageable few. Excellence in DPD in the area of GBPI is 
obtained by keeping track of all requirements through utilisation of systematic and 
simple methods. The concept of categorising geometry users is further outlined in 
chapter 3 and appendix 1. 

∴∴∴∴ The question of the requirement domain is: WHAT are the GBPI requirements of 
the geometry users? 

2.3.4 Process Domain 

The primary objective of the process domain is to look at the PDP with a GBPI 
perspective. The design process has been subjected to considerable changes in recent 
decades due to the use of computers [47]. Computers make it possible to change the 
traditional way of conducting development, see Figure 37. Due to the capabilities 
offered by the computer environment, dependency on physical master representations is 
postponed to the later stages of the development process. The digital master 
representation is the substitute for the physical master representation. This paradigm 
shift implies that it is in fact feasible to restructure the traditional product development 
process into a digital portion and physical portion, that is in accordance with Figure 7. 
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This does not contradict the traditional process setup that is normally systematised 
around a few stages, for example concept development, system-level development and 
detail development [70], although it does bring new issues of coordination.  

Figure 37. Illustration of digital product development potential. 

However, fancy computer representations and a state-of-the-art computer environment 
do not automatically make a product development project successful. The development 
environment is naturally extremely important, but the offered capabilities must be 
incorporated and utilised in a pertinent manner to make a difference. The combination 
of information technology and processes is a delicate matter that, if mastered properly, 
will provide a competitive edge [12].   

In the process of developing the product, almost all organisational functions contribute. 
The efforts can be brought together in different activities that take place at specific 
moments of the PDP. Since many activities are carried out concurrently, there are 
demands on increased integration between the organisational functions. Concurrent and 
integrated working procedures depend on enhanced communication and collaboration 
between the participants during the product’s evolution. In order to facilitate 
development execution and management, it is usual to divide the process into smaller 
portions, so-called refinement procedures (sometimes also referred to as 
DEVELOPMENT LOOPS), which are finalised by decision gates. Each such 
refinement procedure is dependent on its input, available resources and business/project 
constraints in order to be able to deliver an output, i.e. the basic ingredients of process 
modelling techniques such as IDEF0. From a geometrical point of view, each 
refinement procedure will evolve and heighten the geometrical Level Of Detail, i.e. the 
geometrical maturity evolves throughout the process.  

The process domain should contribute towards improved GBPI management and GBPI 
deployment. The make-up of GBPI was described in greater detail in chapter 2.2. When 
viewing GBPI from a process perspective it is apparent that there are rather large 
differences in the refinement procedures depending on in which part of the 
development process one is interested in. Early stages are characterised by 
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uncertainties, at least that appears to be the general opinion of many publications. I 
consider this to be a misconception. In many mature industrial areas, new development 
commitments do not start off from scratch, the ‘carry-over concept’ is a very well-
established phenomenon. That is the reason why I have chosen to incorporate a so-
called preconceptual development stage, see Figure 38 (the figure does also incorporate 
the LOD concept from the requirement domain, which is central in describing the 
geometrical process perspective). The carry-over phenomenon implies that companies 
reuse reliable design solutions from an existing product in the new development project 
and this boosts the number of DMUs from earlier stages; note the quicker ramp-up of 
DMUs in Figure 37. The consequence is that there are prerequisites for partial 
geometry population of the future product that promote the feasibility of activities such 
as space allocation and interface investigations.  

Figure 38. The geometrical process perspective. 

The geometrical process perspective is a top-down illustration that shows a general 
process view of the major stages in many industrial companies. The concept of general 
process description that should comprise all types of development initiative is 
prevalent. The generic process description is in this context referred to as the Project 
Template, see Figure 39. The project template is to be seen as an instrument for setting 
preconditions for the development effort, its coordination and its product 
documentation. However, in order to realise projects, system support from the 
documentation systems is a necessity. The legacy information architecture is the 
backbone of many larger firms when it comes to product documentation. Legacy 
systems bring a historical inheritance that must be complemented in order to properly 
support the DPD scenario. The conventional way of documenting has put a strong focus 
on the physical components, referred to as Articles in Figure 39, and their 
documentation. DPD implies that more development activities are redirected to the 
preconceptual stage of the development process and accordingly there will be a gap 
between the Process Template and system support. A third coordination instrument is 
introduced that should bridge this gap concerning GBPI documentation; in the figure it 
is called Building Blocks. The concept of geometrical building blocks (BB) will be 
described in greater detail in the realisation domain, but basically they are the smallest 
configurable geometrical entity that must be coordinated in a process context.  
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Figure 39. The conjunction of project and release processes.  

The concept of Level Of Maturity introduced in Figure 39 has its origin in the 
requirement domain. It deals with different GBPI property types that must be 
coordinated and followed up during the execution of the product development process. 
Thus, it is really based on the two cornerstone areas of GBPI that have been conjunct 
with the Product Template’s decision gates. It utilised the evolution basis that a design 
solution has a certain maturity that is based on geometric maturity and non-geometric 
product information maturity. The concept of maturity improvements is addressed 
within each refinement procedure. The LOM concept is depicted in Figure 40. 

Figure 40. The concept of Level Of Maturity. 

The process domain should describe the evolution of geometric maturity, that is to say 
the evolution of GBPI. The objective of replacing the physical mock-ups with DMUs in 
early stages is the foundation for digital product development. The correlation to the 
function and the requirement domain is strong. Personnel participating in the process 
belong to the function domain. Their GBPI requirements are met in the process. The 
contribution of the process domain is to coordinate the personnel’s requirements in the 
project, in other words establishing when the requirements are met. By adopting a 
methodology whereby corporate requirements are mapped, it is possible to consider 
them already from the earliest stages. The correlation with the requirement domain 
implies that the process domain is also more dynamic in its nature since it must cope 
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with new requirements. The process domain is important in the framework of the GMP. 
It is further outlined in chapter 3 and appendices 2 and 5. 

∴∴∴∴The process domain’s question is: WHEN are the GBPI requirements of the 
geometry users met?

2.3.5 Realisation Domain 

The Realisation Domain is the final domain of the GMP. It should provide answers to 
how the requirements of the different geometry users should be realised. The domain 
relies on the outcome from the three previous domains and the advocated realisation 
approach must therefore be correlated to this outcome; this in order to ensure that 
adequate realisation procedures are created. 

There are different approaches for how to provide geometry users with relevant and 
accessible GBPI. The differences are due to prerequisites that exist within each 
company concerning its product, culture, processes, tools and information architecture. 
Thus, each company has a unique setup that calls for an individual approach to 
realisation [33]. Geometric Configuration Management (GCM) is the advocated 
method for answering the question of the Realisation Domain. In the remainder, some 
arguments will be presented where it is argued why GCM is to be considered as the 
most appropriate solution. Thereafter GCM is described from a methodology standpoint 
where different enabling techniques are discussed. The subchapter is concluded with a 
brief description on the implemented GCM framework – The AVP framework. 

GBPI is considered to be relevant when it meets the geometry users’ requirements 
concerning product representation – a so-called product view. In order to create 
relevant product views for a product that is made up of many thousands of components, 
and where there exists rich product variance, one must posses the following:  

CAD tool skills regarding assembly of all geometry models 
Familiarity with CAD database management systems 
Product specification information regarding a valid product context 
Structure knowledge that is related to the product view 
Knowledge about which geometry models are valid for a specific product view 
Conversion procedures, if one is interested in making the product view 
available in a visualisation application 

These examples show just a small selection of the necessary knowledge and skills that 
must exist in order to create relevant product views. Apart from the need to possess this 
knowledge and these skills, it is extremely time-consuming to put a relevant product 
view together, and manually configured product views are not automatically updated 
either. There is another fact worth mentioning: the majority of geometry users do not 
even have access to CAD systems. There is at the same time an ongoing trend in most 
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industrial segments with the transition from a mass production paradigm to a mass 
customisation paradigm that strongly points to an increased need for configuration 
capabilities. The establishment of a robust GCM framework will therefore contribute 
towards increased product development efficiency by making it possible to configure 
large numbers of DMUs in accordance with the geometry users’ requirements, and it 
will moreover offer a competitive edge.  

The proposed structure of the GCM framework is illustrated in Figure 41. It is divided 
into a number of autonomous elements that together form a configuration procedure. 
The configuration procedure configures geometrical building blocks (BB) and the 
output is the specified product view. It is important to point to some characteristics of 
this approach before describing each autonomous element in greater detail. The 
definition of configuration in the GCM framework deals with the positioning of BBs in 
a configuration space. Thus, it does not incorporate any intelligence for generation of 
new design solutions. Its primary objective is to be capable of reproducing the 
prevailing Level Of Maturity (LOM) for a specific product view. The framework 
utilises techniques that have been collected from areas such as information integration, 
CAD systems and visualisation applications. 

Figure 41. Proposal for a GCM framework. 

Query activity. In order to support the GCM, many different types of data must be 
made available. The collective name of this heterogeneous amount of data is 
configuration information. The query activity utilises different types of fundamental 
technique from the field of information integration to support different types of query. 
The configuration information is composed of different types of data where the three 
most pronounced are: (1) BB information, (2) structure information and (3) product 
specification information. The query activity really serves as a guiding gateway to the 
actual configuration. 

Geometrical configuration. The actual configuration, that is the population of the 
configuration space, takes place in one of the CAD systems. A positioning 
methodology has been developed that utilises a so-called palette of positioning 
principles. The configuration specification originates from the query activity. 
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Conversion applications. A majority of geometry users access their relevant GBPI 
through visualisation applications. In order to make the geometrical configuration of 
the CAD system available in the visualisation applications, a systematised approach to 
conversion is a necessity. 

Configured Product Views. Irrespective of whether a product view is required in a 
CAD system or in the visualisation applications, it must be made accessible. 
Distribution of the configured product views falls under the umbrella of Configured 
Product Views.

It is not unusual for the development environment in an industrial context to be 
composed of geometry users who are located both in a UNIX environment and in a PC 
environment. In order to be able to meet this entire range of requirements, so-called 
computer platform independent realisation must take place. One of the most common 
ways of overcoming this obstacle is to utilise realisation based on a client-server 
approach. One of the advantages of such an approach is that it makes it possible to also 
set up a configuration environment that can support batch configuration as well. In the 
GCM framework, batch configuration is set up for automatic configuration of a suitable 
number of DMUs on a nightly basis. Currently (January 2005), approximately 100 
complete DMUs are configured in this manner, see Figure 42.  

Figure 42. A comprehensive physical versus analytical prototype. 

The actual number itself is not of importance, it is the scalability and performance 
issues that should be emphasised. The configuration takes place on the three design 
engineers’ UNIX workstations each night and the time of configuration is 
approximately 30 minutes per configuration. The correlation with the LOM concept of 
the Process Domain should be stressed in this context. The evolution of GBPI must be 
continuously coordinated in the development activities, the opportunity for batch 
configuration provides the necessary system support which in turn is a major 
contributor to far more efficient product development. On-line configuration is when 
the geometry user in an assignment immediately requires a configuration. Provided that 
performance not is an issue, appropriate graphical user interfaces must exist that guide 
the geometry user in performing such configuration. Figure 43 shows an example of a 
development assignment where on-line configuration is most appropriate, so-called 
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chassis drawings, and the geometry user has utilised the graphical user interfaces of the 
GCM framework to configure the truck.  

Figure 43. Chassis drawings, a field for configuration support. 

There are many different initiatives concerning this type of support system and how it 
is systemised. The following references discuss issues related to different types of 
configuration: 

Artificial Intelligence (AI) based systems for the support of configuration 
design and management [40]. 
Generative modelling approach based on KBE, [31]. 
State-of-the-practice in product configuration [61]. 
Configuration management as a part of Systems Engineering processes [33]. 
Configuration aspects from the modularisation perspective [2].

The GCM distinguishes itself from the above references concerning the geometrical 
perspective, the building block methodology and the advocated positioning 
methodology. The framework also incorporates a number of additional techniques 
concerning information integration, making it difficult to classify the GCM framework 
for any of the disciplines above. A comparison has also been made with the defining 
characteristics of knowledge-based systems [14], but the GCM is not a typical 
knowledge-based system in the defined sense.  

Automatic Vehicle Packaging (AVP) 

The GCM framework is industrially implemented as the AVP framework. It is no 
coincidence that the word “automatic” occurs in the name of the framework since this is 
one of the central features. The consequence of the automatic feature is that the AVP 
application in practice relieves the geometry user of the need to perform a long row of 
repetitive tasks associated with packaging of partial or complete DMUs. However, the 
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AVP framework encompasses many features in addition to the actual AVP application. 
The AVP framework has its own homepage on the intranet at Volvo, see Figure 44. 

Figure 44. The AVP homepage. 

The basic idea of the homepage is that guidelines, query functionality and the actual 
configuration procedure are gathered in one place. On the left in Figure 44 is a menu 
that contains all the relevant links to the different features. Figures 45 and 46 contain 
GUIs that exemplify the querying activity of the configuration procedure. Figure 45 is a 
search tool for BBs where structure information, positioning references and variant 
information are examples of relevant information in which the geometry users are 
interested. Figure 46 presents the configuration specification where the geometry user 
is required to fill in certain information that must be specified before the actual 
geometrical configuration is executed, for example product specification, product 
structuring and validity information. 
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Figure 45. Practical examples of GUI for BB querying. 

Figure 46. Practical example of GUI for configuration specification. 

The actual geometrical configuration and the conversion applications deal with 
processing of the configuration request and do not really have any suitable GUIs to 
present in this context. However, one of the supported visualisation applications has a 
GUI that is suitable for representing how different geometry users can gain access to 
the configured product views, see Figure 47. 
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Figure 47. An example of how the geometry user can retrieve a configured product 
view. 

Finally, it is worthwhile to re-connect to the “greyish cloud” of Figure 22 and add a 
comment that is based on the capabilities of the GCM framework. [70] have in their 
original figure indicated that it is not generally feasible to support comprehensive 
analytical prototypes. Figure 42 contains one comprehensive physical prototype and its 
equivalent comprehensive analytical prototype that has been automatically configured 
by the GCM framework. 

∴∴∴∴ The question of the realisation domain is: HOW should the geometry users’ 
requirements be realised?
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Five appendices are attached to this thesis. Each appendix constitutes one publication. 
They are incorporated in chronological order. The underlying work that has resulted in 
the content of these publications has dealt with different areas of the proposed GMP 
framework. Figure 48 provides an overview of when each publication was produced 
and the GMP framework coverage of each publication.  

Figure 48. Publication overview. 

The appended publications have been slightly reformatted compared to the way in 
which they were originally published, in order to fit into the typographical theme of the 
thesis. Moreover, detected spelling and grammatical errors have been corrected. Apart 
from these minor changes, the original intent and content have not been altered. 
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Each publication’s objective has been to describe one or two domains. In the work that 
forms the basis of these publications, it is apparent that it is difficult to address just one 
or two domains. Improvements that must be initiated to increase efficiency will most 
likely have to be addressed on a wider scope. However, in order to ensure 
improvement, it is necessary to utilise terminology and methods that are easy to update 
and that are understandable by all participants. The framework with its key expressions, 
the GMP and the GBPI, contributes to this drive towards improvement. 

3.1 Categorisation of geometry users 

Introduction 

This publication deals primarily with the method for categorisation of geometry users, 
that is to say the geometry user profiles. From a GMP perspective, two domains are 
covered, the function domain and the realisation domain. The basis of the publication is 
that most engineering design functions nowadays utilise 3-dimensional geometry 
models from early stages in new projects. The geometry models constitute an enormous 
investment in terms of man-hours and they are stored in substantial computer databases. 
They are to be considered a resource for elimination of rework in the downstream 
activities of engineering design functions. The first step towards elimination of rework 
is to define a method that systematically breaks down different geometry users and their 
requirements into a manageably small number of categories. In order to identify 
organisational participants and their requirements on the GBPI, an appropriate sub-
assembly was chosen as a reference object. The selected sub-assembly is a portion of a 
front axle installation for a heavy-duty truck, see Figure 49. 

Figure 49. The selected sub-assembly, a portion of a heavy-duty truck front axle 
installation. 
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Methodology

QFD is a well-proven and established design methodology for breaking down and 
analysing requirements. Key principles of this methodology were applied when the 
requirements and geometry users were to be collated in a systematic manner. The result 
was a categorisation matrix where the rows are made up of the requirement descriptions 
and the columns show the geometry users. An example of a requirement description is 
given in Figure 50. The actual categorisation takes place when a sufficiently large 
number of different geometry users is incorporated into the matrix. It is then possible to 
compare different user requirements and eventually reduce the number of categories of 
geometry users, that is to say the number of geometry user profiles.  

Results 

The presented categorisation methodology is the main contribution of this article; see 
Figure 51. The categorisation matrix is a valuable tool for the GMP and has proven 
useful in subsequent activities. The matrix is a “continuous improvement tool” that 
should and must be updated on a regular basis. The requirements on GBPI will keep 
changing and this will affect the matrix. 

Figure 50. Geometrical adaptation, one of the requirement descriptions. 
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Figure 51. The categorisation matrix, the tool for creation of the user profiles. 

3.2 Geometry users from a process perspective  

Introduction 

This publication deals with the process domain of the described framework. The 
importance and utilisation of processes in modern product development have been 
highlighted in various publications. The standpoint of this publication is somewhat 
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different since a geometrical perspective has been applied to the product development 
process. One of the objectives of DPD is to eliminate physical prototypes in earlier 
stages. The hypothesis has been that the DPD would favour a well-established process 
for managing GBPI. The gradual transition from traditional product development to 
DPD relies on the existence and utilisation of GBPI to a much greater extent. In fact, a 
geometry process resides within the traditional PDP; however, it is seldom lifted out of 
the PDP context. In the DPD scenario the importance of geometry models is more 
pronounced and the objective has been to propose a geometry process to complement 
the existing PDP. 

Methodology

The scope of this publication includes process modelling by application of a 
geometrical perspective on tasks, activities and co-operation in the PDP. Key principles 
of IDEF0 have been used for the proposed process, see Figure 52. Top-down and 
bottom-up approaches have been used when elaborating the complementary geometry 
process. Generally, the development process is characterised by geometric uncertainties 
in the earliest stages. Once the conceptual design and detailed design stages are 
reached, the process is characterised by stepwise refinement of the geometrical 
foundation in an iterative manner. These conclusions have led to the proposal of an 
extra stage, preconceptual development, and a generic geometry process that builds on 
a geometrical refinement procedure, see Figure 53.  

Figure 52. The principle of IDEF0. 

Results 

In this publication, the evolution of GBPI is analysed from a process perspective. The 
publication highlights differences in working procedures between different stages of the 
PDP. The prevailing geometric level of detail, and the way in which it is refined, is the 
uniqueness of the process approach as presented in this publication. Each stage and 
activity should receive a geometrical input. This is why an extra stage is proposed in 
the publication, a preconceptual stage. Furthermore, the proposed generic process is 
applied and exemplified at different stages of the PDP. It is emphasised that working 
digitally requires that a digital master replace the physical master.  
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Figure 53. Generic structure for breaking down the geometrical process. 

3.3 Positioning Principles for Geometrical Building Blocks 
in Complex Product Structures 

Introduction 

This publication is the first to deal with the Realisation Domain. In order to meet the 
requirements of the Realisation Domain, that is to say to provide the answer to how 
relevant GBPI should be made available to the geometry users of the extended 
enterprise, the hypothesis is that geometric configuration management should shoulder 
this responsibility. Geometric configuration management is a wide area and the aim of 
this publication is to pinpoint two key elements in setting up such a configuration 
framework. The framework utilises the findings from the former two publications since 
it is the geometry users and their requirement that serve as input for the geometric 
configuration framework. Furthermore, some of the reprocessed terminology is utilised 
in defining the configuration framework. In addition to the defined GBPI requirements 
which originate from publication two regarding the GBPI, this publication contributes 
further to the definition of GBPI, particularly in the area of appurtenant product 
information.  
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Methodology

There are several reasons why geometrical configuration management is advocated as 
the most suitable approach for realising the geometry users’ requirements. One of the 
primary arguments is that the objective of this thesis is to promote reuse of already 
created geometry models and thus contribute to the elimination of rework - geometrical 
configuration management supports such an objective, see the example of a configured 
view for a specific geometry user in Figure 54. Another argument is that configuration 
management is well suited to dealing with product complexity that is caused by product 
variance, thus ensuring that relevant GBPI can indeed be relevant. Figure 55 is an 
example of the consequences of complex product structures. However, in order to 
establish such a configuration framework, there must be methodologies that support the 
design engineers to create pertinent configurable entities. The methodologies presented 
in this publication deal with two key elements of such a framework: 

1. The configurable entities, the geometrical building blocks 
2. The geometrical positioning methodologies that must exist in order create 

these configurations.  

