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Abstract

Today’s manufacturing industry is experiencing an increased competitive 
environment due to the effects of market globalisation. To stay competitive there has 
been an increased interest in providing Total Offers, Integrated Product Service 
Offerings, Functional Products, commonly known as Product Service Systems. The 
development of Functional Products enhances the pressure on cross-disciplinary design 
work, concerned with integrating hardware and service development into the same 
development process, i.e. the Functional Product Development (FPD) process. In the 
FPD context of enhanced collaboration, engineering knowledge management has 
gained increased attention. 

Today, most of the experience is documented in plain text, such as white-papers and 
lessons learned. Text and design and decision support tools, such as those presented in 
the demonstrators, are built upon facts and explicit knowledge that support thinking-
first, but can these tools also support seeing-first and doing-first? This means that the 
focus of creating tools to support the design process also includes aspects that support 
transfer of knowledge and experience, thus widening the purpose of the methods. 

The thesis examines how tools developed with the purpose to capture and formalize 
engineering design knowledge and thus support the design process can support 
experience feedback within product development organizations. The results present 
issues to consider when performing functional product development. Intellectual 
Property issues regarding what information to share and with whom become important 
in an extended enterprise setting. Design support tools intended for use between 
partners in the extended enterprise need to consider these questions to not loose core-
knowledge to partners and competitors. Design support tools used in the early design 
phases, when developing total offers or conducting functional product development, 
need to consider knowledge from diverse disciplines to examine how life cycle aspects 
are affected through design decisions and vice versa. When creating total offers, i.e. 
Functional Products, there is a need to understand which state the product 
development process for the total offer is in. In an attempt to create a visual tool that 
shows the Total Offer Readiness Level (TORL) for the product development process a 
demonstrator has been developed. The use of agent-based modelling to create the 
activities that constitute the design process seems as a promising approach to realizing a 
dynamic TORL. Communicating knowledge and experience within an organization is 
not an easy task.

It is discussed that approaches such as those described in the results section (KBE, 
Agent-based modelling and decisions support tools that visualize life cycle aspects 
(TORL)) could be used in experience feedback because to that they support thinking-, 
seeing- and doing-first, the three approaches to decision-making. However, most 
experience is presently hidden within formalized computer code, i.e. Knowledge Based 
Systems, making it difficult to interpret for persons other than the developer. If the goal 
is to reuse the design and decision support tool itself (in the way KBS are used) for 
experience feedback, nothing changes. However, if knowledge and experience 
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implemented in the tool become more transparent (easier to see the connection 
between computer code and the rationale to how it became) to the user, the design and 
decisions support tools would increase the learning effect and parts of the knowledge 
implemented could be used in other projects. 

The thesis has contributed to an increased understanding of how KBE (Knowledge 
Based Engineering) can be used in design support tools that have been implemented 
with multi-disciplinary knowledge and information. Further KBE tools can be used to 
support cross-company collaboration between partners in the extended enterprise, since 
design and analysis processes have been automated and an interface for collaboration 
between partners has been accomplished. The use of agent-based modelling to create 
models that describe product development activities from a micro-level perspective and 
thus support the realization of a TORL has been investigated further. 

It is concluded that tools and methods as presented in this thesis and the papers can 
support knowledge and experience transfer if they are completed with aids that support 
thinking-first, seeing-first and doing-first effect. 

Keywords
Product Development, Functional Product Development, Knowledge Based 

Engineering, Knowledge Engineering, Experience Feedback, Experience Management. 
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1 Introduction
This chapter describes the background and the working environment that the research was 

conducted in, what the motivations and drivers for the research are, the aim and scope and the 
research question. Recommendations on how the thesis should be read are in the last section. 