The methodology described concerning the BBs has focused on configurability. 
Configurability is established by prescribing what type of GBPI must exist. Examples 
of necessary GBPI are positioning references and structural information. Furthermore, 
the advocated geometrical configuration management approach builds on the 
integration of information and functionality from sources such as PDM systems, CAD 
tools and visualisation applications.  

Figure 54. An example of configuration by utilisation of geometrical building blocks. 

Results 

This is the first attempt to systemise the Realisation Domain. The contribution of this 
publication is the definition of two necessary key elements that make GCM feasible for 
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complex product structures. The applicability of the two advocated key elements is 
proven as legitimate by implementing them in a real industrial context; Automatic 
Vehicle Packaging (AVP) is an application that utilises these key elements in an 
industrial environment. Therefore the definition of the palette of positioning principles 
and the geometrical building blocks form the two main results of this publication.  

Figure 55. An example of variant complexity. 

3.4 Configurable Product Views Based On Geometry User 
Requirements

Introduction 

This underlying work that has formed this publication has taken place in the Realisation 
Domain and in extending the definition of GBPI. The former publication focused on the 
basis for setting up a GCM framework. In order to establish such a framework, more 
detailing must take place concerning the constitution of the geometry users’ 
requirements as well as in systemising the actual configuration. The detailing results in 
the elaboration of two new concepts – the product views and the configuration 
procedure. The product views are based on the geometry users’ requirements 
concerning product representation in different contexts. The product views therefore 
contribute to further systemisation of the GBPI. The objective of the configuration 
procedure is to further break down the GCM framework into a systemised sequence of 
activities.  

Methodology

The geometry users’ view of the product can be directly connected to their daily 
assignments. Depending on where in the organisation they are active, there are different 
types of established view of the product. The conducted research work has therefore 
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concentrated on investigating what constitutes these different product views, how they 
are structured and how they are applied. Such studies lead to (1) an improved 
understanding of the working contexts of the geometry users, (2) the creation of an 
opportunity to question and complement the GBPI definitions, (3) contribution of 
valuable input for definition of the geometrical configuration management framework.  

The GCM framework should realise the product views and support management of 
variant complexity. In order to be capable of doing this, the requirements for the 
framework are broken down and thereafter synthesised into a so-called configuration 
procedure, see Figure 56. The configuration procedure must be characterised by a 
flexible setup. A flexible setup is the preferred way due to the advantages it offers. 
Examples of such advantages are: (1) it makes replacement of portions of the procedure 
less cumbersome, (2) it is possible by small means to incorporate additional steps in the 
procedure, (3) and correctly defined it will also contribute to a more user-friendly 
solution since each portion of the procedure can be executed as a stand-alone operation. 
However, it must also be possible to run the steps in an integrated sequence in order to 
support the opportunity of batch execution, that is to say when the GCM framework can 
support automatic configuration of selected DMUs.  

Figure 56. The proposed configuration procedure. 

Results 

The two main contributions of this publication are the product views and the 
configuration procedure. The product views are often based on different types of 
hierarchical product breakdown that have been collected into structures. The views are 
either based on a single structure or a combination of several structures. The advocated 
configuration procedure is defined to support the realisation of these different product 
views. Accordingly, the GCM framework must support multiCAD capabilities, 
visualisation applications and batch generation.  

3.5 Enabling Preconditions for Geometrical Application in 
Preconceptual Stages of Engineering Design 

Introduction 

The objective of this publication is to further systemise the Realisation Domain by 
elaborating in greater detail just how geometry application can be made feasible from 
the preconceptual stages of engineering design. The focus is on these early stages due 
to (1) the many scientific publications that deal with “the fuzzy front end” where the 
geometrical perspective is too often totally neglected, (2) the two former publications 
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have not discussed what type of premises must exist in order to make configuration 
work in early stages of the development process. Although the focus is on early stages, 
the presented findings are relevant in a majority of the business activities. The proposed 
GCM framework is regarded as one enabling precondition for supporting the utilisation 
of different types of geometry application. However, in order for the framework to 
become applicable, there are other issues that must be resolved. The configuration 
procedure of Figure 56 depends on access to geometrical building blocks (BB) and on 
various types of other product information to support its querying activity. Hence, two 
additional enabling preconditions are a systemisation procedure for BBs and an 
adequate methodology for realising the query activity.  

Methodology

The GCM framework must be broken down further to pinpoint different levels of 
establishment. A hierarchical view is proposed that supports both a top-down 
perspective and a bottom-up perspective. At the top level, configuration must have a 
business commitment in order to be deployable. In order to obtain such commitment it 
is necessary to specify which types of development project it is feasible to rely on for 
configuration, see Figure 57. At the other end is where the geometry users are located, 
specifying the type of premises that must exist in order to support efficient utilisation. 
In between these extremes, configuration methodology and tools/guidelines are key 
elements.  

Figure 57. Design degrees of freedom [3]. 

The GCM framework relies on adequate BBs. In order to ensure that the building 
blocks are relevant in a product development project, there must exist coordination and 
follow-up procedures for the BBs as they evolve and mature. A BB release procedure is 
proposed that takes advantage of the earlier systemisation work on GBPI. The GBPI 
concept is merged with project gates into a so-called LOM matrix. Consequently, the 
LOM matrix is an enabling precondition. 

The configuration procedure is initiated by a querying activity where a variety of 
configuration information is collected. This information originates from many different 
sources. Therefore, information integration techniques are utilised to bring structure to 
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this vital step of the configuration procedure. Three specific information areas serve as 
examples of the type of information that must be gathered: (1) BB information, (2) 
structure information (3) product specifications. A systemised approach to information 
integration is accordingly advocated as an enabling precondition.  

Results 

This publication pinpoints three enabling preconditions for geometry application in 
preconceptual stages: the GCM framework, the release procedure for BBs and the 
information integration approach. The publication contributes to the GMP framework 
by further structuring and correlating the Process Domain and the Realisation Domain. 
This is made feasible by reutilising earlier research findings. 
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CHAPTER 4

This chapter is sums up the content 
of this thesis. It assess and concludes 
what has been achieved. It also 
points to opportunities for future 
research and terminates with a few 
personal reflections. 

DISCUSSION, CONCLUSIONS AND FUTURE WORK
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The research work that went into this doctorial thesis lasted for just over 6 years. This 
chapter will conclude these research activities by discussing what has been achieved, 
followed by a summary of the main conclusions. There are shortcomings in the 
presented approach, which means there are opportunities for future work - subchapter 
4.3.  

4.1 Discussion 

One of the obstacles involved in conducting research in engineering design and product 
development is the extensive research efforts that are allocated on a global scale in 
these areas. The research project was itself part of a Swedish national graduate school 
named ENDREA (Engineering Design Research and Education Agenda) [20]. How
then should one ensure that the performed research efforts are ground-breaking in this 
field? Participation and publications in various forums are likely the only means of 
assessing these ongoing efforts. However, independently of the current and past 
research activities, the actual research itself can be more or less well structured. There 
are different types of publication that discuss what relevant research really is when 
dealing with engineering design and product development. One of these will be referred 
to in the following subchapter to assess how the actual research has been performed and 
to what extent it meets these stated recommendations.  

4.1.1 Research course of action 

Chapters two and three both utilised the identical figure, that is Figure 8 and Figure 48, 
to describe the time frame and focus areas of the appended publications. However, the 
publications are merely reports on portions of the underlying research work. This is the 
primary reason why this thesis has grown to its current size. [8] has in her publication 
laid out a framework for performing relevant research, see Figure 58; some of these 
observations and recommendations will be utilised to support the research method.   
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Figure 58. The Design Research Methodology (DRM) framework of [8]. 

Criteria: The prime research criterion to evaluate is the research question dealing with 
the geometry management process, that is: How can Geometry Based Product 
Information be communicated and made both relevant and accessible for the entire 
extended enterprise? The answer is found in the Realisation Domain and it is the 
proposed, and industrially implemented, geometrical configuration management 
framework. The answer can also be somewhat more modulated by discussing the 
impact and consequences of the implemented framework. The level of configuration 
freedom has no actual equivalence prior to the establishment of the configuration 
procedure and it is worthwhile to emphasise that this fact especially applies to the 
downstream organisational functions. Moreover, the framework incorporates the ability 
to support various business activities with large numbers of automatically configured 
DMUs. This type of support has been made feasible by the establishment of the 
configuration procedure and it consequently has a major impact on the possibility of 
conducting digital product development. It may also be justifiable to incorporate a 
figure for efficiency improvement by comparing manual configuration results with 
automatic configuration in the engineering design area. The figure is roughly estimated 
to be above 10 times more efficient which is to the advantage of the automated 
approach.

Influences and understanding: The research was undertaken in an industrial setting. 
The consequence of this setup is that some of the results and findings are hard to 
recreate in another industrial setting. My belief, after numerous discussions with 
research colleagues and people from different types of industrial context, is that the 
problems discussed and the challenges within this area are to a large extend generic in 
their nature. However, due to the unique prerequisites of each industrial context, 
varying considerations must be addressed when dealing with such problems. The GMP 
and GBPI concepts have their origins in this research work. They have both gradually 
matured during the progress of this research as understanding of area increased. This is 
typically illustrated by the last two publications where the initial definitions of the 
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GBPI are complemented by findings from the implementation activities, and where 
additions have been made to the Process Domain. 

The influencing elements and their correlation are described in every publication. There 
are interdependencies between all the domains that are always present. A hypothesis 
was originally stated where it was presumed that there existed a certain chronology 
between the influencing factors of each domain. Based on the derived results, there is 
no doubt that this original hypothesis has contributed to a sound descriptive and 
prescriptive GMP framework.  

Design guidelines, methods and tools: The first two publications were rather 
exploratory since the underlying research work focused on surveying and systematising 
the existing organisation, its processes and the utilised tools. In this work, principles of 
well-established design methods such as QFD and IDEF0 were used in the analysis. 
Even though rather basic, the outcome was obtained by methods and tools for 
systematising the geometry users based on their GBPI requirements. Furthermore, the 
evolution and communication of GBPI were prescribed by the proposed refinement 
procedure.  

The last three publications all benefit from these earlier findings with the GCM 
framework established. Systematisations and terminology definitions have all been 
reapplied in this definition and implementation work. The palette of positioning 
principles and the LOM concept are both examples of proposed methods that are the 
result of the research project. Both these concepts have implicit influence on design 
guidelines and on ways of implementing development activities. The GCM framework 
incorporates numerous tools for realising the proposed configuration procedure and one 
of the core contributions is AVP application and its support for automatic configuration 
of partial and complete DMUs. In section 4.2.1 some results are presented that are 
pertinent to this context, dealing with various validation and verification activities that 
have taken place during the course of the research.  

State-of-the-art: I would argue that the GMP framework is state-of-the-art when it 
comes to describing and prescribing geometry application and how it should be 
managed. No other research initiative has approached and described/prescribed 
geometry application as this doctorial thesis has done.  

It is difficult to have an opinion about the state-of-the-art concerning the application of 
individual tools for geometry application. There are many global companies with huge 
investments in different types of CAD system implementation, visualisation systems 
and their integration with various PDM and database facilities. It would therefore be 
misleading to make guesses about these less visible implementations.  

 There are many research efforts made in the area of configuration. My opinion 
concerning this research field is based on the research findings of the GCM framework. 
Configuration as prescribed takes advantage of capabilities both within the area of 
“conventional” configuration and within the CAD system. No other presented 
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configuration framework has adopted such an approach. The consequence is that the 
advocated configuration procedure is considered, right or wrong, to be state-of-the-art 
until proven otherwise. 

Research methodology: There is no research methodology for geometry application. 
Accordingly, the research procedure has been rather pragmatic where considerable 
effort has been invested in the application level, i.e. practical work and continuous 
discussions with different categories of geometry user. The result is empirical 
knowledge of geometry application. However, it has been feasible to incorporate 
established principles of research methodology in certain areas such as systematisation 
of requirements, process modelling and information integration.  

It is relevant to compare this research to the DRM framework of [8], Figure 58. Based 
on the described activities and results, the research procedure that has been described 
bears a strong resemblance to the recommendations of the DRM framework concerning 
the basic methods, the descriptive and prescriptive studies and finally the advocated 
focus.   

4.1.2 Validation and verification activities 

DPD, methods and collaboration between different organisational functions are issues 
that should be debated with the end-users, potential end-users and persons in prominent 
positions in the organisation. As an example of validation activities that were part of the 
underlying research work, workshops were arranged at a power wall facility at Volvo 
Technology, that is to say a large screen measuring7.5m X 2.5m with the possibility of 
conveniently viewing more than 35,000 components simultaneously with active 
stereoscopic viewing. The workshops were in most cases arranged by this research 
project and they took place during spring 2002. However, presentations were also made 
for research colleagues, external partners and companies from several other industries. 
The theme of these validation activities was ‘DMU capabilities’. During these events, 
personnel participated from the following organisation functions: 
• Engineering design 
• Purchasing 
• Virtual manufacturing 
• Manufacturing 
• Spare parts and service 
• Mechanics from the workshops 
• Advanced engineering 
• Industrial design 
• Project leaders 
• Top management 
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All told, more than 250 people participated in these different workshops over a period 
of almost 6 months. Figure 59 incorporates two “screen dumps” from the power wall 
facility.

Figure 59. Examples of DMUs from validation activities. 

Verification and validation activities are important prior to the actual implementation. 
[43] presents a relevant insight when he discusses the importance off assessing the 
factors behind an efficient business environment – the factors are not the supporting 
computer technologies but issues of organisation and corporate culture, for example. 
This very much resembles the way insight gradually evolved during definition and 
verification of the GMP framework. It is therefore unlikely that one will establish state-
of-the-art working procedures if one starts off in the area of processes and applications. 
It is instead the individuals and their implicit way of implementing product 
development that must be understood in order for the verification activities bear fruit. 
This philosophical reasoning on how to establish sound premises for evaluation and 
verification has to do with the objective of obtaining successful implementation.  

GCM framework verification activities have taken place on a more or less daily basis 
over the past four years. The activities were adapted to suit the different contexts where 
they took place. The GCM framework is industrially implemented as the Automatic 
Vehicle Packaging (AVP) application and framework. Accordingly, much effort has 
been invested in evaluation and verification of how the capabilities of such a 
framework can contribute towards more efficient working procedures. These activities 
have resulted in close collaboration with geometry users both in the past and today. 
Some of this empiric knowledge has thereafter been obtained and abstracted to set up 
the GMP framework. The GMP framework was then presented in, and compared to, 
different forums of the scientific community to verify its relevance.  

The consequence of the verification activities is detection of opportunities for 
improvement. The opportunities have been addressed in the subsequent research work, 
which in turn were verified. Figure 60 illustrates some of these emerging opportunities 
that were incorporated into the AVP framework.  
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Figure 60. Examples of opportunities from verification activities. 

4.2 Conclusions 

Fierce global competition forces companies to continuously renew their products, 
explore new potential markets and break into new customer segments. As a result of 
this trend, the product range becomes wider and the development time frame shrinks. 
Thus, the extended enterprise is exposed to a challenge that must be mastered and 
preferably excelled. Digital product development can provide the extended enterprise 
with the proper capabilities to meet these necessary alterations of their business 
environment. However, in order to excel in digital product development one of the most 
crucial areas to control is the foundation for most of the digital representation, in other 
words geometry management.  

Geometry is by no means a new invention, but its importance is accentuated when 
companies try to rationalise their development efforts by relying on digital 
representation. Despite this fact, neither the scientific communities nor the companies 
themselves have formalised a framework for how to manage geometry. Thus, the major 
thrust of this doctorial thesis has been to establish such a framework. 

The primary contribution of the underlying research work is the definition of a 
Geometry Management Process for Geometry Based Product Information. The 
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proposed GMP is the result of a holistic research approach where four interdependent 
domains constitute the core GMP areas. These domains have been penetrated from a 
geometrical standpoint in order to establish the GMP. In the effort to establish the 
GMP, it became apparent that geometry application also requires that additional 
appurtenant product information must be broken down and analysed together with the 
actual geometry in order to set up sound and systematised procedures. The geometry 
models and the appurtenant product information have therefore been incorporated into 
the GBPI concept. The proposed geometrical configuration management framework is 
both the answer to the stated research question and an excellent example of one of the 
major contributions of the GMP framework. However, there are in addition further 
research findings that came to light when the different domains were broken down, 
analysed and synthesised, that bring relevance to the scientific community as well as 
industrial settings. Furthermore, the GMP framework is motivated by the extremely 
dynamic area that it describes and it contributes towards setting up a business 
environment where geometry application is addressed from a more general level prior 
to actually considering vendor solutions.  

The conducted research is not only relevant to the academic community, it also 
contributes to an increased scientific awareness of the natural geometry stream and its 
importance to succeed in today’s industrial context. The outcome from the underlying 
research work, for example the structuring of the GBPI requirements, the categorisation 
of different types of geometry users and the configuration methodology – all are 
examples of contributions that are generally applicable. Apart from these outputs, the 
doctorial thesis highlights similarities to as well as between the various established 
academic references and therefore provides the academic community with a more 
comprehensive view of the importance of sound geometry management. Examples of 
research strands where the performed work has broadened the levels of attainment are: 
product modelling, modularisation, product development and configuration 
management.  

The contribution to the industrial application of geometry is proven by the implemented 
AVP framework. The framework builds on a holistic foundation and therefore 
promotes industry’s awareness of the opportunities that are associated with the 
geometry area within an extended enterprise context. The results show that the potential 
for supporting reuse, and therefore eliminating rework, definitely has been fulfilled by 
the proposed GMP framework. Moreover, the research work proves the feasibility of 
extending capabilities within the existing business environment by incremental 
improvement and without jeopardising the industrial setting, all with relatively modest 
means. Thus, the lesson learned should be that the conducted, continuous and 
incremental implementation work is the advocated way of extending the capabilities of 
the business environment in the future.  
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4.3 Future work 

The proposed GMP and its applicability in other industrial settings would contribute to 
increased knowledge based on geometry application and would therefore contribute 
further to the natural geometry stream and its definition.  

The applicability of the proposed configuration procedure could also be adapted to 
other areas, such as manufacturing systems and computational areas. This would 
broaden the configuration knowledge as well as the GBPI concept. 

Considerable research work has been presented on ways of integrating the extended 
enterprise from a geometrical point of view. However, there are geometrical activities 
in the preconceptual and conceptual stages where the product development task does 
not favour from integration and collaboration. This is an area that would benefit from 
further research. 

To a certain extent, the GBPI area involves the type of information to be documented 
and the order in which it should be documented. Product documentation embraces both 
the core areas of GBPI. However, increased product variance introduces new 
challenges to the product documentation activity that must be managed. Therefore, 
product document procedures for complex products represent an interesting field for 
future research. 
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ABSTRACT Many companies today use 3D geometry-based product models in 
engineering design. 3D-models are used from early development stages and stored in 
CAD databases. They should be regarded as a resource for elimination of rework in 
downstream activities of the extended enterprise. In order to increase the usage of this 
already acquired information, complements to existing business processes must take 
place. The result will contribute to increased integration of the development process 
and therefore more concurrent engineering. The paper addresses the way in which 
requirements on Geometry Based Product Information (GBPI) should be decomposed. 
The decomposition makes it possible to separate and categorise geometry users. The 
presented methodology is a complement to existing business processes. It makes it 
possible to map corporate requirements on GBPI, and thus to address these categories 
in the product development process’s different stages. The proposed method is based on 
key principals of Quality Functions Deployment. The data for the work has been 
collected from a survey conducted at the Volvo Truck Corporation in Sweden. 

1 Introduction 
The reduction of total product development time and improved quality strongly 
depends on parallel work. Therefore, companies today emphasise the business process 
instead of the more traditional functional divisions. Current practices have also been 
strongly influenced by other factors such as global competition and outsourcing. 
Multiple methods and tools, with different perspectives on product and process 
development, have been elaborated; for example Concurrent Engineering [1] and 
Integrated Product Development [2].    

The use of 3D solid models in design is today very widespread. At different companies, 
enormous amounts of man-hours are invested in substantial computer aided design 
(CAD) databases[3]. These databases contain geometry representations and related 
product data. There exist more types of relevant product information in other product 
databases. In this research project, the content of these resources is referred to as 
Geometry Based Product Information (GBPI). The aim is to adapt and distribute 
accurate and sufficient GBPI to users around the extended enterprise. 
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In many larger companies, parallel activities run unaware of each other’s requirements 
on digital product representation. The type of geometry representation and the 
supplementary product information that is used is often very similar. The lack of 
awareness reflects a lack of communication and co-ordination in the development 
process. A holistic view can be attained by paying more attention to the use of GBPI 
within the company’s different areas. By complementing existing development 
processes with a holistic Geometry Management Process (GMP) extensive reuse of 
already acquired information is possible and thereby a further integration of the 
business processes, see figure 1.  

Figure 1. The Geometry Management Process. 

This paper is based on a survey undertaken at the Volvo Truck Corporation. Chapter 
two briefly describes the framework around this paper. The third chapter describes the 
concept of categorisation of geometry users . The fourth chapter describes the survey 
that was undertaken and offers an analysis of the information collected. It finishes with 
a general discussion and some conclusions. The last chapter is a summary of the article.  

2 Framework 
The objective of this research project is to increase the use of already-generated GBPI 
in later development stages and thereby eliminate rework. The outcome will be a 
Geometry Management Process complementing the existing business process. Today, 
management of GBPI lack supporting tools in the product development process. In this 
article a categorisation method is presented which is based upon the function and the 
requirement domain of figure 1. The methodology outlined should make it easier to 
consider different geometry users in the development process, that is already from early 
stages. Accordingly, the core of figure 1 (GMP) together with the two mentioned 
domains are presented more in detail while the process and realisation domain just 
briefly is mentioned. 

In many companies the complete product exists as a solid model in the CAD databases 
from an early design stage. These models are facilitators for integration between the 
early and late stages and provide means for elimination of rework. In figure 2 the core 
is more detailed depicted, basics of concurrent engineering are presented, i.e. when 
designing with respect to function and performance, other life cycle attributes are 
represented and taken into consideration [4].  
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Figure 2. Generalised view of communication of GBPI 

Today, much attention is focused on CAD systems and less thought is given to needs of 
users in the downstream activities of the product development process. The 
functionality of the CAD systems is continuously changing and the company’s focus 
should not be on software but on which information should be communicated and 
when.  

The holistic approach is of the utmost importance when the need for Geometry Based 
Product Information has to be established. The upper left rectangle of figure 1 is named 
the function domain. The domain should answer to the question who, that is which 
organisational functions, can benefit from using different varieties of geometry 
representations and various related product information? Figure 3 outlines the function 
domain from the geometrical perspective.  

Figure 3. The function domain 

The control of when information should be available depends on what type of 
information needs to be generated. The type of information is reflected by the 
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requirements of the organisational function concerned. The upper right rectangle in 
figure 1, the requirement domain should answer to the what question. 

The domain is symbolised in figure 4. The requirement domain, together with the 
function domain, deals with a structured approach for categorising geometry users by 
their requirements on geometry-based product information. 

Figure 4. The requirement domain. 

The two remaining domains, the process domain and the realisation domain, should 
answer to the when question and the how question. If it is possible to establish 
categorises of geometry users, their requirements must be evaluated from a process 
perspective. The realisation domain deals with tools appropriate for meeting different 
requirements. These two domains depend on the existence of the categorisation tool and 
therefore they are out of the scope for this article. 

2.1 GBPI in concurrent engineering 

The paradigm of concurrent engineering is to perform as many activities as possible 
concurrently, and therefore reduce time to market. In concurrent engineering many 
complementing tools are proposed for supporting and correlating the different 
activities. The goal is not only to decrease time to-market, but also to deliver wanted 
products with improved quality. The computerisation of all parts of the enterprises in 
combination with intranets, internet and extranets make it possible to distribute 
information and perform parallel work. The result is an advanced framework of 
collaborative tools [5]. The information is shared between teams, processes and 
machines[1] and this makes the task of managing and co-ordinating all information 
complex. 
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By postponing the introduction of physical prototypes and instead use digital prototypes 
total development time can be reduced. The prerequisite of such a strategy is that all 
involved organisational functions can cooperate concurrently with digital prototypes.  
Digital prototypes are denoted digital mock-ups, DMUs. The product is represented by 
geometry models. The application areas for DMUs have increased continuously during 
the last decade. The objective of eliminating rework [10] is depending on competent 
management of GBPI together with well working methods, processes and tools for 
dealing with these digital models. Around the extended enterprises there are internal 
customers of DMUs. A well-founded categorisation methodology should organise these 
customers in a systematic way by their requirements on GBPI. This will support the 
extended enterprise in developing cost efficient products faster, and with improved 
quality. CAD Software system requirements for enabling Concurrent Engineering have 
been presented earlier [16]. The present article adds another perspective to these 
requirements since the geometry users, and not only CAD tools, are taken into 
considerations. 

3 The concept of categorising geometry users 
The method has been elaborated at Volvo Truck Corporation in Göteborg, Sweden. 
One suitable sub-assembly was chosen as object of study. Initial work was on mapping 
organisational functions participating in developing this sub-assembly, the foundation 
for the function domain. A few  personnel from different functions were first 
interviewed on their requirements on the GBPI. Their responses were decomposed and 
analysed, the origin of the requirements domain. Thereafter more personnel have been 
interviewed and complements to the original categorisation matrix have been made. 
The following three sub-chapters will describe the identified sub-assembly, the function 
domain and finally the requirement domain. The actual categorisation takes place in the 
requirement domain. The geometry users are categorised on their requirements on 
functionality for accomplishing their work. 

3.1 The chosen sub-assembly 

One of the ongoing projects that included many interesting aspects involved portions of 
a front axle installation, see figure 5. Some of the components are presented here 
together with the manufacturing discipline that they represent:  

• Forged solid front axle 
• Cast solid disc brakes  
• Forged steering knuckles 
• Sheet metal link rod with ball joints 

Forged and cast components in particular must normally be after-treated in some type 
of machine operation. 
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Figure 5. The chosen front axle sub-assembly 

The reasons for the choice of sub-assembly can be further outlined: 

• Multiple suppliers are involved. 
• Assembly takes place at several sites. 
• The sub-assembly involves both new and traditional product concepts. 
• In the assembly, electronic equipment is used for several purposes. 

3.2 The function domain 

Once the sub-assembly was chosen, a holistic mapping activity began. The activity 
involved mapping internal and external functions that had been involved in different 
stages of the product development process. The following list comprises functions that 
are potential users of different sorts of GBPI throughout the product’s life cycle. 

• Engineering Design - The origin of most GBPI. 
• Product Packaging - Complete product packaging and validation by DMU 

applications.
• Product Analysis - Simulations of functions, structural strength, dynamic features 

and fatigue.  
• Management – Viewing of GBPI status. 
• Purchasing -  Basis in supplier discussions. 
• Suppliers - During the development of new components, there is continuous 

communication with suppliers and system suppliers.  
• Production Preparation- Digital product models facilitates the simulation of 

tools, manufacturing lines and work-space. 
• Aftermarket support - Spare parts catalogues, illustrations for diagnostic tools 

and animations are examples of materials that are easier to create with material 
derived from the CAD databases.  
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• Product Training - Before a new product is launched, mechanics and 
manufacturing personnel must receive training material with instructions on how to 
assemble, disassemble and service the product. 

• Manufacturing - The manufacturing engineers must illustrate the manufacturing 
process in various ways. 

• Sales and marketing - When introducing and selling products, real products are 
used. However, there are several features and physical functions that can be 
demonstrated more clearly in digital form. 

These aforementioned functions have different requirements on GBPI. It is important to 
support changing requirements. The personnel is a influencing agent in the CE domain 
as forces of change [1].  

3.3 The requirement domain 

“Requirements change when products mature” [12]. Requirements for GBPI change 
due to rapid developments in the area of information technology. By proposing a tool 
where cross-functional requirements for GBPI are organised, it is possible to categorise 
different organisational functions. Once the categorisation has taken place, it is possible 
to address the way in which different requirements should be fulfilled and when 

In the beginning of the survey a number of people from different functions were 
interviewed. Their requirements were collated and analysed. The interviews then 
continued, partly to verify the analysis but partly also to extend the basis for the 
categorisation matrix. 

The concept of Quality Function Deployment (QFD) has proven its usefulness in a 
large variety of applications over the past two decades. During these years some 
structural changes have been made but the original emphasis has not changed. In 1988 
Hauser and Clausing [6] presented an article that explains QFD and The House of 
Quality. Several more recent publications have involved key principals of QFD, e.g. 
[7,8]. In [1], five areas are pointed out were QFD has proven to be a powerful 
technique. According to [1], the proposed QFD application in this article should be 
considered as both a “Translation Tool” and  a “Continuous Improvement Tool” where 
the customers are internal geometry users of the extended enterprise. The proposed 
method results in a relationship matrix between whats, that is requirements on 
functionality, and whos, which are the geometry users. By comparison different whos it 
is possible to create categorises from geometry users with equivalent requirements. 

The set of requirements 

Requirements concerning GBPI span several areas that are directly separated from each 
other. Since most GBPI is generated in early stages, the early stages must generate 
relevant GBPI for the stages downstream. The method presented makes it possible to 
address a manageable number of categorised geometry users. The categorisation is 
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based on different users’ functional requirements on their GBPI. The analysis of the 
initial interviews gave a number of independent requirements. Each of these 
requirements was classified into three levels. The following list contains the 
requirement groups that have been defined: 

• Level Of Detail (LOD): In how much detail must a component be represented? 
The sub-levels are: 1. Envelop. 2. Draft. 3. Detailed. The LOD requirements are 
pictured in figure 6. 

Figure 6. Level Of Detail (LOD). 

• Level Of Visualisation (LOV): Depending on application, the demands on LOV 
are divided into: 1. Hidden line. 2. Shaded. 3. Rendered, figure 7 show the levels of 
LOV.

Figure 7. Level of Visualisation (LOV) 

• Geometrical Adaptation: The geometrical representations are adapted to the area 
of application, see the examples in figure 8. For certain applications, it is 
favourable to use a simplified representation such as a stylised figure. For others 
applications, enhancements such as highlighting of some components while 
keeping others transparent, is the best alternative. Accordingly, this group is 
divided into: 1. Simplified representation. 2. Unchanged representation. 3. 
Enhanced representation. 
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Figure 8. Geometrical Adaptation. 
• Level Of Presentation (LOP): When generating presentation material the 

intended media is of importance. This requirement group is therefore divided into: 
1. Paper. 2. Screen. 3.Virtual Reality (VR). 

• Dimensions: The first group of users is merely interested in tabular information. 
The second group prefers some sort of 2-dimensional representation. The third 
group is most interested in 3-dimensional representations. Accordingly, this 
requirement group consists of: 1. Tabular representation. 2. Two-dimensional 
representation. 3. Three-dimensional representation. 

• Software functionality: This requirement group is divided into three sub-groups: 
1. Viewable, 2. Observable and 3. Controllable. Within each sub-group, there are 
three to four exemplifications of functionality. Users that require Viewable 
functionality are interested in such things as viewing and zooming functionality, in 
other words the very basic functionality. Users of the second sub-group require 
Observable functionality, i.e. they are more interested in details and therefore 
demand functionality such as exploding an assembly and taking measurements. 
This second group is consequently built on the functionality of both group one and 
group two. Both the first two groups are uninterested in modifications of the 
existing geometry representation. The third group, named Controllable 
functionality, is concerned with designing or modifying components.  

• Structure of Complexity: Some functions are only interested in the component 
level, that is the lowest level in the product structure. Other functions must work 
with the complete product, the highest level. The intermediate level is concerned 
with modules. Therefore Structure of Complexity is divided in: 1. Component . 2. 
Module. 3. Complete Product. 

• Level of Configuration (LOC): LOC deals with how the geometrical 
representation should be configurated. 1. Manual configuration is the lowest level. 
2. Semiautomatic LOC is when the required representation partly is configurated 
and some manual packaging must be carried out. 3. The highest level is automatic 
LOC.

• Access: In order to get hold of information, one must have access to the 
information. This requirement group is divided into: 1. Public access. 2. Company 
access. 3. Restricted access. 

• Release rate: Users of geometry representations have different requirements 
concerning updates. For some groupings it is of utmost importance that the update 
is instant, for other groupings it is sufficient with a scheduled update. The third 
type of grouping prefers a triggered update, i.e. it should be triggered by a 
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parameter such as a gate in the development process. This requirement group 
consists of: 1. Instant update. 2. Scheduled update. 3. Triggered update. 

The agents comprise the tools and techniques used in digital product development. The 
presented relationship matrix is applicable in the two areas described by the agents. The 
matrix can therefore be seen as an enabler for concurrent engineering, where the 
categorised geometry users make it possible to eliminate rework and also increase 
parallel work. This paper relates to users of geometry representations, so requirements 
concerning other product information have not been included. In chapter 4, five 
functions from the survey exemplify the way in which the method has been utilised.  

The set of users 

The persons interviewed during the survey belonged to different functions. Once the list 
of requirements for each user has been established it is mapped into the matrix. When 
the requirements from several users, from different functions, are mapped into the 
matrix it is possible to perform a user categorisation. 

4 Example of the categorisation at Volvo Truck 
Corporation 

From the first few interviews a structure of the relationship matrix evolved. When the 
interviews continued, modifications were done to the matrix. In this section results and 
observations will be presented for five functions. One function at a time will be 
presented. A more thorough analysis of the aftermarket function will be followed by 
less detailed analyses of the remaining five. Each presentation will be concluded with a 
short discussion.  

Aftermarket Support. The first more detailed example presented is taken from the 
requirements of an illustrator at aftermarket support, see figure 9. This function is, 
among other things, concerned with the generation of illustrations for product 
documentation.  
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Figure 9. Example of mapping after an interview. 
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By analysing the mapped requirements, several conclusions can be drawn. The 
following list synthesises conclusions drawn from figure 9.  

• It is necessary to have a high level of detail since it is important that the 
illustrations reflect the final product. 

• When visualising illustrations, hidden lines are used in many applications. In order 
to be able to present material originating from solid models, a file in vector format 
is exported from the CAD tool. This file is then imported into a graphic tool where 
simplifications are performed, i.e. removal of unimportant lines. 

• Most aftermarket information is today available in folders (paper presentation) or 
on CD-ROM discs.  

• In order to illustrate different perspectives, it is a good idea to use 3D-models. 
• The functionality required to generate the illustrations involves features such as: 

rotation, explode, predefined views. 
• The 3D-models are accessed through CAD databases. 
• It is beneficial to initiate the illustration work as early as possible in the process, 

but finalisation of the illustrations is triggered when the product design is frozen.  

Discussion of Aftermarket Support. A CAD tool is today used to generate the basis for 
the illustrations. This implies that the total number of functions used in the CAD tool is 
very limited. As mentioned earlier, a CAD tool is not very user-friendly for sporadic 
use. Today, there are alternatives to CAD tools. They use geometry representations that 
are generated from the CAD models. They are more user-friendly and the sizes of the 
geometry representations are reduced by approximately a factor of 10. 

It is reasonable to question the use of hidden line representations. Should not shaded or 
rendered representation be used to an increasing extent instead of hidden line 
representations? Aftermarket documentation in the future will be distributed over the 
Internet and on CD-ROMs. 

Engineering Design. The design engineer is involved from the earliest stages and 
creates new concepts or modifies existing designs. The development is to a very large 
extent performed in the CAD tool and stored in the CAD databases. In earlier stages 
when the design not is frozen, draft representations with a lower level of detail are used. 
CAD tools today support conventional wireframe, hidden line and shaded 
visualisations. There is normally also some degree of rendering capability. The degree 
of geometrical adaptation is kept unchanged. The geometrical representations are 
usually presented on the screen or on paper. Design engineers create and modify 
components and larger assemblies and therefore require full control for creation and 
modification, i.e. controllable software functionality. Thus, this is the origin of the 
Geometry Based Product Information that is developed by the company. This is where 
issues of adaptation and sufficient product information should be addressed and 
managed.  
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Discussion of Engineering Design. The workload of the design engineer has increased 
steadily over the past decade. The result is a less creative environment. The 
communication of GBPI between companies and their partners must work smoothly. In 
other words, it is unacceptable to invest considerable effort into correcting geometry 
representations originating from other CAD systems – this is not creative work. For the 
designers, the adaptation of geometry models for various manufacturing applications is 
a laborious task. The suppliers must accept 3-dimensional models as a basis for their 
manufacturing. It should be easy to attach additional product information to the model.  

Purchasing. All purchasing of new components and systems is managed by the 
purchasing function. When initialising new co-operation with existing or new suppliers, 
thorough investigations are carried out in order to make sure that the intended supplier 
meets with the relevant demands in many areas. Design engineers participate in 
discussions on new details. The requirements of the function are to be able to access 
geometry representations with as high a level of detail as possible. The level of 
visualisation required is shaded. The representations are presented on screen or printed 
on paper. The level of software functionality is viewable. Since the function also 
participates when concept material is purchased, restricted information should be 
accessible.

Discussion of Purchasing. Discussions with existing suppliers, or with intended new 
suppliers, could to a certain extent be carried out with a geometrical representation as a 
basis. The purchaser should be able to easy access conceptual product models and use 
these as a basis in discussions. In order to ease the transfer of geometry representations 
between the company and its suppliers, thorough regulations for how this exchange 
should be carried out must also be defined, i.e. how the Geometry Based Product 
Information is transferred, which formats are delivered from the company and which 
formats are required when the supplier returns the geometry representation to the 
company. 

Product Packaging. More complex products consist of multiple systems and large 
amounts of components. Each function could be responsible for the packaging of its 
own components and systems, but total packaging responsibility must be assigned to 
one over-riding function. This function requires a level of detail that is at least drafted, 
i.e. for earlier stages it is drafted, but when a design review is presented the highest 
level of detail is recommended. Since most packaging takes place in a CAD- or DMU-
environment the level of visualisation is shaded. In exceptional cases, there is 
justification for the rendered level of visualisation. Most of the required software 
functionality concerns viewing and packaging, i.e. observable software functionality. 
Packaging is performed in earlier stages, both for existing projects and conceptual 
projects, so restricted access is necessary.  

Discussion of Product Packaging. Complete product packaging is a result of the fact 
that the complete product exists in the CAD databases and can therefore be digitally 
packaged. For more complex products consisting of thousands of components, it is too 
cumbersome to carry out different tasks in the CAD environment, so DMUs are used 
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instead. Complete digital product packaging is a rather new phenomenon, so the 
responsibilities and undertakings are perhaps not always very clear. The workload of 
the design engineers has already been mentioned, some obligations should perhaps be 
assigned to the product packaging function.  

Production Preparation. The potential cost reduction is vast in the area of preparing 
assembly plants for new products. The Production Preparation function can be divided 
into a number of sub-functions from a geometrical perspective. The reason for this 
division is that different requirements exist for different groups within Production 
Preparation, see the example in figure 10.  

• Most Production Preparation activities do not depend on a high level of detail. 
Simulations of assembly sequences and plant layout are possible with draft 
representations. Tool and fixture design are more dependent on a higher level of 
detail. 

• The level of visualisation depends heavily on whether the intended material is 
going to be used in the form of manuals, for assembly simulations or for tool 
design.  

• The adaptation could also be divided into more than one level. The manuals are 
generated with simplified representations, assembly simulations are performed 
with unchanged geometrical adaptation, while tool design must be able to enhance 
certain parts, placements and practised manipulations. 

• The manuals are mostly printed on paper while assembly simulation and tool 
design take place on screen. Therefore there is more than one level of presentation 
for the Production Preparation function. 

• Independent of sub-function, it is preferable to use 3-dimensional geometrical 
representations in all scenarios. 

• The software functionality required depends on the relevant sub-function. If 
manuals are to be created, viewable functionality is required. Assembly 
simulations require that more thorough observations can be carried out, for 
instance measurements and explodes. When designing new tools, there must be 
controllable functionality. 

• The requirement concerning access to geometrical representations is on a company 
level. 

• Most of the activities discussed could use material that is scheduled for release.
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Figure 10. Example of assembly simulation.

Discussion of Production Preparation. Some of the sub-functions of Production 
Preparation today still use 2-dimensional representations instead of using CAD tools. 
The result is that the CAD databases not are accessible. For assembly simulations and 
other activities, DMUs are well-suited. However, to make full use of the DMUs 
procedures for conversion to DMU formats, releases of new updates and the software 
itself must be established. There are numerous areas where digital simulations can and 
will be used to an increasing extent in the area of Production Preparation to cut cost and 
save time; for example workstation layouts, ergonomics and offline programming.   