1.1 Background
Key drivers in manufacturing industry are the increasing pressure from the global 

economy, environmental issues [1], and local and international laws and regulations. 
This increased pressure not only puts new demands on the final product, but also the 
entire product life cycle and the product development process to realize the product 
itself. To stay competitive there is a need to differentiate from others, to deliver 
products with additional features or functionality and still maintain high quality, while 
designing and producing products with stable, flexible, predictable and optimized 
processes that are performed with an ever decreasing lead-time. Simply 
delivering/selling a product may not be enough to survive; thus, new business models 
are looked for and the notion of providing a function rather than selling only the 
hardware have gained interest in industry. The concepts of Total Care (TC)[2], 
Product Service Systems (PSS) [3, 4], Integrated Product and Service Engineering [5], 
Functional Products (FP)[2] and Functional Product Development (FPD) [6] are areas 
with ongoing research. The concept of providing and selling a function puts additional 
challenges on how product development is conducted, since to that the hardware, 
software and service offered in the new business scenario are developed concurrently. 
The offered product remains within the ownership of the manufacturer/provider 
throughout its life cycle. This means an increased risk in cost of life cycle ownership, 
making it necessary to consider the diversity of disciplines involved in the product’s life 
cycle in the early phases of the product development process. According to Hsu [7], 
design decisions account for more than 75% of final product costs. Having a focus on 
efficient performance, e.g. product development methodologies such as Concurrent 
Engineering (CE) [8], aims to support design activities conducted in parallel. Also, a 
parallel, concurrent or integrated development process brings in collaboration and 
coordination across different knowledge domains, e.g. marketing, design and 
production [9]. Performing product development in a multidisciplinary environment as 
a result of CE and PSS indicates that many communication and information exchanges 
have to occur to consider product life cycle aspects as well as to coordinate the design 
process between disciplines. Sometimes, companies need external expertise to gain 
control over different life cycle aspects not present within company borders. To benefit 
from divergent expertise companies organize themselves into partnerships that strive to 
bring the connection between ’deliverers’ and ’customers’ closer together and thus 
create an efficient cooperation and information exchange. Still, cooperating together to 
produce just “hardware” is not enough to stay competitive [2]. To collaborate 
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internally and between companies, knowledge and information sharing becomes 
important. However, PSS and the life cycle perspective tend to increase the number of 
aspects to consider [3], as well as widen the solution space and thus the amount of 
vague information in the early phases. For engineering design, the consequences are 
issues regarding how to document and reuse knowledge to provide a sound basis for 
decisions in everyday work. Making decisions on the basis of a limited amount of 
information are straightforward. But how does one deal with the large quantities of data 
and information generated in product development? Computers are apt to rapidly 
handle vast quantities of data and make it possible to disseminate and share information 
simultaneously and worldwide [10]. However, computers do not do magic they just 
process what the software is designed for and what humans tell them to do [11].  

Examples of common tools to specifically support the engineers’ decisions are 
Computer Aided Design (CAD), Computer Aided Manufacturing (CAM), Finite 
Element Analysis (FEA) and Multi Body Dynamics Analysis (MBDA). These tools 
permit design and analysis of the product in a digital environment. Further, Product 
Life Cycle Management (PLM) and Knowledge Management (KM) are used to handle 
information and documentation surrounding the development process. In general, these 
knowledge management tools support the storage and reuse of information with a focus 
on monitoring and controlling the process [12] to make it efficient. At an overall 
organizational level and to work in globally dispersed teams, the engineers’ tools are 
combined with Information and Communication Technology (ICT), e.g. e-mail, 
shared documents, videoconferencing, blogs, wicki’s, forums, etc. This forms an 
infrastructure that enables communication through space and time. Progress in the 
software domain, e.g. with Expert Systems (ES), Knowledge Based Systems (KBS) and 
Agent-Based Modelling (ABM), allows for a different view of knowledge management 
engineering tools to support the early phases. This view means that both product and 
design process models can be created and stored so that swift responses, based on fact, 
can be used when creating new concepts or business. It is well-established that 
knowledge is a vital asset, but it also depends on practical learning processes. Therefore, 
making lessons learned retrievable at an organizational level is a key for companies to 
gain from it. If the role of computer applications for knowledge management is 
recognised to support engineers and learn from not only success but also from failure, 
then the engineer will be better equipped in making early decisions. 