When a workstation is modified or a new workstation is designed, most equipment is 
delivered by suppliers. Simulations of various types make it feasible to detect less 
favourable conceptual designs in the equipment, thus making it possible to cut both 
time and cost. However, these simulation activities require that 3-dimensional solid 
models are delivered from the suppliers. Thus, when purchasing equipment, one of the 
pre-requisites is that the suppliers must deliver 3-dimensional product models. In order 
to further speed up this process the formats must be set when purchasing the equipment. 

4.1 General Discussion and Conclusions 

Several important matters and circumstances have appeared during the survey and 
organisational function analysis . From a general point of view, there is room for 
improvement in the use of varieties of geometry representations that are generated from 
CAD databases. However, to distribute this type of information, the right prerequisites 
must exist in the product development process. These prerequisites should be addressed 
in a parallel running process, i.e. the Geometry Management Process.  

Today, at different functions, excessively complicated CAD tools are used to access 
information from the earlier stages of the development process. The tools do not always 
fulfil all the relevant functionality requirements .  
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Today, there is information material that is generated from scratch, i.e. the CAD 
databases are not used as a basis for the new material.  

There are functions working with similar demands on geometry representation where 
there seems to be a very low degree of co-ordination with generation of the Geometry 
Based Product Information. 

The continuous exchange of geometry representations between design functions and 
external suppliers does not work as smoothly as it should do. This is partly due to a lack 
of communication within the company, i.e. there must be stringent guidelines 
specifying what type of information that should be exchanged.  

3-dimensional geometry models are not always included in purchasing agreements. The 
deal might get more expensive with such models included. However, it is most likely 
that these solid models will also eliminate rework in downstream stages and thereby 
motivate the extra purchasing cost of these models. 

This survey has been conducted on the sub-assembly of a front axle installation. The 
materials used are not viewed from an industrial design angle when they are designed. 
The conclusion is that further case studies and surveys must be performed. They must 
include aspects from the area of sheet metal and electronic installations. Perhaps a 
study should be undertaken on a completely different product. 

5 Summary  
To categorise geometry users, a holistic approach has been used in a survey conducted 
at the Volvo Truck Corporation. Data was collected in a cross-functional survey from 
several different organisational functions, from engineering design to downstream 
located functions in the product development process. The data was organised and 
analysed in a structured manner according to the principles of Quality Function 
Deployment. From the results of the relationship matrix it was possible to establish 
different categories of users of geometry-based product information.  

This survey has incorporated six different organisational functions. These functions 
have served as examples of geometry users in this paper. The collated requirements 
have constituted a source of comparison and refinement of the set of requirements in 
the relationship matrix. To date, six functions have been interviewed and incorporated 
in the categorisation matrix. 

The requirements concerning GBPI will keep changing and this will affect the 
relationship matrix. However, the structure of requirements facilitates easy 
incorporation of new requirements. The survey will continue and further modifications 
will be made to the structure of the matrix. Several areas have not been thoroughly 
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covered in the performed survey, for example the communication between engineering 
design and suppliers, manufacturing and assembly operations. 

This research project is based on four fundamental domains in the area of geometry-
based product information. Together these domains form a Geometry Management 
Process. This paper has highlighted the requirement and function domains. The 
resulting categorises are very important constituents in the process domain. The 
objective of eliminating rework in downstream functions is depending on that the 
requirements on GBPI is established, already from the start of new projects. The 
method presented establish these requirements.  

Acknowledgement 

Financial support for this research was provided by Volvo Truck Corporation and the 
Swedish Strategic Foundation’s national program ENDREA (The Swedish Engineering 
Design Research and Education Agenda) 

References 
[1] PRASAD B. (1996) Concurrent Engineering Fundamentals, Integrated Product and 

Process Organization, Volume I. Prentice Hall. 

[2] CONAWAY J. (1995) Integrated Product Development: The Technology. 
http://www.pdmic.com/articles/artIPD1.htm. 

[3] BIRRELL R. (1999) You’ve got the CAD system - what next? Myra collected 
papers.  

[4] WANG B. (1997) Integrated Product, Process and Enterprise Design. Kluwer 
Academic Publishers. 

[5] PRASAD B.(1999) CE Requires a Strong Foundation for Enterprise Collaboration 
throughout a Product Life-Cycle in the Twentieth Century, CERA Journal, Volume 
7, Number 4 (page276-278) 

[6] HAUSER J., CLAUSING D (1988) The House of Quality. Harvard Business 
Review Vol.66, No.3, 1988, pp. 63-74. 

[7] ISAKSSON O. (1998) Computational Support in Product Development, Doctoral 
thesis, Luleå University of Technology. 

[8] POHL J. (1999) Preliminary Design of Heterogeneous Engineering Systems- 
Simulation and Optimisation Techniques, Licentiate thesis, Linköping University. 

[9] PAHL G., BEITZ W. (1995) Engineering Design, 2nd Edition, Springer Verlag. 

[10] TOMIYAMA T., MÄNTYLÄ M., FINGER S. (1996) Knowledge Intensive CAD, 
Volume 1, Chapman & Hall. 

[11] GAUL H. D., HIERHARDT H., OTT T. (1999) Distribution in Product Design and 
Development Processes, Proceedings of the 1999 ASME Design Engineering 
Technical Conference 

http://www.pdmic.com/articles/artIPD1.htm


Categorisation of  Geometry Users 

18(18) 

[12] PRASAD B. (1997) Concurrent Engineering Fundamentals, Integrated Product 
Development, Volume II. Prentice Hall. 

[13] HUDI J., SPIES R. (1999) Integration of Digital Mock-Up and Multibody 
Simulation in the Product-Development Process, International ADAMS Users’ 
Conference. 

[14] SCHULZ A. P., CLAUSING D. P., NEGELE H., FRICKE E. (1999) Shifting the 
view in systems development – Technology development at the fuzzy front end as 
a key to success. Proceedings of 1999 ASME Design Theory and Methodology. 

[15] ULRICH K. T., EPPINGER S.D. (1995) Product Design and Development, 
McGraw-Hill.

[16] GUNDAPANENI S. and PRASAD B. (1996) CAD Software System 
Requirements for Concurrent Engineering, SAE International (960550) 



APPENDIX 2 - PUBLICATION B
AUTHOR: Fuxin, F. 
PUBLISHED: 2001
TITLE: GEOMETRY USERS FROM A PROCESS PERSPECTIVE
AT: INTERNATIONAL CONFERENCE ON ENGINEERING 
DESIGN, ICED 01, GLASGOW, AUGUST 21-23, 2001.





Appendix 2 

1(10) 

GEOMETRY USERS FROM A PROCESS PERSPECTIVE 

Freddy Fuxin 

Keywords: Business process re-engineering, Change processes, Concurrent Engineering 

1 Introduction 
This paper describes the Process Domain, which constitutes one of the four domains 
that form the Geometry Management Process (GMP). The main theme is to establish 
systematic methods, processes and perspectives on Geometry Based Product 
Information (GBPI). The result will contribute to elimination of rework and to 
increased integration in the extended enterprise [1]. The Function Domain and the
Requirement Domain have been outlined in greater detail in [2]. The fourth domain, the 
Realisation Domain, deals with ways of realising geometry representations, that is the 
tools for generating, packaging, and viewing. Figure 1 outlines the structure of the 
GMP. The original hypothesis has been that it is possible to divide the GMP into four 
separate domains. The initial efforts were made in the function and requirement 
domains. This publication deals with the process domain. The domain is introduced in 
the following chapter. Next chapter presents the proposed process, both a broader 
perspective and in detail. The final chapter is conclusions. 

Figure 1. The Geometry Management Process and relevant domains. 

2 The process domain 
The gradual transition from traditional towards digital product development will favour 
a well-established process for managing GBPI. The basis of the process domain relies 
on studies of the evolution of geometric maturity through different stages of the product 
development process. All studies and surveys were conducted at the Volvo Truck 
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Corporation in Göteborg, Sweden. In the studies, a portion of a heavy truck front axle 
assembly was used, see figure 2, but issues that are more general have also been taken 
into consideration. One of the obstacles to increased integration is that the various 
activities have to be carried out concurrently. It is therefore difficult to manage and sort 
all the various perspectives on GBPI. Digital product development results in that the 
digital master, which must be accompanied by new methods and procedures, will 
replace the physical master. In a company, there is normally a top-down approach 
where a project plan prescribes different stages to be carried out throughout the 
duration of the project. The GMP should support the construction of this project plan. 
The process domain’s most important question to answer is “when”; when has a 
component, sub-assembly or module reached a level of detail (L.O.D.) where it 
supports all the downstream requirements of a specific function (e.g. product 
preparation, marketing)? Furthermore, it should be possible to adapt the process domain 
to different levels of the project, i.e. from a generic level to direct realisation level for 
different activities and tasks. 

Figure 2. The chosen front axle assembly. 

There are many methods and theories for how product development should be carried 
out. They normally divide the product development process into phases, for example 
Concept Development, System-Level Design, Detail Design, Testing and Refinement 
and Product Ramp-up [3]. The process proposed in this publication comes from 
application of a geometrical perspective on tasks, activities and co-operation in the 
development environment. It is motivated by the gradual transition from traditional 
towards digital product development and should not be considered as a stand-alone 
process but as a complement to existing business processes.  

2.1 The broader perspective on the development process  

Conceptual development and detail development deal with the creation of the new 
product. The geometrical foundation is from the very beginning rather vague for those 
components/modules that not are directly carried over from previous products. During a 
given project, the geometrical foundation matures and one stage is replaced with the 
following one; what is taking place is stepwise refinement. Thus, it is reasonable to 
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argue that the development process is iterative during these stages [4]. The design 
engineer’s knowledge about his/her new component/module grows when new problems 
are penetrated and solved during evolution towards a product that meets predefined 
specifications [5]. The various activities throughout this iterative sequence are 
decomposed and generic elements are synthesised. The resulting activities, inputs and 
outputs are to be considered as generic constituents that populate a generic process. A 
top-down approach is applied where an important extra stage, preconceptual 
development, has been included, see figure 3. The growing importance of GBPI is the 
reason why the preconceptual stage has been introduced. The geometry users in the last 
stage, industrialisation, will definitely benefit from adequate and accessible GBPI 
when generating assemble documentation, educational material, service information 
and marketing brochures. It should be pointed out that these users not are interested in 
refining the L.O.D., they are interested in applying already created GBPI. However, the 
activities will justify additional time and resources spent at the earliest stages on 
definition and adaptation of geometric information. This is the holistic view of GBPI - 
elimination of rework in downstream functions by a structured approach on GBPI. 

Figure 3. Proposed different stages in a product development project. 

2.2 Basis for process construction 

A major project is a complex set of activities that have to be coordinated. A product 
development process should support and coordinate these activities. Almost all 
activities that constitute the major process have inputs, outputs and some 
controls/constraints that must be followed. Furthermore, to realise the activity, 
appropriate resources and tools must exist. Inputs, outputs, control/constraints and 
resources/tools are fundamentals of IDEF0. They have been applied to the process 
domain. From the studies conducted, different factors that influence geometry have 
been identified. These will be briefly presented. 

Inputs. Each activity has geometrical input. The L.O.D. will differ depending on where 
in the process the activity is located. Some fundamental properties of the input will 
always prevail. The specified product structure must be sent together with the 
geometric representation, the hierarchical position. The expression “carry-over” has 
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thus far been used for components and assemblies carried over from earlier product 
projects. A redefinition of this expression is made. The same signification is still valid 
but it may also denote geometrical input from an earlier activity together with 
geometrical interfaces for adjacent modules. 

Resources and tools. Staff and functions that must be made available for fulfilling the 
refinement activities. Partners and suppliers are also to be considered as resources. The 
notation tools are the tools needed for realising the refinement activity. The range of 
tools extends from modelling tools, via assembly and packaging tools to more simple 
viewers. 

Controls and constraints. Strategies/rules and guidelines, for example demands on 
commonality and modules, affect the refinement activities. Time plans are constraints 
that must be followed. Control of product and process documentation must be 
undertaken continuously to follow up and secure the project’s progress. 

Output. When the refinement activity is completed, the result - the refined geometrical 
model - should be made available for subsequent activities.  

The iterations are caused by what is called geometrical modification requests. Some of 
the subsequent activities mentioned have an obligation to provide a response. In earlier 
stages, this obligation may merely comprise simple viewing and communication of 
opinions, but this could extend to problems, for example when applying the GBPI in 
assembly simulations. Many of these activities can be directly associated with a given 
function. Figure 4 illustrates the collected aspects together with some examples taken 
from different stages. 

Figure 4. Generic structure for decomposition of the process. 

Any shortcomings that are discovered must be corrected and they will inevitably result 
in iterations. Depending on the degree of the shortcoming, the iteration can be directed 
to the previous activity or all the way back to preconceptual development, in the worst-
case scenario. Each stage should refine its given L.O.D. to its next L.O.D. The 
refinement procedure is more or less independent of the state to which it is applied. 
Thus, the refinement procedure is subdivided into three chronological steps. Each step 
is described briefly. 
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Identification. Each stage, and each activity, receives some type of geometrical 
representation or definition as input. The objective for one stage will be stated in 
advance. Therefore it is essential that given geometrical prerequisites are identified, 
stating how the objective might be fulfilled. Have there been any alterations to 
interfaces or allocated space? This procedure of identification must be performed 
before any other activities can be initiated. 

Optimisation. The degree of refinement will improve during the fulfilment of one 
stage. The assembly structure and physical functions must be optimised towards the 
stated objective in each stage. In early stages it is of extra importance that these two are 
highlighted since there will be no physical prototypes where optimisation of these 
structures and functions can be performed. The focus will shift once the physical 
prototypes are introduced, and these prototypes will serve as verification rigs where 
simulations must be validated.

Verification. Conclusions and verifications are always important when summing up 
current status, especially when the same personnel do not perform forthcoming 
activities. Have there been changes from the initial geometrical prerequisites; will they 
affect stages and functions downstream? Are the physical functions verified? Is it 
possible to manufacture and assemble these components and assemblies? The carry-
over of components, assemblies and interfaces are verified and summed up here before 
being sent on to next stage.

Preconceptual development 

Preconceptual development deals with compilation of relevant geometric information at 
early stages before the actual development activities are initiated. The objective with 
this stage is to establish geometrical preferences that are as unambiguous as possible. 
Some of the recommendations proposed will generate extra work during the earlier 
stages, in addition to the extra effort that must be invested in summing up all the 
requirements. Eventually, these extra efforts will pay off when the latter stages utilise 
already-generated GBPI.  

Most companies utilise large carry-over percentages from earlier products. In this work, 
geometrical interfaces are also regarded as carry-over material. Product structure will 
strongly influence development and utilisation of GBPI. Product structure issues will be 
interpreted from different perspectives, such as modular/commonality and geometry 
users’ perspectives. The matter of uncoupled development activities must be addressed 
during the preconceptual development phase. There are several reasons for conducting 
uncoupled development, for example advanced engineering projects or other major 
systems with their own development cycles. Nevertheless, by properly introducing 
them at this stage, preparations can be made for their incorporation. The finalisation of 
the preconceptual development is completed when the degree of refinement of the 
L.O.D. has reached envelope. 
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Identification. This geometrical input to the preconceptual development stage is 
composed of carry-over material. On top of these prerequisites, considerations must be 
given to variants of the future product and to requirements of geometry users who will 
participate in the forthcoming effort. In this context, carry-over material is regarded as 
either geometrical representations from previous product projects, geometrical 
interfaces between different modules (or sub-modules/components) or modules 
originating from uncoupled development activities. Identification of carry-over material 
is one of the primary objectives since it will serve as a reference for the space allocation 
of envelopes and decisions upon interfaces. For components and modules that are to be 
designed, these geometrical entities will serve as boundaries in the development work 
of each module. The product-planning department will specify which variants are to be 
included in the project. The specified variants are generated by a modular structure 
where commonality aspects are taken into consideration. The proposed method for 
categorisation of geometry users will add additional requirements to the product 
structure. Thus, by utilising this methodology, relevant GBPI is generated and in this 
way, geometry users are taken into consideration from the very beginning of the future 
project and rework in downstream activities is reduced. The refinement procedure for 
the preconceptual development stage is synthesised in figure 5. 

Figure 5. The preconceptual process procedures. 

Optimisation. Preconceptual development does not primarily deal with physical 
function and assembly structures. However, since the geometrical definitions are 
carried out in the identification procedures, it is feasible to undertake the first 
preliminary checks of physical functions and assembly structure. 

Verification. The output from preconceptual development is compiled here. Are the 
original specifications fulfilled? Is it possible to geometrically generate all variants in a 
systematic manner? Will different categories of geometry users have access to relevant 
geometrical configurations? In the verification procedure, response must be received 
from areas with long lead-times. This last remark concerns manufacturing and 
assembly operations where implementation times normally are crucial for entire 
projects and for their success.
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There are also other aspects to decide on when specifying the geometrical requirements 
of the project. One such aspect concerns communication between companies and 
suppliers, or partners, when there are different CAD systems [6]. Specifications should 
be made for neutral formats, and perhaps appropriate application protocols, for 
communication.  

Conceptual Development 

The primary objective of this stage is to evaluate several possible proposals and to 
reach a final concept. The geometrical input to the conceptual stage is more rigid due to 
the introduction of the preconceptual stage. For a specific module, the geometrical 
refinement activities will depend on just how many carry-over parts can be used. The 
result is that some organisational functions will have to start with an envelope with 
accompanying interface/interfaces. Other functions should concentrate on optimising an 
already existent concept and updating interfaces to surrounding modules. From the 
geometrical point of view, the vague envelopes, together with more defined GBPI, 
should at the end of the stage form a draft L.O.D. Since one or more design functions 
may not often be located in the same building, or even the same part of the world, 
regular collation and follow-up are important. Communication is one of the keys to 
success for the project. Collaborative work and distributed engineering must rely on, 
and have access to, reliable GBPI.  

Identification. The input to this stage consists of a mix of envelopes, interfaces and 
carry-over parts/modules. A module will always have one or many interfaces. This is 
valid for both envelopes and carry-over modules/parts. The first step towards finalising 
the concept is to agree upon the interfaces. Different modules are joined by interfaces 
and so too are the organisational functions responsible for the modules. Interfaces are 
the physical connections to adjacent modules and they are therefore the facilitators of 
the physical function specified. The envelopes serve as boundaries when evaluations of 
different concepts are made. The geometrical interfaces connect the different envelopes. 
All concepts generated will be evaluated against each other and against how well they 
fulfil the specification of the new product. The geometrical refinement activities depend 
on the amount of carry-over parts. Initially, organisational functions sharing an 
interface must ensure that the interface fulfils all connection requirements. Once a 
mutual agreement on interfaces is established, the focus is turned to physical function 
and product structure requirements.  

Optimisation. At this stage, preliminary evaluations must be conducted for the most 
credible concepts. Carry-over modules and parts have a well-founded geometrical basis 
from which to start off. Concepts starting with an envelope will have to be further 
refined before evaluations can be performed. The lack of physical prototypes implies 
that most decisions must be made from digital simulations and analyses. Even with low 
level of detail, it is today possible to perform extensive evaluations; e.g. technical 
calculation and motion/clearance analysis. This of course requires that the company has 
built up methods and procedures for supporting assessment during the early stages. 
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Product design is one area where visualisation techniques have made it possible to 
iterate faster. 

Verification. Before the conceptual development stage is concluded, the physical 
function, assembly structure and product variants must be verified against the product 
specification. The end result is the concept that will go through detailed design. The 
L.O.D. must at least be of draft quality. Drawings have in the past been the only way to 
communicate with downstream stages. The computerisation of all stages has made it 
possible for downstream functions, for example production preparation, to both view 
and utilise already created GBPI. In the latter stages of the refinement procedure of the 
conceptual development stage, most functions should have access to the draft L.O.D.

Management of variants and versions is extremely important. The more functions 
involved in refinement activities, the greater the emphasis on this type of management. 
The digital master replaces the physical master, and that lasts for the entire product 
lifecycle. It must constitute the master reference for all variants and versions.  

Detailed design 

The detailed design stage encompasses the fulfilment of the highest level of detail and 
in the end the introduction of physical prototypes. The gradual transformation of the 
GBPI, from draft to detailed L.O.D., is associated with rigorous efforts. The generation 
and distribution of adequate geometry representations rely on competent management 
of the GBPI and the way in which it should be made accessible to all personnel 
involved. The concept of digital masters must be clearly stated, communicated and 
utilised. The initial refinement activities must focus on securing physical function and 
on ensuring that all suppliers are well informed about the requirements concerning their 
components and systems. This is the prerequisite for the first generation of physical 
prototypes. Critical areas and parameters detected from previous activities must be 
incorporated. There are several functions downstream of detailed design that have high 
requirements on the level of detail. Some of these functions are to generate illustrations 
or market material with a high level of both detail and visualisation. Other activities 
will run in parallel with the refinement activities of the relevant stage. The co-
ordination of geometry-based product information between the parallel activities is 
important. 

Identification. Draft is the lowest L.O.D. of carry-over material to enter this stage. 
Critical parameters detected during optimisation and verification in the conceptual 
development stage are invaluable as input to the detailed stage. One example is critical 
clearances detected during motion analysis. There are several functions waiting for the 
level of detail to reach their set requirements. It is essential to identify when these 
requirements will be met at this stage. This is necessary in order to be able to start up 
these activities as soon as possible. An update with the uncoupled activities will 
identify if there are any mismatches in co-ordination. Before the final refinement 
activities are initiated, all interfaces should be thoroughly analysed regarding physical 
function fulfilment. 
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Optimisation. GBPI must be optimised in several different aspects to reach detail 
L.O.D. It is not until this stage that the utmost refinement can be performed. All radii, 
chamfers and tolerance zones should be optimised for low weight, tensile properties 
and cost.  Packaging studies, computational models, endurance simulations, 
manufacturing logistics, assembly operations, maintenance simulations – all these must 
in the end be performed on real physical products. The physical prototypes that are built 
are thoroughly selected. The selection is based on earlier experience and from critical 
specification detected in the conceptual development. In order to further refine and 
optimise digital product development, any detected mistakes caused by incorrect 
assumptions in the computer models must be properly documented. They will serve as 
input to the geometrical prerequisites in the next project.

Verification. The physical prototypes must be verified against the product 
specifications. The prototypes will also verify if it is possible to assemble the products 
as intended. Verification should be made against rules and regulations (certifications). 
Verification must also be made of the GBPI against the physical prototypes, taking into 
account tolerance management and measures. One of the prerequisites for digital 
product development is that the GBPI will reflect reality. Some approximations will 
always be done and it is extremely important to document this knowledge about what 
should be considered as an acceptable approximation. 

3 Conclusions 
The investigations and studies have clearly indicated that there is a need for a Geometry 
Management Process. Furthermore, the GBPI must be viewed from a holistic 
perspective to take full advantage of digital product development. The method of 
categorisation is one way of mapping corporate requirements on GBPI. It has been 
proven that it is possible to take the requirements of different categorises of geometry 
users into consideration in the product development process. The process perspective 
makes it feasible to detect when the requirements are to be met in the product 
development process. The breakdown of the process domain into different levels makes 
it feasible to bridge gaps between project management and personnel working in the 
line organisation.  

This article deliberately makes no mention of any tools or systems since it presents the 
process domain. However, it should be pointed out that in the CAD tool most geometry 
refinement activities take place. Packaging and viewing tools depend on a geometry 
base originating from the CAD tool. In these tools, no design modifications are made. 
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1 Introduction 

The prerequisites for accomplishing successful product development projects have 
changed, especially over the past 15 years. The reason for the change can be 
summarised in one word: computers. It may be justifiable to argue that many well 
established scientific processes, methods and tools are founded on research and 
scientific findings originating from an era when the application of computers was more 
or less non-existent. Hence, there are gaps to be filled in scientific literature in the area 
of digital product development. Processes and methodologies must be developed to 
support the working procedures resulting from digital product development. 

Digital product development builds on the existence of a wide variety of different tools 
and techniques that should make it feasible to create, simulate and estimate the design 
of new products. In order to make this work more feasible, computer networks and 
database management systems have become indispensable. Therein lies an obstacle: the 
optimal tools and systems may not exist for the requirements of a specific company. 
This apparent lack may be a consequence of several different reasons. One reason is 
that many companies have more or less unique requirements and they are perhaps not 
very explicit in expressing these requirements. Another possible reason is that people in 
the software industry do not have a background from industries that actually utilise 
their products, therefore creating tools and systems that do not meet the companies’ 
requirements. Adaptation and refinement of available solutions are concepts that can 
justifiably be referred to as method development and process development. 

Positioning Principles for Geometrical Building Blocks 
in Complex Product Structures 

F.Fuxin 
Luleå University of Technology, Department of Computer Aided Design, Sweden 

Volvo Truck Corporation, Vehicle Simulation and Technical Systems, Göteborg, Sweden 

ABSTRACT: Efficient concurrent engineering in a digital product development 
environment requires methodology development in a number of areas. Configuration 
management for digital mock-ups is one such area. It is argued that positioning 
principles and geometrical building blocks are key elements in obtaining a thorough 
configuration framework for complex product structures. The key elements are 
incorporated into real configuration application and in that way, their applicability are 
proven. 
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Products that are complex and that incorporate a high degree of variance demand a 
structured design approach. Digital product development, under such conditions, 
benefits from a framework of principles and methodology concerning the generation of 
digital mock-ups (DMUs). In order to obtain such a framework, there are several key 
elements that must be in place. One of the concepts with such a framework is automatic 
configuration management. This is a desirable feature in concurrent engineering, since 
it makes it possible to support a company’s different organisational functions with 
configured DMUs, see the example in figure 1 below. 

Figure 1. An automatically configured DMU. 

The research framework behind these thoughts is briefly described in chapter 2. The 
chapter also serves as an introduction to the following two chapters that deal with key 
elements for configuration management. Chapter 5 presents a framework where such 
key elements have been applied and put into practice. The article ends with a 
conclusion chapter. 

The underlying research work of this publication has taken place at Volvo 3P, the 
business unit of product development for trucks at the Volvo Truck Corporation, 
Göteborg, Sweden. 

2 Research framework 

The lack of geometric focus in scientific literature and industry is the reason for the 
initiation of the research project that constitutes this framework. The scientific 
objective of the research project is to compile a Geometry Management Process (GMP) 
that complements existing scientific theories in the area of product development, see 
figure 2. Furthermore, the research findings should be applicable in industry by offering 
a complementary GMP to existing product development processes. The scope of the 
GMP is to promote reuse of already created geometric models and in that way 
contribute to the elimination of rework – Fuxin (2001a). It was disclosed early in the 
research work that knowledge about and competence in geometry models are not 
sufficient, additional product information must also be taken into consideration; hence 
the collective term Geometry Based Product Information (GBPI) was introduced. 
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Figure 2. Layout of Geometry Management Process. 

The research approach is characterised by the application and adaptation of established 
research methods and theories, such as Quality Function Deployment (QFD) and 
IDEF0, in order to propose systematic methods, processes and perspectives for GBPI. 

The hypothesis of the GMP is that it is made up of four major areas, so-called domains. 
The domains are interdependent so there is a certain chronological sequence in which 
they must be researched. In figure 2, a question is attached to each domain. The 
question is associated with the type of information that each domain should contribute. 
The chronology is characterised by the order in which the domains have been 
investigated. In order to break down the proposed framework, the first domain to 
research is the function domain. The domain should provide an answer as to who the 
geometry user is and which organisational function he or she belongs to. The next 
logical domain to proceed with concerns requirements of the mapped geometry users of 
the function domain. Hence, what are the geometry user’s requirements on the 
geometry based product information? The requirements must thereafter be broken 
down and structured in a systematic manner - Edlund & Fuxin (2001). If it is feasible to 
answer who and what, the next chronological question deals with when these 
requirements should be fulfilled, that is to say the product development process 
perspective - Fuxin 2001b. These three domains serve as input for the main topic of this 
article, which concerns the fourth domain, the realisation domain, see figure 2. This 
domain should answer the question of how, that is to say how the different 
requirements of various geometry users should be complied with at a certain stage in a 
product development process. How should realisation of DMUs for products with 
complex product structures take place in order to promote reuse of already created 
geometric models, and thus contribute to the elimination of rework? The advocated 
approach builds on configuration management, where thorough integration between 
PDM systems, CAD tools and so-called visualisation tools is established. However, in 
order to succeed in such an approach, the methodology work is the glue that makes the 
“puzzle” hold together. Chapters 3 and 4 present two essential key elements of a 
configuration framework. In chapter 5, the applicability of such a framework is 
presented together with some facts about its utilisation and outputs in a real product 
development project. Some descriptions are also given of the way in which 
configuration management contributes to a concurrent engineering environment.  
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3 Geometrical building blocks 

The digital representation of a complex product consists of several thousand 
components. When variance of such products increases, the required effort to manually 
configure all variant combinations becomes too cumbersome. Automatic configuration 
builds on the necessity of documenting all valid geometry material towards legitimate 
variants. This documentation procedure can be made more efficient by introducing an 
entity that goes beyond individual components, such as bolts and nuts. Hence, there has 
to exist some form of component group that will reduce documentation work and still 
maintain some relevance. The hypothesis is that the building block is this group of 
components. Since it is made from geometrical entities the correct nomenclature is 
geometrical building blocks. Henceforth, the acronym BB is used for geometrical 
building blocks.  

When digital product development is accomplished in a concurrent engineering 
manner, the engineering design functions are the origin of most product-related 
geometry. The relevance of the group of components can be tied to the design engineer, 
whose responsibility it is to generate design solutions. The design solution materialises 
the building block. It is important to acknowledge that by tradition, the design solution 
has strong functional orientation due to inflicted product requirements. The BB 
objective does not interfere with the traditional requirements, but it introduces 
additional requirements that must be fulfilled. The characteristics of these requirements 
have two different sources and there is some linkage between them. Each source is 
briefly outlined in the following two subchapters. 

3.1 Requirements on configuration information 

It is worthwhile to point out one beneficial aspect of placing the design solution and the 
BB on an equal footing – variant management. The BB is a consequence of 
configuration management, which should handle variance; a design solution must be 
documented towards valid variants. In order to automatically position a building block 
in a three-dimensional space, positioning information must be incorporated, on hand in 
the actual geometry model and on the other hand in its documentation. Chapter 4 will 
go more into detail about these positioning principles.  

Product structure information must also be incorporated. Larger companies have 
normally more than one established product structure that is communicated and 
accepted. A modular product structure is one good example, see figure 3.  
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Figure 3. Distribution of a modular product structure. 

Figure 4. An automatically generated rear axle installation. 

A hypothesis of the BBs is that they by definition should be generic in product structure 
contexts. The implication of generic BBs is that they are used in unaltered form, 
independently of product structure. In figure 4, one Product Module of figure 3 has 
been automatically generated by utilisation of 8 BBs. 

3.2 Requirements for configured GBPI 

The purpose of configuration management is to provide many different types of 
potential geometry user with relevant and accessible geometry material. In Fuxin & 
Edlund (2001), a structured method was presented for categorisation of different types 
of geometry user based on their requirements on geometry material. Two of the 
requirements discussed concerned different views on the product and the completeness 
of the geometry material. Many required views could be traced back to different 
product structures where the geometry users are only interested in a subset of a 
complete structure, see the example in figure 4. It was previously stated that building 
blocks are to be considered as a design solution. In the engineering design context nuts, 
bolts and internal components are not always obvious for inclusion in a design solution. 
Many tasks of computation and packaging are not dependent on the existence of these 
components. However, many downstream organisational functions must in their work 
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have access to complete design solutions, for example organisational functions working 
with product preparation, spare parts and service documentation. A complete design 
solution consists in effect of all the constituting components in a design solution, that is 
all the nuts, bolts and internal components. A BB should be a complete design solution. 
It will inevitably lead to extra work in the engineering design organisation. This extra 
work is balanced by the elimination of rework in downstream organisations. 

4 Geometric positioning principles 

Seen from a digital product development perspective, configuration management 
should be capable of delivering automatically configured DMUs. Therefore, 
configuration management at its most fundamental level deals with how to build and 
position the intended building blocks in space. In theory this may sound rather 
elementary but in practise, when concepts like variant complexity and product 
structures are taken into account, configuration management is a challenge. In this 
article, modelling methodology for creation of BBs has low priority, in favour of 
geometric positioning principles for automatic configuration management.  

4.1 Geometrical prerequisites 

The scientific area of geometry and computer graphics is thoroughly documented in 
scientific literature; for example Mortenson (1997), Piegl (1993) and Watt (2000). The 
evolution of the applicability of CAD systems is equally well documented - Prasad & 
Gundapaneni (1996). The authors mentioned have in their publications incorporated 
references that serve as a background to this area. 

In order to create geometry prerequisites for unambiguous mathematical definitions, 
terms like world coordinate system (WCS) and local coordinate system (LCS) are 
designated - Lacourse (1995). For example, the WCS is referred to as “the global 
coordinate system”, that is to say the origin in computer space. Seen from a 
configuration standpoint, a main origin serving as a reference is not enough when 
dealing with more complex products with high variance. The reason is that by referring 
all components to a main reference, a high degree of variance becomes extremely 
cumbersome to manage. Instead of only utilising one main origin, it is suggested that a 
concept named Product Reference Space (PRS) should be introduced, see figure 5. 
Most of the more complex products are made from a few major parts. From a historical 
perspective, a truck has always had some major constituent parts; for example an 
engine, transmission, frame, cab and axle subassemblies. Variant complexity arises 
when these major components do not have fixed geometrical locations. Such 
complexity also stems from the existence of many variants of each major component. 
The PRS should manage this type of high-level variance.  

Accordingly, the PRS deals with laying out a positioning framework for high-level, or 
so-called top-down, variance of major parts. Variance also occurs at the other end of the 
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spectrum, that is at building block level. The complementary approach to the PRS, with 
an adjoining methodology, is referred to as BB reference space (BBRS). Hence, by 
introducing the two concepts of PRS and BBRS, variance is manageable at the 
product’s top and bottom levels. The adjoining methodology must be emphasised; it 
makes it feasible to establish a coherent terminology. This terminology is a condition 
for the sharing of references between the PRS and BBRS.  

4.2 Positioning principles 

One crucial task to solve in a design context is that of how to deal with variance. The 
design solutions themselves are the primary scope. Another issue that must be 
addressed concerns the way in which the different design solutions should be 
positioned. By investigating the available means for establishing positioning, the 
alternatives can be mapped out. Thus, these alternatives can serve as a roadmap on how 
positioning can be solved. It is important to point out that one way of circumscribing 
variant complexity is to utilise smart principles for positioning the building blocks. One 
major advantage of establishing such methodology is that it brings structure to 
engineering design, which contributes to improved efficiency. 

From a mathematical standpoint, there are only two possible ways of positioning the 
models: absolute positioning and relative positioning. The most common way of 
positioning geometry models is to apply so-called absolute positioning. Every new 
design that is created is positioned relative to an absolute point.  

Relative positioning builds on the existence of a framework of named positioning 
references, for example as defined in the concept of PRS, see figure 5. The position 
references in the PRS are absolutely positioned. In contrast to absolute positioning, 
relative positioning is characterised by positioning through utilisation of the names of 
the references. When positioning takes place, the absolute coordinates themselves are 
not of any relevance, instead the name of a position references is sought.  

Figure 5. Illustration of a Product Reference Space. 
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Another attribute of relative positioning is that the named positioning references do not 
need to be incorporated into the PRS framework; they can also only be included into 
the BBRS of two BBs. It is important to highlight this observation because this implies 
that relative position can in practise be context-dependent. Context-dependent relative 
positioning is an extension of the relative positioning principle. It is possible to 
introduce different types of relative positioning which are adapted to varying contexts. 
The underlying positioning principle from a geometry modelling perspective is the 
same. However, from a user perspective it can be beneficial to distinguish different 
positioning contexts. One example of where it could be an advantage is when the 
product documentation procedure differs.  

The distinction between absolute and relative positioning can appear to be rather vague; 
especially when the PRS can carry named positioning references that are absolutely 
positioned. Logically, the definition of relative positioning is that the positioning takes 
place without entering numerical values. Instead two identical reference names in two 
separate geometry models are used.  

4.2.1 A palette of positioning principles 

The importance of supporting efficient configuration of DMUs is becoming 
increasingly apparent; digital masters replace physical masters. Thus, metaphorically 
speaking, configuration management should shoulder variant complexity, and 
preferably in an automatic manner. Since the DMUs are built from numerous BBs, the 
palette of positioning principles constitutes a fundamental prerequisite. Five different 
ways of positioning BBs are presented in the text that follows. 

Principle 1 - absolute positioning. This principle represents an obvious way of 
performing positioning and it is very straightforward. Every new design that is 
introduced in space is positioned relative to an absolute point. In figure 6, the absolute 
point is the WCS and the new design is represented by the RACS. Figures of x, y
and z are necessary to establish an unambiguous positioning. 

Figure 6. Illustration of absolute positioning 
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Principle 2 – PRS relative positioning. With the naming convention, the PRS 
constitutes the position reference for the intended BBs. The positioning framework of 
the PRS constitutes references with a high product structure level, referred to as major 
components, chapter 3.1. Figure 4 shows a major component that utilises this type of 
positioning. The lower levels of the product structures will not obtain any references in 
the PRS. The principle is illustrated in figure 7 where it is assumed that there exists a 
PRS with the necessary positioning references. A new BB is introduced to the PRS and 
it is positioned by utilisation of a named positioning reference of the PRS.  

Figure 7. Illustration of PRS relative positioning. 

Principle 3 – BB relative positioning. In this context a BB carries the positioning 
reference. Therefore two BBs carry a corresponding positioning reference. One of the 
advantages with letting a BB carry the reference is that many different types of BB can 
be positioned with this type of reference. Hence, many variant combinations are 
feasible. Figure 8 illustrates this principle. 

Figure 8. Illustration of BB relative positioning. 

Principle 4 – Object relative positioning. The previously described positioning 
principles do not have any physical interpretation, merely a coordinate system. This 
positioning principle definitely is intuitive and a good example of the stated context-
dependent positioning, see figure 9. In the illustration, the positioning reference is in 
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fact an object of BB_3, a hole reference. BB_4 has a hole that should be positioned 
against the hole object of BB_3; hence the name ‘object relative positioning’. The holes 
of BB_3 and BB_4 must be geometrically constrained into each BB. One way of 
constraining the holes is to utilise a coordinate system as reference. The actual 
positioning then takes place against a reference coordinate system. This is illustrated in 
figure 9 in that both BBs carry a reference coordinate system named ORP. However, in 
the context of a designer the positioning takes place by referencing an object. 

Figure 9. Illustration of object relative positioning. 

Principle 5 – Interchange assembly positioning. One way of meeting variance is to 
create many BBs – that is to say each BB is one design solution – for each variant. 
Thus, each created BB must then be positioned according to one of the previously 
stated principles. The physical function of each of these BBs may, however, be the 
same. Interchange assembly positioning incorporates a number of BBs with identical 
function into a generic BB. The generic BB therefore contains a number of instances 
that will meet multiple variants. Each instance is made from a unique BB that meets 
one variant. One of the advantages with this type of principle is that the generic BB can 
be positioned, by for example absolute positioning, but each instance can utilise 
different references between the generic BB and the instance itself.  

In the description of the PRS and the BBRS, the importance of each level supporting 
variance was emphasised. When combining top and bottom level variance, the result is 
a very large total number of unique combinations. The palette of positioning principles 
is vital in obtaining this variance. The palette makes it possible to create positioning 
chains that can automatically configure large amounts of BBs. 

5 Applied configuration management 

Configuration management is a term utilised in many different publications. Even 
though the thrust of this article focuses on the fundamentals of configuration 
management, basics of BBs and geometric positioning principles, they must be applied 
in a context to be proven legitimate. An application named Automatic Vehicle 
Packaging (AVP) builds on these two key elements. AVP handles configuration 
management of complete and partial trucks at Volvo 3P. The AVP concept is formed 
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around an integrated framework where PDM, CAD and visualisation applications 
interplay. One of the major reasons for setting up such a framework is variant 
complexity. Variant complexity is well illustrated in figure 10. 

AVP supports the basis of concurrent engineering by making configured material 
available to many different types of geometry user. This is feasible by making the AVP 
output available both in the CAD environment as well as in a visualisation application. 
Furthermore, the scenario is made somewhat more delicate since there are two CAD 
tools in use, which calls for multiCAD capabilities. Hence, the configured material is 
made available to a wide variety of different geometry users. 