1.2 Industrial Context 
The research has been performed within Swedish manufacturing industry 

surrounding companies producing components for the aerospace industry as well as 
tools and methods to be used in the manufacturing industry. The companies that have 
been partners in the research are active on the global market and can be seen as market 
leaders in specific areas. The aerospace company typically produce high-value products 
that have long lifecycles, reaching up to 30 years in use. The other company have a 
wide range of products that reach from standard tooling to highly customized tools and 
applications specifically developed for customers manufacturing processes. The two 
companies have worked together for a long time and a preferred supplier contractual 
agreement have been met between the two partners. Both companies show an 
increased interest in the new business scenarios presented in the introduction section. 
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1.3 Aim and Scope 
The aim of the research is to support designers and decision-makers in the early 

phases of the product development process, when the design solution space is large and 
impacts of wrong decisions can be costly. Computer support is seen as an enabler to 
handle vast amount of available information. Knowledge Engineering (KE) methods 
and applications are perceived as enablers to increase the possibilities and abilities for 
these kinds of design- and decision support. To achieve a stable decision support, such 
methods and tools have to render benefiting from divergent knowledge aspects 
possible, as well as provide for lessons learned. However, what do KE decision support 
and design tools really convey? Are they suitable to carry knowledge and experience 
and thus transfer it to other persons? The scope of the research is to examine KE 
applications used in an aerospace and manufacturing context from different perspectives 
in order to gain insight in how they can enhance knowledge and experience feedback 
in product development. Therefore, this thesis elaborates on the research question 
(RQ1):

RQ1: How can Engineering Design tools support knowledge and experience feedback? 

1.4 Motivation
The research presented in this thesis is motivated by the difficulties of sharing 

knowledge (explicit and tacit) in a Product Development setting. Core knowledge is 
seen as an asset and a competitive advantage for companies, though barriers to handle 
important knowledge decrease this advantage. Knowledge management applications are 
used with the purpose to spread information, and then capture and store it so that it can 
be used as support when taking important decisions. The industrial interest in PSS 
increases the need for decision supportive methods and applications due to the 
management of a diverse knowledge areas and the life cycle perspective.

1.5 Delimitations
The fact that the concept of Functional Product Development or PSS involves 

hardware, service and other technical support systems means that the focus of the 
research has been on the early design phases of the hardware design. Hence, decisions 
made in the early design phases can have great impact on the total cost of the product 
and on the later stages of the product life cycle. The impact of different business or 
service scenarios on the design process were not considered or studied. Methods and 
applications within the Knowledge Engineering discipline have been focused upon. 
Knowledge Engineering can be seen from two different perspectives. The first is 
different ways and techniques in order to model and represent knowledge, i.e. to 
engineer the knowledge. Such techniques involve creating algorithms that render the 
knowledge understandable from a computer perspective, such as knowledge modelling 
languages KARL [13] and CommonKADS [14]. This view is not examined within this 
thesis, though some theory will be presented in this thesis when necessary understand 
the reasoning. The other viewpoint is that knowledge can be modelled using the above 
techniques with the means to use knowledge to engineer. This focus, to look at the usage 
of the created systems and models, is within the viewpoint of this thesis.  
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1.6 Disposition of the thesis 
The thesis is written with this introductory part and six appended papers. The 

introductory part first describes the research method in chapter 2 and continues with 
the theoretical framework in chapter 3, giving an introduction to research areas of 
relevance in this thesis. A summary of the appended papers can be read in chapter 4. 
The results from the appended papers are summarized and presented in chapter 5. The 
results are discussed in chapter 6 and concluded in chapter 7. Future work is also 
described in chapter 7. 
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2 Research method 
This chapter presents the research methods used, and is divided into four sections. The first gives 

you an overview of the research environment and the different research projects that have been basis 
for this thesis, the second section describes the different methods used for exploring the theory, the 
third describes the methods used for gathering the data and the fourth describes why demonstrators 
were used. Each sections also describes when the chosen method was chosen and why. 

2.1 Background regarding research 
The research presented in this thesis was performed in collaboration with two formal 

partners to the division. During this time, I have been involved in several research 
projects. I began at the ProViking research school, where I was involved in the project 
“Development of Functional Products in a Distributed Virtual Environment”, 
ProViking Project no V03.10. I was involved in a subproject WP4a – Modelling and 
Simulation in the Extended Enterprise. Mattias Bergström, Åsa Ericson and Stefan 
Sandberg, then all Ph.D. students from the same division, were involved in WP2, WP3 
and WP4b and we all contributed to the research regarding Functional Product 
Development. Papers A, B and C were based on the research from this research project. 

Papers D and E present results from the research regarding Total Offer Readiness 
Level. Various colleagues at the division of Functional Product Development were also 
involved in the research. Material for the research was gathered at one industrial partner 
affiliated with the division. 