Figure 10. Illustration of variant complexity. 

Figure 10 is composed of 5 automatically configured arbitrary customer vehicles. The 
configured vehicles have been co-located in a common three-dimensional space and the 
view given displays the rear axle installations of all five trucks. The number of BBs in 
figure 10 is considerable.  

A prerequisite for AVP is the availability of geometric building blocks and the 
described methodology concerning positioning principles. There are two further 
important areas worth mentioning: performance and scalability. Concurrent engineering 
relies on the existence of updated product information. In order to be capable of 
delivering large amounts of updated configured material, configuration performance is 
crucial. Scalability is another area that is important to take into consideration. The 
requirements on configured material will gradually increase. Accordingly, a scalable 
foundation is of essence. 

Until today, approximately 80 complete trucks and some partially configured trucks are 
configured on a nightly basis using AVP. The configuration takes place by utilising 
some designers’ workstations. Since the implementation has incorporated performance 
and scalability aspects, a basis exists for a concurrent engineering environment for 
future requirements.  
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6 Conclusions 

The application of DMUs in different areas will increase as various areas become more 
mature. Historically, the tools associated with three-dimensional representation have 
normally been CAD tools. If the intention is to replace traditional mock-ups, the digital 
representation must bridge the visualisation gap by offering the same feasibility as their 
physical counterparts. The first logical step to take in this direction is to make sure that 
the DMUs are generated. The realisation of DMUs with regard to complex product 
structures involves configuration management. 

There are several important areas that must come together in order to set up an 
environment that is supported by configuration management. It is suggested that 
positioning principles and building blocks are key elements to be mastered when 
striving towards managing automatic configuration. 

The engineering design organisations are responsible for the creation of the building 
blocks. Adequate building block methodology is conclusive in obtaining efficient 
working procedures for the creation of these entities. The methodology builds on the 
existence of a palette of positioning principles. In this palette, there are two important 
constituents: the product reference space and the building block reference space. They 
combine top and bottom level variance, giving an extremely high total number of 
unique combinations. 

Realisation of automatic configuration is made feasible by complementing the building 
blocks with additional information, such as product structure information. The 
configured material is made relevant by incorporating the requirements of geometry 
users from different areas. 

The presented AVP application constituted an example where the described key 
elements were applied in a practical environment. There is a wide variety of different 
geometry users who depend on such configured material, and the number is steadily 
increasing.
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ABSTRACT: The paradigm of digital product development is taken for granted. This 
reflects the achievements made in the area of fundamental developments of geometric 
modelling – they have matured and been put into practise. However, there is still need 
for basic research in geometric modelling, but attention must also be turned towards 
application research, how to ensure best practice in digital development by the 
application of geometry. A research framework on geometry management is presented. 
The objective is to improve reuse of geometry by providing relevant geometry-based 
product information, so-called product views, through application of geometric 
configuration management. The origin of multiple product views is derivable through 
the extended enterprise’s geometry users, and their requirements. An industrial 
implementation of a configuration management framework serves as example of how to 
realise geometry users’ product views. 

Key words: Geometry Models, Digital Product Development, Digital Mock-Ups, 
Configuration Management  

1 Introduction 
Most companies active in traditional mechanical industries utilize and rely on 
engineering design processes where the geometry models serve as the backbone for 
product representation in the early stages. As a result, traditional physical mock-ups are 
replaced in the early stages by so-called digital mock-ups (DMUs), see Figure 1. The 
consequence of such a move is that organisational functions that have traditionally 
relied on physical mock-ups must have access to a digital equivalence in order to 
complete their assignments. The geometry models originate from the computer aided 
design (CAD) environment. Accordingly, it must be recognised that the CAD 
environment and its geometry generation are both extremely important. Furthermore, 
product development efficiency depends on the companies’ capability to exploit their 
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geometry model resources and to make them available to a much wider audience than 
the traditional engineering design functions.  
Complexity is a term used frequently in many publications. Its interpretation depends 
on the context. Product complexity can consequently be used to describe a product that 
is composed of thousands of components, and/or where there exists complicated 
functional interdependencies between the components that form the product.  A high 
level of product variance is another example which creates product complexity. 
Complexity can also have its origin in the coordination of interactions between 
participating disciplines in the development of new products. The product constitution 
of a truck makes it complex in the sense that it is made from thousands of components 
that to a certain extent consist of complicated functional interdependencies. Colours, 
materials and textures are examples of product variance that do not introduce any 
alterations in geometric space allocation. Henceforth when the term is used, variance 
refers only to variance that introduces geometric alteration. 

Figure 1. Example of configured DMU. 
In its early stage, the product development process is characterised by innovation and 
quick iterations. Accordingly, the rate of evolution for geometry-based product 
information (GBPI) is high. It is therefore crucial to support the communication of this 
GBPI throughout the extended enterprise in order to ensure that the organisational 
functions are productive. The hypothesis is that configuration management is required 
to be capable of delivering relevant GBPI to a rich variety of geometry users. The 
motivation is that high product complexity in combination with all the different 
requirements of the different geometry end-users makes it impossible to manually 
provide the necessary GBPI. The key to success is to possess deep insight into what the 
relevant GBPI is and how it should be created automatically. 
The underlying research work of this article has taken place at the Volvo Truck 
Corporation. A framework on configuration management is under development and this 
is the result of experiences and conclusions made from real cases. Chapter 2 gives some 
more insight into the afore-mentioned research framework. Chapter 3 focuses on 
relevant GBPI, that is the product views that are required by different types of geometry 
user. Chapter 4 provides some insights to the realisation of product views by briefly 
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presenting an implemented framework on configuration management. The final chapter 
is a summary and conclusion chapter on the topics discussed. 

2 Research framework 
The underlying research material of this article was derived when working on the 
definition and establishment of a so-called Geometry Management Process (GMP) [6], 
see Figure 2. The article is the fourth publication in a row of five which together will 
form the GMP framework. The reason for setting up such a framework was the 
insufficient focus on geometry application in scientific/academic product development 
literature and the inadequacy of the holistic industrial view of the application of 
geometry throughout the extended enterprise. Both these drawbacks serve as the 
objective of the research project, so it is relevant both from an industrial and academic 
point of view. The objective of the research project is to promote reuse of already 
created geometry models and in that way to contribute to the elimination of rework.  

Figure 2. The principle structure of the Geometry Management Process (GMP). 

Rework in the context of geometry models often concerns the difficulty in gaining 
access to relevant geometry material. The definition of what is relevant can often be 
traced to some additional type of non-geometric product information that must exist to 
complement the geometry model. In the GMP framework it is referred to as 
appurtenant product information, which together with the geometry models constitutes 
what has been named Geometry Based Product Information see Figure 3.  
In the effort to systemise and set up a thorough framework, established methods and 
tools such as quality function deployment (QFD) and IDEF0 have been applied. The 
hypothesis has been that the framework is based on four key areas, so-called domains. 

Figure 3. Illustration of Geometry Based Product Information.  
The contribution of each domain is characterised by the question that relates to each 
domain, see Figure 2. Logically there exists a certain chronology between these 
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domains. The chronology is apparent when it comes to answering the questions. The 
first domain to research was the function domain. It primarily deals with organisational 
issues and should throw light on who the geometry users are. If it has been established 
who the geometry users are, the next logical question deals with what their 
requirements on the GBPI are. Both these domains were addressed in [4]. If it is 
possible to pinpoint who the geometry users are and also systematically synthesise their 
GBPI requirements, it is relevant to take process aspects into account, for instance 
answering the question of when it is possible to support the GBPI requirements of 
different geometry users. The process domain’s contribution to the framework concerns 
geometric evolution throughout a product development perspective, and the domain is 
more thoroughly outlined in [5]. The final domain should indicate how these different 
requirements are realised through utilisation of GBPI. Configuration management is the 
advocated approach to realise configured DMUs. [7] details two prerequisites 
concerning realisation of complex products; geometric building blocks and geometric 
positioning principles. 
The interdependency of the domains reflects the necessity of a chronological research 
approach. Furthermore, it also pinpoints all the different factors that must be accounted 
for when adopting a top-down approach to managing geometry. The intended coverage 
of this article spans several domains. The knowledge that must be gathered is 
interdisciplinary so far as it involves people, organisations, GBPI requirements and the 
realisation of these requirements. 
The formalisation of a configuration management framework involves several vital 
pieces of the puzzle, for example CAD systems, visualisation systems and product data 
management (PDM) systems. The three enumerated examples are merely conditions 
that must exist. In order to implement such a framework, working methodology and 
processes must be elaborated together with proper education. The elaboration builds on 
thorough understanding and knowledge of what type of requirements must be fulfilled 
for the product that the configuration management system should support. The 
objective for the described approach builds on management of product-related 
geometry, i.e. geometry that is related to manufacturing systems, for example, is not 
included.  

3 Product view requirements 
The geometry users’ view of the product can be directly connected to their daily 
assignments. Depending on where in the organisation they are active, different types of 
established views of the product are present. Some of these views are company defined, 
such as product structures (e.g. modular structure) and process structures (e.g. 
manufacturing structure), while others can be traced back to functional views, for 
example. Furthermore, digital product development makes some product views possible 
in a way that was not feasible within the traditional way of conducting product 
development. One example is the possibility of viewing many conceivable design 
solutions simultaneously, so-called multi-configuration. Thus, there are many different 
product views. Therefore, by utilising the requirements of different categories of 
geometry users, the ambition in this chapter is to outline the prime basis for different 
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product views. The output should be used as an input to the configuration management 
framework in order to secure the configuration of relevant product views.  
Prior to outlining the origins of the product views, it is worthwhile to discuss some 
underlying thoughts about geometry users and their requirements. Geometry utilisation 
in an extended enterprise is characterised by a rather small number of different 
geometry user categories. Some geometry users will rely on geometry models in the 
CAD environment while others will utilise geometry models that are made accessible in 
the visualisation environment. There are geometry users who rely on access to both 
environments. There is documented research on users’ requirements on GBPI [4] 
although there were some limitations in the advocated approach since the principal 
focus was on geometry models. To establish the users’ requirements on the product 
views, this earlier work serves as input, but product views also rely on the existence of 
appurtenant product information, that is non-geometric information that must exist to 
realise the product views.  

3.1 Product variant structure  
The business driver is to make profit by placing products at the customer’s disposal, 
that is by adapting the product to the needs and requirements of the customer’s 
application area. This is made feasible by establishing a product structure description 
which is so detailed that it incorporates variance down to the smallest eligible product 
feature.  
When establishing a specification for a product of high complexity, such as a truck that 
is made from many thousands of components, a single product specification will be 
extensive. The content of the specification is a long list of so-called variant descriptions 
that form the customer’s choices. Another contributing factor that makes the 
specification even more complicated is the existence of a large number of variant 
descriptions. The number of choices that can be made at the variant description level 
makes the total number of configurable products extremely high and the result is that 
there is hardly any chance of their existing two identical trucks, see Figure 4.  

Figure 4. Diagrammatic reproduction of consequence of variance. 

The product variant structure is applicable throughout most stages of the product 
lifecycle and it is a central structure in most business processes. Variant descriptions 
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are “common” company knowledge and an unambiguous way of communicating 
between different organisational functions. The variant descriptions are grouped into 
so-called variant families, which consist of variant descriptions with the equivalent 
functional coupling to the product, see Figure 5 where the concept of variant family is 
illustrated by a small selection of possible front axle variants on a truck. Accordingly, 
the hierarchical setup of the variant structure has variant descriptions at its most 
detailed level, which in turn is collected into variant families. The product structure that 
contains the variant families can be formed as a deeper structure where different variant 
families will apply to different depths depending on the product abstraction level at 
which the variant descriptions of a family are applicable. The root node of the 
hierarchical level will accordingly represent all conceivable product combinations, such 
as a product range or product family. Variety representation [2] and product structure 
management [12] are topics that must be understood when defining such a structure.  
Thus, the product variant structure content is used as the terminology throughout a 
majority of the product lifecycle activities. Furthermore, its information can be utilised 
in conjunction with one or several of the product structures, which will be described 
later in this chapter. 

Figure 5. Front axle variants of a variant family. 

The variant structure has restricted dependency in terms of time; a design solution can 
be valid for a certain variant description, and provided the definition of the variant 
description is not altered, it will remain the same while there can be multiple upgrades 
of the actual design solution.  

3.2 Modular product structures 
Modularisation is an ongoing trend in most industrial segments. However, concepts, 
thoughts and theories on modularisation are far from new [11]. The attraction of the 
modularisation concept lies in the potential of meeting the so-called mass customisation 
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paradigm. Several practical studies have proven the concept [15] and it is even the case 
that it is used as a marketing argument. 
Thus, it is advocated that modularisation is the means of tackling product complexity. 
The central procedure in obtaining this objective is a systemised way of decomposing 
the product and identifying so-called building blocks. Modules and units are also 
frequently used denotations of these building blocks [3]. There are many suggestions on 
how this systemisation should take place and what aspects to take into consideration in 
the definition of these building blocks. Modular Function Deployment is one example 
of such a systemised method 15]. Examples on aspects that are emphasised in the 
building block definition work are: 

Recycling
Commonality 
Manufacturing 
Encapsulation 
Technology push 
Maintenance and service 
Interfaces

These are arbitrarily collected aspects and the list could be much longer. The 
difficulties in applying such a holistic view are obvious, the resulting building blocks 
will most likely become a compromise between the interests of different organisational 
functions. Depending on how the weight of different aspects is incorporated into this 
compromise, the resulting modular structure will be very much company-specific. 
Generally, case studies and implementations have a tendency to let manufacturing be 
one of the major stakeholders in the modularisation process. Another strong contributor 
to the final modular structure is of course the product itself and its characteristics. 
Accordingly, the modular distribution, that is the width and depth of the structure, will 
be more or less unique for each specific company, see Figure 6.  

Figure 6. Distribution of modular product structure. 

An observation drawn from most of the literature written on the subject of 
modularisation is that the focus is on the building blocks. For example, [3] describes 
different types of viewpoints for encapsulation, for example of function and production 
oriented aspects, into the building blocks.  Generally, there seems to be less attention on 
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the remaining structure that forms the product view. In the schematic Figure 6, the 
building block level appears rather deep in the structure.  
Management of product complexity was mentioned as one of the reasons for 
introducing thoughts of modularisation. But what will then take place once the modular 
product structure is populated with this complex product with very high variance? For 
geometry representation tasks, the risk is that the structure becomes immensely 
populated and very hard to navigate. Conjunction of product structures for realising 
relevant product views was mentioned as a possibility and this is most likely the best 
way of bridging an excessively dense modular structure when creating a product view. 
The subject of conjunction and realisation really falls under the realisation umbrella, i.e. 
the configuration of the product views. For this reason, a more detailed outline of this 
topic and and further exemplification are presented in Chapter 4.  
In order to geometrically represent the modular product structure, the building blocks 
must be geometrically modelled. The modular product structure is populated with 
product-related geometry which is created or introduced in the product development 
process by the engineering design functions. An example of partial geometrical content 
in a product module (see Figure 6) was presented in Figure 5 where the front axle 
assembly is considered to be a product module. The CAD tools are the enablers for the 
unambiguous geometrical definition of the building blocks. When corrections are 
needed in the product-related geometry, the modification must take place in engineering 
design. Therefore modification requests of geometry models are accomplished by 
ensuring feedback to the responsible design engineer. This is an obvious fact for a 
scientific community dealing primarily with geometry and its definition. In the 
extended enterprise this fact is not always obvious.  
An advantage of the modular product structure is that since it is often considered 
crucial to business, it is widely communicated and accepted throughout the 
organisational functions. The wide acceptance of the modular product structure has 
resulted in new engineering designs that are geometrically modelled in accordance with 
this modular product structure, in turn a less favourable scenario. As stated earlier, the 
building blocks are compromises between many requirements where some of these 
requirements have had a bigger impact than others. The result is therefore that the 
actual building blocks do not fulfil the requirements of any organisational function to 
100%.   

3.3 System product structures 
The product view supported by the modular structure may, as argued, have strong 
orientation towards manufacturing. It is accordingly relevant to engineering design, but 
not appropriate in representing a view of the product systems. The product systems are 
characterised by the fact that they transversely extend the hierarchy of the modular 
product structure. Accordingly, the system structure is generally made from portions of 
several product modules, see Figure 7.  
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Figure 7. Example of product view of steering system. 
Furthermore, the system output is a performing function of the product. Some outputs 
may be very concrete to the customer, such as steering and braking, while others are 
more indirect, for example the cooling system. The function is provided by one or more 
technical systems that are realised through design solutions [1]. The design engineer 
has functional product responsibility for his/her area and therefore also the 
responsibility for geometrically representing the design solutions.  
A comparison between the modular product structure and the system product structure 
will reveal some important distinctions, apart from the product views that they should 
primarily support. One of the most obvious distinctions is that overlap between 
different systems does occur in the system structure. The system structure is a 
functionally oriented view and there are many subsystems of the structure that carry 
multiple functions. An example is the steering gear in Figures 7 and 8, which exists in 
two subsystems; steering front axle and hydraulics. 
Furthermore, overlap within a product system occurs, but also between different 
product systems; see Figure 7 where the suspension system is found for both the front 
axle and the second axle, which in fact belongs to the rear axle suspension product 
system.  

Figure 8. Example of the underlying product structure. 
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3.4 The manufacturing process structure 
Larger companies active in mechanical industry generally have the main assembly 
process in-house. The manufacturing process is centralised around a sequential 
assembly line where the momentary product view can be traced back to where in the 
assembly line the product view is taken. Depending on product volumes and the 
product itself, the level of automation will vary. There can also be large differences in 
the assembly process within a company. Volvo manufactures trucks that are assembled 
in-house. Engine manufacturing also takes place in-house. There are large differences 
in the manufacturing processes of engine and trucks, respectively.  
From a geometrical point of view, different stages of the product development 
processes have been influenced by the gradual growth of digital product development. 
Thoughts and expectations of some renowned names in the history of computer-aided 
geometric modelling give a background to the precondition for digital product 
development – geometry [8]. One of the consequences of digital product development 
is that the physical prototypes in early stages of the process are replaced by their digital 
equivalence; the digital mock-up, which in this context is made from geometry. The 
lead-times for introducing changes to the manufacturing processes are long, especially 
when the assembly lines are adapted for complex products with very high variance. The 
long lead times result in that the work of change begins when there only exists DMUs. 
Consequently, the traditional organisational functions of product preparation have 
introduced the concept of virtual manufacturing.  
Virtual manufacturing involves a number of issues, with two of the more important 
ones being the method of work and management of geometry-related process 
information. The method of work is an area that deals with computer applications, 
suggestions and education on how to carry out the traditional work in the computer 
environment. Management of geometry-related process information deals with 
systemising accessibility to relevant geometry models and establishing a process 
structure that accurately reproduces the sequential flow of the manufacturing process 
and can also contain some of these geometry models. 
In more recent years, multiple commercial computer applications have become 
available that support virtual manufacturing work and that build on utilisation of 
geometry models to represent the product view. Some of the applications must utilise 
native CAD since they rely on the availability of complete geometrical definitions, 
while for other so-called visualisation applications sufficient functionality is made 
available through a lightweight format that is derived from the CAD formats. For 
certain types of computer application there may also exist a need for an even lighter 
format than visualisation format, such as formats based on voxel technology or shrink-
wrap technology. Thus, in more recent years, progress in the area of virtual 
manufacturing computer applications has been rapid, and still is, which further 
contributes to improved digital product development feasibility.
The management of geometry-relevant product models is an area that from a 
geometrical standpoint is divided on the basis of the origin of geometry, product-related 
geometry and process-related geometry. As described, product-related geometry is the 
concern of the engineering function, while process-related geometry is the 
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responsibility of virtual manufacturing. Examples of what constitutes process-related 
geometry are: 

Factory buildings 
Machinery
Trolleys 
Fixtures
Tools
Personnel 

A reflection on the brief list above: many of the geometry objects consist of equipment 
that is delivered by external suppliers. Thus, when imposing on the manufacturing 
organisation to match the digital product development requirements, this is an example 
of new working procedures that must be systemised and managed.  
In order to bring structure to all these different types of process related geometry, a 
thorough manufacturing process structure must be established that follows the assembly 
sequence. This structure constitutes the product view that must be supported by the 
product-related geometry.  
It is also worth pointing out that the product view given here is a necessity even though 
one of the major stakeholders in the modularisation effort is manufacturing. One of the 
benefits of the establishment of a unique process structure that solely builds on 
manufacturing process requirements is that it becomes more flexible to changes 
inflicted by the manufacturing organisation. 