The last project I was involved in is called; “Experience Feedback”. This project was 
conducted during the latter parts of the research and has impacted greatly on the results 
presented in this thesis. The results from this project contributed to paper F and the 
viewpoint from which the results is discussed in this thesis. In this project, I worked 
alone with the support of colleagues from the Division of Functional Product 
Development.

In all projects there has been an academic and an industrial points of view. Academia 
has provided the research, whereas industry provided the cases and real world problems. 
Both academic and industrial supervisors were available for discussions regarding 
research and general discussions regarding the various projects. 

The work performed during the research focused more towards qualitative research 
of the explorative ‘how’ kind. Case studies are one approach to try and find some 
answers to the questions [15]. Different cases have been used throughout the research. 
Some have been purely hypothetical, but based on likely scenarios developed in 
discussions with industry, whereas others have been based on cases that are ‘live’, i.e. 
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cases that are currently under development at partner companies. Hypothetical 
scenarios were used because the companies studied wanted to explore how future 
products were supposed to be developed. Because these companies (at least to my 
knowledge during the studies conducted) did not yet conduct Functional Product 
business, though they are very interested in this new business scenario and some 
attempts have been made, likely scenarios involving both single and multiple companies 
were developed. The scenarios were used to collect data from industry. Demonstrators 
were used to show scientific results and provide media as provocative teasers for 
industry and academia to react upon, while gaining specific knowledge and insights 
regarding certain applications and work methods and how the different scenarios affect 
them.

The next three sections explain the different methods used. 

2.2 Exploring theory 
The purpose of reading literature and scientific papers was to gain insight into the 

research field. At the beginning of the research, it is hard to say if some literature is 
important to the research being conducted, especially regarding Knowledge 
Engineering, since it is coupled to many other research fields, such as computer science, 
informatics, mechanical engineering, and knowledge management. Therefore, an 
expanding view was used to gain an understanding about the research area [16]. The 
focus was narrowed to more specific topics when interesting and relevant literature 
were found. Literature was searched for and read continuously throughout the research, 
but peaked during the project start up (state-of-the-art) and the writing of scientific 
papers.

Library search engines and databases from publishers as well as other search engines 
were used to find relevant literature. A preferred method was to search for relatively 
recently published journal papers that summarize important findings within the research 
area and find the relevant papers and articles based on what has been referenced. This 
corresponds to a viewpoint to search in the present to gain awareness about the past. 
Also, recommendations from colleagues on interesting books and papers that might be 
useful in my research were great assets. Endnote [17] has been used for managing the 
references, and for quotes and research notes. 

2.3 Empirical data collection 
During the studies, numerous empirical methods were used to collect data and 

information from affiliated companies.  Empirical data collection is necessary for the 
research to fully understand what situation the companies are acting in. In many cases, 
there can be quite a gap between state-of-the-art in literature and state-of-practice in 
companies. The gap itself may not be a problem because it often takes a certain amount 
of time for companies to adopt the state-of-the-art. However, the difference in the gap 
can be crucial for how studies are set up so that the research itself can gain interest with 
the companies’, processes or persons studied or interviewed. Referring to the MOKA 
process [18], the “Justify” step is important so that the research is anchored with 
affiliated partners and for there to be a real interest in the group or process studied (they 
have to feel that the research is useful). If the gap is too large, important research and 
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ideas might be lost, since they just seem too far-fetched and visionary for companies to 
adopt. Also, empirical studies often give clues and findings that point the research in a 
certain direction. Since most studies conducted involved people and work methods, a 
qualitative approach was used. The approaches used are explained in the next sub-
sections.

2.3.1 Interviews
Semi-structured interviews [16] were commonly used during all the studies, and 

structured interviews were prepared and questions were answered. Often, the 
interviews slowly became semi-structured, depending if the interviewee elaborated the 
answer into an interesting direction, i.e. the author to this thesis allowed new topics to 
evolve in the interviews. In turn, these topics provided insight into examining other 
research topics not seemingly relevant to the research before the interviews were 
conducted.