3.5 Multi-configured views 
Process structures and product structures have so far been exemplified as relevant 
views for different geometry users working in digital product development. The 
product views build on the deployment of the product structures to subdivided the 
product into more manageable subunits. The sub-units themselves are then often further 
subdivided.  
Many of a company’s personnel usually work in a context where they view the product 
as a complete delivery unit, a so-called single product specification. The definition of 
single specification is derivable from the definition of the product variant structure. 
Other personnel may have a more detailed interest and may want to lift out a subset 
from the single specification. The subset is often based on a portion of one of the 
pronounced product or process structures. Accordingly, the primary definition is a 
single specification, which is composed of content from the product variant structure, 
thereafter further reduced by deploying a process or product structure. The result is a 
product view that consists of a partial product specification, such as the front axles of 
Figure 5. 
The introduction of computer applications, and more particularly of CAD systems, has 
made it feasible to view the product in a somewhat more abstract way. This is not really 
possible with the traditional physical prototypes. In this context, the concept is named 
multi-configuration. The concept builds on the possibility of superimposing many 
partial, or complete, DMUs on top of each other, see Figure 9.  
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Multi-configuration is a product view that is adopted mainly by design engineers and 
those responsible for packaging. The view offers potential also for other organisational 
functions in their daily work. Any of the already described structures can serve as a 
base when defining a unique multi-configuration view. The field of application for the 
multi-configuration view is primarily for space allocation, design in context and clash 
detection for new or updated design solutions.   

Figure 9. Example of multi-configuration product view. 

3.6 Preconditions for geometrical views 
A systemised approach towards product documentation is a precondition for creating an 
environment that provides a wide variety of geometry users with relevant and 
accessible product-related geometry. There is a side to documentation that has strong 
connections to accomplishing the product development; the existence of processes, 
project descriptions and product specifications/requirements. In the following 
description it is presumed that such conditions exist. The coined research phrase 
Geometry Based Product Information (GBPI) has been introduced to decompose and 
structure these preconditions on geometry models and appurtenant product information. 
In the following sub-chapters, more in-depth descriptions are outlined for each of the 
GBPI areas, together with some other preconditions that are not embraced by the GBPI 
concept.  

Geometry models
Geometry models represent the first pillar of GBPI. They are created by, or introduced 
by, the engineering design functions in product development. Geometry models are 
intricate to document due to the involvement of aspects such as space allocation, 
functions, interrelationships and properties of various kinds. Furthermore, the 
documentation is not a single point activity of the process; it is an evolutionary activity. 
The work involved in executing this activity where new technical solutions are realised 
is what most people associate with core product development. 



Appendix 4 – publication D 

13(19)

CAD applications are the enablers of geometry modelling. The procedure for modelling 
geometry is not straightforward. The creator of new geometry models can realise the 
task in many different ways, partly due to earlier experiences and partly due to context-
specific conditions. Three examples are given of design scenarios where the task of 
geometry modelling is linked to different context-specific conditions: 

1. Engine block design. The engine block is a complicated piece of geometric 
modelling. The scenario includes close collaboration with virtual manufacturing. 

2. Pneumatic design. The layout of hoses and pipe is a rather flexible scenario that is 
packaging–intensive, where a detailed level of design is a prerequisite. 

3. Cab design. The design of sheet metal surfaces. A scenario where it is important to 
take aesthetic aspects into consideration. 

Consequently, in order to limit excessively divergent geometry modelling approaches, 
educational effort on how geometry creation should take place is necessary. 
Furthermore, unambiguous guidelines on different context-specific procedures must be 
made available.   

Appurtenant product information 
A geometry model does not incorporate any information about where it is applicable. In 
order to complement the geometry model with such information, additional product 
documentation must take place, that is a documentation activity where non-geometric 
information is added. This type of information constitutes the second pillar of the 
GBPI, and it is referred to as appurtenant product information.  
A design solution is manifested through one or more geometry models. It has its origin 
in implicit or explicit customer requirements. These requirements constitute merely a 
small subset of all requirements; accordingly, there will be alternative design solutions 
with a different set of underlying requirements. The underlying requirements, and their 
continuous changes, give rise to a range of design solutions that together form a product 
offer space. Therefore, geometry modelling must be accompanied by a documentation 
activity where the variant’s home base is established, i.e. the context where the 
geometry model is applicable. The product variant structure specifies the type of 
information for where a relationship is established in order to create a context. 
In the previous sub-chapters, different types of product view defining structures have 
been described. They are created when supplementary non-geometric information 
relates to geometry models. This product documentation effort falls as well under the 
umbrella of appurtenant product information that must be incorporated and planned for.  
Product documentation and the way it should be handled in the context of product 
development is an engineering management issue. Digital product development brings 
new aspects on how to efficiently conduct a project where one must rely on DMUs in 
the early stages of development. It is suggested that it is vital to understand these 
product documentation activities in order to lay out conditions for successful 
accomplishment. The timing of these different documentation activities is a key matter. 
Aspects that come into play concern for example the carry-over of GBPI from earlier 
projects and the distribution of responsibilities for the different types of documentation.  
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Other types of preconditions 
The described views span the organisational boundaries of the company. Encountering 
a historical inheritance of different types of information system is inevitable when 
including such a wide spectrum of requirements. [12] puts forward reasons for this 
situation and states two main reasons; activity-domain-specific demands and 
uncoordinated development of the information systems. [9] points to the critical roles of 
databases and database technology as computer use grows steadily. Another perspective 
is presented in [10], where discussion is on reduction of data volume by selection, and 
further reduction by application of higher levels of data abstraction, to overcome 
obstacles to end-user access. Thus, fundamental elements that must be managed 
concern data, databases and knowledge, which all are cornerstones in handling product 
documentation and its application. 

4 Realisation of product views 
Cutting-edge technology when it comes to realisation of geometrical product views 
builds on a foundation that takes advantage of both progress in the area of geometry 
modelling and achievements in database technology. The presented hypothesis builds 
on a sought solution where the foundation is geometric configuration management. The 
following section works as an introduction to the area of configuration. It discusses 
some key elements and findings in greater detail, while 4.1. presents an operational 
configuration management framework that is utilised at Volvo Truck Corporation for 
realisation of product views.  
So far, what has been described is isolated sources of information. The strength of 
systemising these sources becomes apparent when they are incorporated into a 
framework of configuration management. The framework builds on a presented 
configuration procedure where the outcome is configured DMUs, see Figure 10.  

Figure 10.  Schematic view of configuration procedure.    

However, it is important to point out that the setup of the configuration procedure, and 
its environment, must be “open”. This is necessary in order to be able to provide high 
flexibility. This flexibility is important in several ways:  

1. It opens up the possibility of replacing portions of the procedure; databases and 
applications are both potential candidates for replacement. 

2. It is not unlikely that new steps are introduced into the existing configuration 
procedure; it should be easy to incorporate such alterations. 

3. Stand-alone capabilities for individual steps of the procedure; some activities do 
not require total execution of the configuration procedure.  
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Configuration deals with the creation of a context. The first product view described, the 
product variant structure, had a number of characteristics, which have turned it into the 
backbone in defining contexts. The product variant structure contains uniform product 
terminology. Besides the described characteristics, all the product views described 
constitute non-geometric product information. The first step in the configuration 
procedure, see Figure 10, is a query activity, whose objective is to provide the methods 
and tools for ending up with a relevant context. The querying activity utilises non-
geometric product information to create a relevant output.  
The synthesised context from the query activity is the first step in realising a specific 
product view. However, there is still insufficient information since more information 
must be incorporated to define the product view in 3-dimensional space. The second 
step in the configuration procedure, geometrical configuration, utilises the context 
definition as an input to realise geometrical product views. The second step transfers 
the non-geometrical product information into geometrical entities that are configured in 
accordance with the input specification. The geometrical configuration exploits 
different concepts of geometrical positioning, see section 4.1, and takes place in the 
CAD environment. Accordingly, geometry users who utilise CAD applications have 
obtained the required product view by the second step. 
Many of the mentioned geometry users’ requirements build on accessibility to product 
views in the visualisation environment. They do not have access to CAD applications at 
all. Instead, the product views must be adapted to different types of visualisation 
application. This adaptation takes place in the third step of the configuration procedure, 
by application of so-called conversion applications. 
Provided an appropriate configuration procedure is set up, it should be possible to run 
all these steps in sequence in an automatic manner. The result is automatic 
configuration management. This is a desirable feature since it makes it possible to 
realise a fleet of DMUs, which can be targeted in a product development project.    
From a scientific perspective it is reasonable to draw comparisons to publications 
where knowledge based engineering (KBE) approaches [14], artificial intelligence (AI) 
based approaches [13] and configuration systems [2] have been utilised and discussed.  
[3] is another author who has highlighted the need to master digital representations by 
application of precise configuration in accordance with customer specification.  

4.1 AVP – Automatic Vehicle Packaging 
AVP, Automatic Vehicle Packaging, is the acronym for a configuration management 
framework implemented at the Volvo Truck Corporation. It is an ongoing effort that is 
characterised by the content and context of this publication. The reason for setting up 
such a comprehensive framework can be traced to the variant complexity of the product 
assortment.  
When the AVP framework has been set up, many different considerations have been 
made in order to embrace the requirements of a wide variety of geometry users. Some 
requirements are yet to be solved while others have been met. The AVP framework is 
implemented and utilised in ongoing development efforts. Some of the cornerstones 
and key features that constitute the framework are presented below: 
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MultiCAD capabilities 
Support for multiple visualisation applications 
A structured and systemised environment for querying of appurtenant 
product  information 
Product view support 
Performance 
Scalability  

Examples of AVP deliverables 
The truck in Figure 11 is an example of a customer-specified product. The truck is a 
good example of a traditional physical mock-up described by the product variant 
structure.

Figure 11. A traditional physical mock-up. 

In Figure 12, the identical customer specification has been used in the context of the 
AVP framework. The output is a DMU that is composed of several hundred 
geometrical building blocks. The building blocks are positioned by utilisation of the 
palette of positioning principles. 

Figure 12. A DMU of the physical mock-up. 
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In figure 13 the same customer specification is utilised in conjunction with the modular 
product structure. A subset of the modular product structure, a vehicle module, is 
automatically configured and that creates a typical product view of a virtual 
manufacturing engineer.  

Figure 13. Engine DMU from the truck in Figure 12. 

5 Conclusions 
The CAD research area was from the very outset characterised by fundamental 
developments in geometry modelling. The area has matured scientifically and therefore 
it is logical to invest research efforts in the area of geometry application too. Geometry 
application, as defined, involves much wider numbers of geometry users. In order to 
support these geometry users with relevant geometry models, their requirements on 
geometry-based product information must be established. Once the requirements are 
established, the next step involves realisation of these requirements. The hypothesis is 
that configuration management is the means needed for meeting the requirements on 
products of high complexity. The objective of this type of geometry management is to 
enable reuse of already created geometry information and thus to eliminate rework. 
The geometry users’ requirements are characterised by their working context and on 
how they sub-divide their view of the product. Therefore, the requirements result in a 
number of product views. The views are primarily based on either product structures, 
such as the modular product structure, or process structures, for example the 
manufacturing process structure. An additional product view is also described, the 
multi-configured view. The multi-specification view is feasible due to the utilisation of 
computers and builds on a technique where multiple product variants are superimposed 
on top of each other.  
In order to be capable of representing these product views, product documentation must 
be accomplished in a thorough manner. The documentation can be divided between 
documentation of geometry models and documentation of non-geometric product 
information, so-called appurtenant product information.  
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By systemising the activities of product documentation, a good foundation exists for 
configuration management. The configuration procedure as described is based on a few 
steps. The first step, the querying activity, primarily utilises the appurtenant product 
information to define and specify the scenario to be configured. The following step 
deals with translating the non-geometric product information into 3-dimensional space 
by utilisation of basic geometric positioning principles, and it takes place in the CAD 
environment. The final step in the configuration procedure then converts the CAD 
information into the visualisation environment where a large proportion of the 
geometry users exists. 
At the Volvo Truck Corporation, the described configuration management framework 
has been implemented. Some examples and facts were provided to prove the 
applicability of the presented hypothesis on managing geometry. 
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ENABLING PRECONDITIONS FOR GEOMETRICAL 
APPLICATION IN PRECONCEPTUAL STAGES OF 

ENGINEERING DESIGN 

Freddy Fuxin 

ABSTRACT. Product development in the global economy is characterised by fierce 
competition on a global scale. The global premises entail consequences regarding the 
product range, the make-up of the extended enterprise organisation and the ways in 
which engineering design departments must work in order to meet the product 
development challenge. Digital product development capabilities are considered as the 
enabling paradigm to meet rich product variance, globally dispersed product 
development and efficient development procedures. The heart of digital development is 
sound and systematised methods, guidelines and processes for geometry application. A 
geometrical configuration framework is presented together with a systematised 
approach to geometrical product documentation and information integration. The three 
listed results are advocated as enabling preconditions for efficient working procedures 
in engineering design during the preconceptual stages of product development. 

Keywords: Integrated product development, configuration management, information integration, 
information management, engineering design and management, digital product development 

1 Introduction 
Most industrial and academic articles on the area of product development start by 
depicting the surrounding factors that form the reasons why studies have been 
conducted. Instead of contributing to these reproductions, a quotation from [2] is used:  

Product development is an expression of the 
desire to survive as a company in the long 
term.

The aim of most industrial companies is to stay digital in their product development 
effort as long as possible, that is to say to postpone the introduction of physical mock-
ups to the later stages of development. In order to adopt such an approach, all 
departments involved must have the right preconditions for utilising the digital 
equivalence of the traditional physical mock-up [23] – the so-called Digital Mock-Ups 
(DMUs). The DMUs that will be elaborated on in this article are geometry-based and 
thus support different types of geometry application. 

There are many examples of literature that describe the early stages of product 
development [15,19]. The tendency in many of them is to emphasise organisational 
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aspects, analysis techniques, various technical concepts and requirement management. 
Naturally, these are important aspects to take into consideration but they generally 
appear not to take geometry aspects into consideration. The absence of a geometrical 
focus inevitably leads to inadequate descriptions of how product development ought to 
be conducted during the early stages, designated the preconceptual stages [10]. 

Design engineers are the primary type of geometry user that come to mind when 
describing the early stages of geometry application. This is a misconception concerning 
digital product development. The number of potential geometry users outside the 
traditional boundaries of geometry application in practise exceeds the number of design 
engineers that utilise computer aided design (CAD) applications. However, in order to 
support and improve the preconditions for geometry application in these early stages, 
there are areas of improvement that must be systematised.  

In this publication, geometrical configuration is considered to be the primary enabler 
for broad organisational application of geometry. Products that are made from 
thousands of components, that incorporate complicated functional interdependencies 
and rich variance, are the reason for prescribing such a comprehensive approach. 
Furthermore, the geometrical configuration is vital in the prescribed framework but it 
must be accompanied by some equally important enablers. Geometrical configuration 
relies on the existence of configurable entities, so-called geometrical building blocks 
[12], that are unambiguously defined. Thus, the equally important enablers deal with 
methodology, processes and tools whose aim is to improve building block realisation 
and configuration. 

The reason for this article is to enhance understanding of important areas that contribute 
to increased geometry application from the preconceptual stages of engineering design. 
The following chapter outlines the conducted research approach that forms a 
background to the thoughts presented. Chapters 3 to 5 describe the enabling 
preconditions from a process and methodology standpoint. A framework that builds on 
the presented theories has been, and is, under implementation in an industrial context, 
designated Automatic Vehicle Packaging (AVP), and it is briefly described in chapter 
6. The final chapter contains a discussion on and conclusions from what has been 
presented and how it contributes towards reuse, modular design and global engineering 
design. 

The underlying research work that has formed this publication was carried out within 
the product development unit of Volvo Truck Corporation, Göteborg, Sweden.  

2 Research framework 
The presented research framework builds on a research project that was initiated in 
autumn 1998. The initiation motive was based on the insufficient focus on geometry, 
both in academic and in industrial publications and literature. As stated in the 
introduction, digital product development relies on a sound and systematised way of 
managing geometry. Thus, the hypothesis is to define a Geometry Management Process 
(GMP) [11], see Figure 1, that should relate to existing academic literature in the area 
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of product development. Furthermore, the GMP should complement industrial 
development processes by providing systematised tools, methods and guidelines that 
contribute to the elimination of rework. By adopting a holistic perspective to the 
application of geometry it is possible to eliminate rework not only in engineering 
design but also in what is traditionally referred to as downstream organisational 
functions. 

Figure 1. The Geometry Management Process. 

During the establishment of the GMP, it became obvious that in order to eliminate 
rework by proposing working procedures that result in reuse, it was not sufficient to 
only focus on geometry. Another source of information must also be taken into 
account: non-geometric product information. In the research framework it is referred to 
as appurtenant product information. The collective term for geometry information and 
appurtenant product information is Geometry Based Product Information (GBPI), see 
Figure 2. 

Figure 2. An overview of Geometry Based Product Information. 

The GMP framework builds on several influencing factors that must be taken into 
account. These factors are dealt with by dividing the GMP into four different domains. 
The following factors have been considered as vital in the proposed GMP: 

• Function domain. Organisational factors that deal with who the different 
geometry users are and the organisational function to which they belong. 

• Requirement domain. Systematisation of what the geometry users’ 
requirements are concerning GBPI. 

• Process domain. GBPI evolves during the implementation of a product 
development project. Different GBPI requirements are met at different stages 
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of development; the domain should answer to when the GBPI has reached a 
certain level of maturity.  

• Realisation domain. Elimination of rework takes place by providing the 
geometry users with relevant GBPI. How should the relevant GBPI be 
realised? 

Enabling preconditions for geometrical application in preconceptual stages of product 
development contribute to the presented research framework by: 

• Outlining the theory of geometrical configuration and thereafter relating the 
presented theory to adequate references in the area of configuration. 

• Proposing a process view of how to deal with geometrical building blocks in 
combination with traditional preconditions, that is existing support from 
legacy systems and company-specific development processes.  

• Highlighting the possibilities that exist within the area of information 
integration; support for availability and accessibility of GBPI. 

3 Geometrical configuration 
Digital product development imposes changes on the traditional way of conducting 
product development. Some of these changes introduce opportunities worth exploring. 
Geometry-based Digital Mock-Ups represent one such opportunity. An example of a 
DMU is presented in Figure 3. The aim of the underlying research of this publication is 
to highlight enabling preconditions for taking advantage of DMUs from the 
preconceptual stages of engineering design, and thus configuration support. The 
significance of configuration support is that it should be possible to automatically 
create partial or complete DMUs. 

Figure 3. An automatically configured DMU. 
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Configuration management as described must have strategic business commitment to 
become a success. Business acceptance is crucial since the implication of configuration 
management is an extensive undertaking that must be made by the organisation. The 
main argument for selecting a geometrical configuration strategy is the possibility of 
obtaining support for managing very complex product variance. There are also other 
areas that must be addressed in order to setup a geometrical configuration framework. 
In the following sections, based on Figure 4, the core configuration framework areas 
are outlined. 

Figure 4. Established levels of configuration. 

3.1 Business Strategy 
A properly defined business strategy states the total customer offer. The customer offer 
can be transformed into a configuration space, that is to say the total number of feasible 
product combinations that is made available in the marketplace. In the engineering 
design area, the configuration space can be converted into the number of mock-ups that 
have to be followed up in a specific development project. As indicated in Figure 5, the 
term number of mock-ups incorporates both digital and physical mock-ups; it is 
important to emphasise this fact. Automatic geometrical configuration enables the 
number of DMUs to become much larger. At the same time, it makes it possible to 
support a much wider range of requirements on different types of configuration. This is 
especially true when comparing with manual configuration. However, the automatic 
configuration cannot entirely replace manual configuration because it requires that 
certain preconditions are fulfilled. 

Figure 5. Strategic view of mock-ups [11]. 
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The preconditions that must exist are composed of a combination of system, process 
and tool support. 

3.2 Methodology 
Geometry-based configuration management is not a topic that has received widespread 
scientific attention in the engineering design community. This methodology area builds 
on profound knowledge of GBPI, in other words in-depth knowledge of geometry 
modelling and information integration, that must be combined with process support. 
There are research efforts that have explored the configuration area, but not with the 
approach of the presented research framework. A few examples of related published 
research efforts are presented: 

• Artificial Intelligence (AI) based systems for the support of configuration 
design and management [17]. 

• Generative modelling approach based on KBE, [14]. 
• State-of-the-practice in product configuration [28]. 
• Configuration management as a part of Systems Engineering processes [16]. 

The reason why geometrical configuration is an enabler for efficient engineering design 
work is elaborated on by utilising Figure 6. 

Figure 6. Design degrees of freedom [2]. 

Figure 6 is reproduced from [2] but almost the same type of view could have been 
obtained from [30]. The perspective of Figure 6 is sound since it invokes a customer-
oriented view of ongoing engineering design development activities. There are, 
however, differences in how geometrical configuration applies to the different project 
types. This is due to the fact that geometrical configuration does not, as defined, 
involve any intelligence for the generation of new design solutions; it should cope with 
reproduction of the current level of maturity (LOM) of existing GBPI (the LOM 
concept is further outlined in chapter 4). Therefore, reuse of already created GBPI is 
one factor that renders the advocated approach efficient.  

The following discussion is mainly based on Figures 5 and 6. The first quarter of Figure 
6 is named Updating Replacement. This is a project type that relies on geometrical 
configuration that generates the product in production. Examples of benefits are 
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product-unique GBPI for product specification, illustration and educational activities. 
Thus, the number of geometry users that can take advantage of the geometrical 
configuration is high. The next quarter of Figure 6, Adaptation, is typically an 
adaptation project where the existing product range is adapted for a new market or a 
new customer segment. The degree of carry-over (reuse), that is the GBPI from the 
already existing product range, is high. However, the adaptation will most likely 
introduce changes to the existing product documentation and perhaps also some 
redesign activities. The geometrical configuration contribution is the possibility of 
providing a relevant GBPI for design in context activities, but also for the product 
documentation activities that will follow. Quarter three of Figure 6, Supplementing,
involves major changes to the product range that should support the existing customer 
offer. In the automotive industry, and in the truck industry in particular, replacement of 
the existing product range seldom means starting off from scratch. The associated risks 
and costs with starting off from scratch imply that a carry-over scenario normally takes 
place. The business strategy is to have a certain carry-over percentage. From a 
geometrical configuration point of view, one result of the carry-over percentage is that 
already from the earliest stages, there are geometric entities that populate a certain 
percentage of the intended configuration space. The consequence of carry-over for 
digital mock-ups can be seen in Figure 5, the numbers of DMUs in early stages increase 
very rapidly. The carry-over process itself is an interesting phenomena; it is 
acknowledged in scientific literature but only sparsely described. Geometrical 
configuration constitutes an enabling opportunity since it makes it possible to pinpoint 
certain reference products from the product range that can be investigated for carry-
over. The final quarter, and project type, is Diversification. It is not considered to be a 
product development project with the traditional boundaries. [14] argues about the 
necessity to put these types of innovative projects into R&D activities. Thus, the 
preconditions for supporting this product type with the advocated geometrical 
configuration are rather limited, partially due to the lack of predefined product 
documentation that can be reused.  

Hitherto in this methodology section, process and project aspects have been covered, 
i.e. how geometrical configuration can act as an enabler in different types of 
development project. The advocated geometrical configuration methodology builds on 
a defined configuration procedure that is depicted in Figure 7. 

Figure 7. The configuration procedure [13]. 

In order for the geometrical configuration to work as an enabler in digital product 
development, the configuration procedure must be applied. In earlier publications, such 
as [12] and [13], key methodology elements of the configuration procedure have been 
more thoroughly outlined. Examples of these methodology elements are geometrical 
positioning principles, geometrical building blocks (BBs) and configurable product 
views. In the remainder of this publication, further enabling methodologies 
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(preconditions) will be discussed. Chapters four and five contain enabling preconditions 
for working with geometrical configuration in an engineering design context from 
preconceptual stages. Chapter 4 deals with a prescriptive process for BB management. 
This is a delicate issue to master, partly due to the fact that many mature industries 
utilise legacy systems and established product development processes. Chapter 5 
addresses the querying activity of Figure 7. It is based on the fact that most companies 
are facing a heterogeneous information environment and the configuration procedure 
utilises various types of configuration information with different origin. 

3.3 Tools and guidelines 
The engineering design environment has undergone considerable change during the 
past decade or two due to computerisation. If the perspective is extended some further 
decades, we see that many larger firms developed their own geometric modelling tools. 
Nowadays, geometric modelling tools, in other words CAD applications, have matured 
and are to be considered as off-the-shelf solutions. At the same time it must be 
acknowledged that CAD systems are very complex tools and the ‘off-the-shelf’ 
expression is actually sometimes misused.  

CAD applications have more or less been  the single source of geometry representation. 
During the past decade, CAD applications have been supplemented with so-called 
visualisation applications. The number of different visualisation applications and the 
fields of utilisation have literally exploded in recent years. The geometry models in the 
visualisation applications are generally much smaller in size compared with the original 
native geometry models (~ 80-95 % reduction). The reduction takes place in the 
conversion process from native formats to visualisation formats (the conversion 
applications in Figure 7). The consequence is that design history and construction 
geometry, for example, are removed from the native formats and accordingly the 
visualisation formats consist of geometry models that represent the status of the native 
format upon conversion. From a business standpoint, it is extremely important to 
support these visualisation applications in a systematic way in order to promote 
geometry application. This is particularly important if there are only DMUs during the 
preconceptual and conceptual stages of engineering design; the visualisation 
applications are a necessity for all geometry users not utilising CAD applications. 
Furthermore, larger companies often utilise more than one CAD application in their 
organisations. The visualisation applications can serve as a bridging environment in 
such multiCAD environments.  

For companies working in a global engineering design environment with design offices 
located on many continents, geometry sharing is crucial to business. Most CAD 
systems have an underlying database system that manages the CAD geometries. A few 
of the visualisation applications have database systems of their own that manage 
conversions, version control and updates. In order to work globally, there is a need for a 
structured approach to managing these databases. The same type of structuring must be 
made for the legacy information systems. Examples of issues that are important are 
information infrastructure, time zones and replication techniques.  
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The tools are not adequate for making the organisation work in a concurrent, efficient 
manner. Guidelines that orientate the personnel often seem to be lacking in scientific 
literature [3]. The implementation of tools comes off badly if there are no thorough and 
clear, unambiguous guidelines. The guidelines serve many objectives, a few examples 
are presented: 

• Applicability context 
• Setting the terminology 
• Presenting the methodology 

3.4 Utilisation 
Theories, methodologies and guidelines are worthless if they cannot be interpreted and 
put into practice. The same conditions apply to the presented geometrical configuration. 
AS-IS development preconditions are often encumbered with a historical heritage, and 
this heritage must be understood and accounted for. Another challenge concerns the 
TO-BE scenario; it is by no means static. The TO-BE scenario is influenced by 
continuous improvements in areas such as tools, information architecture and 
information technology. Furthermore, the inertia of change is severe in many larger 
companies, and a crucial question is how to tackle issues of change without 
jeopardising the ongoing business. The inertia of change is partly made up of all the 
product documentation that has already been produced.  

It is generally accepted that in order to be capable of proposing change and identifying 
shortcomings, a knowledge base must be created that is formed from thorough 
understanding of the AS-IS situation, together with an in-depth knowledge of the 
product. Therefore, the best way of detecting shortcomings and formulating new 
theories and methodologies is to integrate process development and methodology 
development into the development organisation where the actual utilisation takes place. 
The same thoughts are very much applicable to design research. One of the 
disadvantages of such research philosophy is that it may be more time consuming. 

Reflection 

In order to support increased geometry application from the preconceptual stages, all 
the previously prescribed established levels of configuration are enabling preconditions. 
There is always room for improvement and the improvement potential is detected by 
working in the AS-IS environment together with the personnel who make the 
development effort sustainable. The presented enablers can therefore be even better at 
enabling.

4 BB at the fuzzy front end 
Geometrical configuration builds on an advocated approach where geometric building 
blocks act as a precondition; they are the entities to configure. Therefore it is necessary 
to establish how to work with these BBs already from preconceptual stages. 
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There are various requirements and conditions that must be dealt with in order to 
support the concept of BBs. The adapted perspective of BBs utilises a concept that was 
presented in [10]; the evolution of geometric maturity. The prescribed evolution 
concept builds on a top-down approach where the Level Of Detail (LOD) is central. In 
order to apply the evolution concept and implement it in a global engineering design 
environment, further detailing is required where the following areas are taken into 
account:

• The defined generic product development process 
• Correlation to the AS-IS IT infrastructure 
• Carry-over aspects  
• Amount of product documentation 

In accordance with Figure 6, the scope of most development projects differs. Therefore, 
the prerequisites also change depending on the scope and ambitions of each project. 
The solution to these different types of project scenario is to prescribe a generic product 
development process, a process template, which is utilised in setting up new projects, 
see Figure 8. [2] referred to this type of generic disposition as a common procedure. 

Figure 8. Correlation map of processes. 

The legacy information architecture [23] is the backbone of many larger companies. 
Thus, large investments have already been made in legacy systems that are up and 
running and supporting the global engineering design environment as well as 
downstream systems. One can not bypass or replace this information architecture in a 
single move; that would jeopardise the entire production environment [6]. Instead, 
complements and a gradual refinement are the advocated way of improving the 
infrastructure situation. In Figure 8, the existing legacy system support is illustrated by 
the article process. The article process is the supported release procedure for articles, an 
established process that is working properly. 

An obvious failing is detectable when comparing the process template and the article 
process of Figure 8. Thus, the support for preconceptual stages in digital product 
development is lacking. The proposal is to incorporate an additional BB release 
procedure. The motive for such an extra process is the possibility of taking advantage 
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of the established process template and article process and complementing them with a 
BB release procedure whose primary objectives are to support aspects of preconceptual 
working procedures, carry-over and geometrical configuration. It must be 
acknowledged that this additional release process will inevitably entail an extra product 
documentation burden, i.e. compared to the present way of working, and the ambition 
must be to keep this burden to a minimum.  

Through the introduction of the BB release procedure, the existing process support and 
system support will also be capable of supporting: 

1. Envelopes and space allocation issues in preconceptual stages 
2. Follow-up of rough design entities 

There are two major advantages of introducing this additional BB release procedure: 

1. It is possible, through modest means, to incorporate it into the existing 
system support of the legacy information architecture.  

2. It supports all the different project types that have been described. 
Accordingly, it constitutes an instrument for correlation with the existing 
process and system support. 

The BB release procedure builds on three LOMs. This is a compromise where high 
priority has been given to reducing the documentation burden of the design engineers. 
The LOM concept builds on the break-down of the BBs in accordance with the GBPI 
concept, see Figure 9. 

Figure 9. The LOM matrix. 

Two orthogonal dimensions form the LOM matrix; maturity of GBPI and the process 
coordination of the GBPI. The geometric maturity (LOD) concept classifies the 
geometry content of the BB [8], while the other concept deals with the maturity of non-
geometric product information. Both the horizontal and vertical axes are further broken 
down. The principle is presented and further details of the different concepts would be 
too extensive. The flexibility of the LOM matrix ensures that it supports all the 
different project types and their various carry-over scenarios. 
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5 Information integration 
In order to support geometrical configuration, many different types of information must 
be accessed, stored and analysed. The collective name of this heterogonous amount of 
data is Configuration Information. The presented concept builds on fundamental 
techniques from the field of information integration and data warehousing, see Figure 
10 [9,29].  

Figure 10. Principles of data warehousing [29]. 

In many larger companies the backbone of the information system is based on legacy 
information architecture. The legacy structure does not have the ability to support all 
the information requirements and applications with relevant product and process data. 
Thus, apart from the legacy information architecture, there are vast numbers of 
proprietary information sources throughout the company [23], see figure 11. The 
consequence is that the product development environment is extremely heterogeneous 
and the configuration information is widely dispersed. 

Figure 11. Potential sources of configuration information. 
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Information integration is considered to be an enabling precondition. There are many 
reasons why this is the case. Some of them will be elaborated on in the following 
section.  

The legacy architecture has many advantages. For example: (1) it is a mature and 
established IT solution, (2) which has been formalised and fully implemented into the 
engineering design environment. (3) Guidelines and educational material exist to 
instruct the end-users, who are spread throughout the organisation. There are, however, 
downsides to this architecture. These downsides are to be considered as opportunities 
for improvement.  

Engineering design activities are to a certain extent characterised by innovation and 
therefore demand flexibility in the supporting systems. Such flexibility can be hard to 
ensure with the formalisation that encompasses the legacy systems. An information 
integration approach can bridge this gap in flexibility by offering interim solutions. 
However, there must be a common understanding regarding these interim solutions – 
when, and if, they evolve and eventually become rather stable and worth formalising, 
they should, if feasible, be incorporated into the legacy architecture. 

Three examples are given of occasions when an information integration approach 
complements the existing architecture with important functionality: 

• Certain types of search criterion require restructuring of the original legacy 
data in order to support acceptable query performance and functionality. 

• Other types of search criterion build on combinations of data that are not 
feasible within the legacy architecture. 

• There exists information that must be stored and systematised where there is 
no support from either the legacy systems or the proprietary systems. The 
information integration approach is in such cases an enabler for systematised 
storage and therefore provides availability, accessibility and trustworthiness 
[4].  

5.1 Configuration information 
Configuration information is a comprehensive collection of different types of product 
information and process information that must support geometrical configuration. This 
subsection will provide three somewhat more modulated perspectives on relevant 
configuration information.  

BB information. The building blocks will evolve in the development effort and 
accordingly the BBs will change when updates are made to them. The building blocks 
are documented both in the legacy information system and in the CAD systems. The 
query activity of the configuration procedure deals with searchability criteria for these 
BBs. Accessibility and availability of meta-data from the legacy systems as well as the 
meta-data from the CAD database systems is therefore essential in order to provide the 
right preconditions for querying this type of configuration information.  

Structure information. Configuration information embraces many different views of 
the product. These views are often based on different types of product structure or 
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process structure [13], such as modular product structures or manufacturing process 
structures. It is particularly important to emphasise the aspects of structures since 
product configuration deals with both fixed product structures and potential structures 
of the configurable products [1]. 

Product specifications. In order to be able to geometrically configure a DMU, product 
specifications are needed. These specifications can be collected from sources such as 
the marketing/sales area, or from databases that manage prototype specifications. They 
are therefore needed to describe the configuration context. Thus, product specifications 
are regarded as configuration information. 

5.2 Knowledge management 
The presented information integration and geometrical configuration approach bear a 
strong resemblance to thoughts and theories presented within the area of knowledge 
management. Product knowledge embraces the entire product life-cycle and thus too 
multiple product cycles. In order to make product knowledge from an individual 
available to other personnel, product documentation must take place; [27] have a point 
in their statement: “product documentation is painful”. It is reasonable to also take into 
consideration who will actually perform the required documentation. This is largely a 
task that is imposed on the design engineer. Thus, by requiring further product 
documentation, even less time is spent on the actual engineering task. From a GMP 
perspective, the following scenario is illustrated, see Figure 12, and it is a perception 
that has evolved during the course of the research. A contradiction will appear, one that 
is due to the most critical performance criteria in industry: cost. 

Figure 12. A reflection on product documentation. 

The contradiction mentioned must be addressed in a manner that makes it worth 
investing additional resources on extending the amount of product documentation. 
Another aspect that also must be investigated concerns the way the information is 
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structured and systematised. The scientific community has elaborated on some issues 
that touch upon this contradiction. A few examples are shown. (1) An issue that is 
being discussed concerns how much time the engineering designers spend on managing 
information in their daily work. [4] refers to additional authors who deal with this issue 
of managing information. The estimates presented relate to just about 25% of each 
designer’s working day. (2) The possibility of generating design information for use in 
downstream applications or in the later stages of the product life-cycle is debated [26]. 
(3) The issue is one of systematising design knowledge by first abstracting it and then 
generalising it into a reusable form [18]. Data mining technology is an good example of 
how knowledge discovery can be brought into the design environment to support reuse 
by utilising existing design repositories [7]. 

There are many acronyms associated with different types of knowledge capitalisation 
and knowledge deployment activity. Product Data Management (PDM) [24], Product 
Life-Cycle Management [5], Knowledge Based Engineering (KBE) [14,22], 
Knowledge Based Systems (KBS) [25] – all are examples of scientific efforts, some 
with industrial involvement, that one way or another touch on the area of knowledge 
management and ways of systematising engineering design knowledge.  

6 Automatic Vehicle Packaging 
“By automatic design we mean design procedures which are capable of being 
completely specified in a form which a computer can execute without human 
intervention” [21]. The derived benefit from the AVP framework is the potential for 
automatically providing relevant and accessible DMUs to a rich variety of geometry 
users throughout the extended enterprise by utilising the geometrical configuration 
procedure,. 

The concept of AVP has emerged to answer to the original GMP research question. 
AVP belongs to the Realisation Domain of the GMP and should answer how relevant 
GBPI should be made available to a wide variety of geometry users throughout the 
extended enterprise. Research findings from the other domains, and the GBPI concept, 
have served as input for the AVP framework [8,10,11,12,13].  

The framework has evolved gradually over the past five years and is currently 
industrially implemented and utilised. There are still requirements that until this 
publication not have been resolved, but continuous progress is being made to meet 
these requirements too.  

Some limitations have been imposed in the configuration procedure. They primarily 
concern colours, textures and textiles. The reason for not taking these examples into the 
configuration procedure is that they do not introduce any changes in the geometrical 
space allocation of the DMUs. Therefore they are not in this context considered to 
contribute towards an increase in the configuration space.  

One of the key elements of the presented information integration approach is the 
potential elimination of data redundancy by providing a so-called Engineering 
DataBase. Another important aspect of the AVP framework is that it has the potential to 
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remove repetitive manual tasks and instead let engineers and other geometry users 
focus on other things. Other research initiatives have also acknowledged such potential 
within engineering information systems [20]. Some of the KBE initiatives have argued 
about similar benefits, they refer to the potential to automate mundane time-demanding 
tasks [e.g. 22]. 

Some of the cornerstones and key features that constitute the AVP framework are 
presented below: 

• MultiCAD capabilities 
• Support for multiple visualisation applications 
• A structured and systematised environment for querying of appurtenant 

product information 
• Product structuring support 
• Performance 
• Scalability 

One of the challenges of the AVP concept has been its application in preconceptual 
stages of engineering design. [14,15,17] conclude that “new product development” 
really deals with reuse of a large portion of the already reprocessed product knowledge 
and its adaptation to the new conditions. This collective conclusion definitely applies to 
the truck industry. The enabling preconditions that must be dealt with in order to make 
the AVP work from these stages is the prescribed BB release procedure, with its LOM 
matrix, and the information integration approach. 

7 Discussion and conclusions 
Engineering design in the global economy is affected by the continuous change that 
occurs in society. The truck industry serves as an example. Four decades ago, the total 
number of European truck manufacturers was 45. Since then, mergers and hostile take-
overs have reduced the number of independent truck manufacturers to 6. These major 
players are more or less globally committed, which in turn has an impact on how  the 
engineering design area must be managed. The consequence on the products is that they 
must be adaptable to local market conditions. The different conditions have their origin 
in legalisation, transport missions, vehicle utilisation, operating environments, 
discrepancies and so on. This will inevitably lead to product adaptability requirements, 
which in turn will eventually result in increased product variance.  

The computerisation of the engineering design environment, and especially the 
application of DMUs, acts as an enabler for global engineering design. Communication 
of design solutions and design concepts between different engineering design sites is 
today possible in a manner that would have been impossible just 5 years ago. At the 
same time, the product variance that global engineering design teams must manage is 
increasing due to the previously mentioned product adaptation; i.e. the configuration 
space becomes even larger. It is for this reason that management of systematised 
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approaches to information integration and geometric product configuration is regarded 
as crucial to the business areas in order to obtain a competitive advantage in the global 
economy.  

Geometrical building blocks are preconditions for the advocated configuration 
procedure, that is to say since they are the smallest configurable entities. The presented 
configuration deals with ways of making product variance manageable from a DMU 
perspective. Product variance is a concept that can be dealt with by adopting a modular 
approach. Thus, theories of modularisation are utilised to create adequate geometrical 
building blocks. This is a pertinent approach since the BBs are utilised in all relevant 
product configuration and the outcome is an advocated approach which relies on the 
reuse of BBs, which in turn leads to the elimination of rework. 
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