2.3.2 Observations
In the latter parts of the research, participatory observations [19] were used to gain 

an understanding of how certain applications, processes and activities work. The 
observations were conducted by walking alongside of the person performing the 
process or activity. To understand what the person was doing, questions were asked 
during the observation and notes were taken to gain as much a detailed description as 
possible of the process/activity and the actions of the person conducting it. Later, the 
notes were verified with the personnel conducting the activity to correct errors or 
misunderstandings.

A novel manufacturing process was observed in one of the research projects, in an 
R&D phase (not in production) with two persons involved in the development of the 
manufacturing process. The individuals performed their usual work and notes were 
taken during each step. Questions were asked when needed and answered promptly. 
The observation ranged through a complete preparation, start-up, process run-through 
and process ramp-down. Questions regarding set-up and the process itself were asked, 
as well as why adjustments were made and how the operator could see that an 
adjustment to the process was noticed. Notes taken were transcribed and revised with 
the interviewees.

2.3.3 Workshops
Workshops were performed in two of the research projects. One workshop followed 

the Future workshop format [20]. The group in a future workshop should include 
people who will come in direct contact with the tool, method or application to be 
developed. Accordingly, employees from the development departments represented 
Industry. A future workshop runs in three phases: critique (of the present), fantasy 
(wishes for the future) and implementation (what is possible today). The future 
workshop format inspired the second workshop, though here the phases in the 
company workshop were adapted into the phases ‘now’, ‘wow’ and ‘how’ [21]. This 
approach is generally in line with a ‘future workshop’, but is performed as a creative 
session, where the participants actively work with Post-its, and interact and build on 
each other’s ideas. Further, the implementation in a future workshop and the how-
phase differs. The ‘how’-phase is designed to provide for solutions, that are grounded in 
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the participants ideas to be initialised. In my view, the implementation phase in a future 
workshop focuses on categorising and ranking the gap found between the critique and 
the fantasy phase. Hence, not providing for enhancement of the ideas from the fantasy 
phase.

In the workshops, a technique to associate words to topic was used to let workshop 
attendees give their view of what they think, and relate to the topics that are important 
to the research field. Another result of such a technique is that the attendees understand 
the framework of the workshop and become “warmed up”, and relaxed. 

2.3.4 Record keeping 
During interviews and observations, notes in both analogue and digital format were 

taken. When to use which, was decided upon at each situation. Details in the notes 
considered important to the research were transferred to digital format and verified with 
the person involved in the observation or interview. 

Where tape recordings of interviews and workshops were allowed such recordings 
were performed in addition to the notes taken. Afterwards, the tapes were further 
analysed and important sections and quotes were transcribed into digital format. 
Mindmaps [22] were used in order to categorise quotes and how they relate to each 
other, and to thus reveal categories that may be further investigated. 

In addition to the notes and tape recordings, post-It clusters and whiteboards were 
photographed. The photo series of, for example post-IT clusters and their evolution, 
can show the dynamic behaviour of the workshop and how the workshop evolves into 
the final workshop results. This can be help in creating a better description and 
understanding of the workshop rationale. 

2.3.5 Conversation and Discussions 
Although not a formal method, conversations and discussions with colleagues at the 

department and at the companies were useful. The “feel” of these happenings were 
relaxed and informal, and often occurred over a cup of coffee in-between meetings. 
Difficult questions naturally arise and one is forced to explain in simple terms what the 
problem really is. These kinds of discussions are useful because you gain trust, and the 
topics and situations often not revealed during interviews and observations become 
clearer. Discussions can give insight into what is really important and what is not as 
important.

2.4 Demonstrators
Demonstrators were developed to act as teasers and show important aspects of the 

research. The use of demonstrators has several advantages, such as they force the 
researcher to formalize and concretise important findings and make them “usable” in 
limited scenarios. Creating demonstrators is important, since it gives the researcher 
insight into the challenges for implementation, e.g. cultural and organizational, as well 
as clarifying user aspects. They have been presented as proof-of-concept and visions of 
“what can be done” that industry and academia could react on. Also, unexpected 
results and reactions can be triggered, which would otherwise have not been found 
without the use of demonstrators.  
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3 Theoretical Framework 

This chapter presents the theoretical framework that provides a point of view for the discussions 
made in this thesis. The chapter is divided into two parts, where the first provides an overview and 
clarification of concepts and the second part explains contemporary tools and methods used.

3.1 Clarification of Concepts 

3.1.1 Engineering Design
What is Engineering Design? In line with [23])(p.2) product development is “…the

set of activities beginning with the perception of a market opportunity and ending in the 
production, sale and delivery of a product”. This indicates that product development 
incorporates several activities or steps to be performed or carried out to go from an 
observed market opportunity until the product can be delivered to the customer. This 
process may be seen like a number of sequential activities performed after one another 
[24]), where each activity has to be finished until the following step can begin. This 
means that the information needed in the following activity may be too shallow, 
unclear, or erroneous or where some issues are in turn missing, making the activity 
impossible to complete. Concurrent engineering [25, 26] tries to take advantage of 
working with multiple disciplines concurrently (or to move towards that 
phenomenon). Considering many different aspects from multiple disciplines 
concurrently requires additional efforts from the designers or personnel working within 
the product development process. Multidisciplinary design teams are often created to 
cope with this situation [9]. 

Conducting product development often incorporates a divergent-convergent point 
of view [23]. Methods used in the divergent phases often focus upon helping the design 
team be creative and generate as many ideas as possible. There exist numerous product 
development methodologies for designers to use. Pahl and Beitz [27] introduce a 
systematic approach to engineering design. The suggested approach provides methods 
and systematic tools that the designer may use to gradually “build” up the design. The 
systematic approach and focus on real data enable the user not to use “gut feel” when 
analysing design. This focus on “real data and information” is to “let it speak for itself” 
and to use the different methods to systematically cope and analyse the information as 
the design is developed.
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3.1.2 Knowledge 
Knowledge is something that we all know we possess, but when asked we have 

trouble telling what we really know. It is much easier for humans to answer the 
question “what are you good at?” or “what’s your expertise” rather than answering the 
question “what do you know?” or “what’s your knowledge?”. This relates to that the 
knowledge needs context to be applied [14]. A commonly accepted hierarchical view 
of knowledge is the knowledge pyramid, as seen in Figure 1 [28]. 

Figure 1. Knowledge Pyramid as described by Bergmann (2002). 

The knowledge pyramid describes the difference between characters, data, 
information, knowledge and actions and the different conditions that have to be present 
to go from one level to the next. Characters are the lowest building blocks that include 
characters, but can also be different signs and symbols. To advance to the next level 
characters have to be related to each other in formal structures, thus requiring syntax. 
Syntax, in linguistics, is the study of rules and principles to construct sentences in 
natural language. Syntax comes from the Ancient Greek word suntaxis or suntassein,
which mean to put in order. Sun-, or syn- means “together” and táxis means 
“arrangement” [29]. In computer programming languages, syntax describes the form of 
a valid program in a specific programming language. Data is then observed, un-
interpreted symbols, such as signs, character sequences and patterns. To go from Data 
to Information semantic, i.e. meaning in language or logic, is needed. This means that 
the characters ‘.’ and ‘-’ when connected into the sequence … --- … are only data 
until it is recognised that the pattern has a specific meaning in Morse-code and then the 
data can be interpreted as the letters SOS. However, SOS can have different meanings 
depending on how and where it is expressed, this is called Pragmatics. The acronym 
SOS as stated in an instant message abbreviation can have the meaning ‘Same Old Shit’, 
but when used in Morse code it has the meaning of ‘Save Our Souls’, a distress call. 
This means that context is needed to go from Information to Knowledge. To put 
knowledge into Actions, there is a need to reason about information and knowledge in 
a specific context. It is important here to understand that some level of knowledge has 
to be present to go from data to information to knowledge, etc. Aamodt [30] describes 
data, information and knowledge and their relation in the following way: 
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"[…]the role of knowledge is an active one, i.e. to act in the processes of transforming 
data into information (interpretation), deriving other information (elaboration, e.g. 
understanding or active problem solving), and acquiring new knowledge (learning)." 
(p. 171).

Knowledge can be categorized in certain ways, such as structured, semi-structured 
and unstructured [31], as well as explicit and tacit. Mountney et al. [31](p.7) provide 
the following type of categorization:  

• Structured: the knowledge is quantitative. It can be expressed numerically by 
algorithms or rules etc., is repeatable across projects, it can be expressed 
graphically.

• Semi-structured: knowledge can be both quantitative, qualitative or both. It 
supports the design process, but is not integral to it. It can be referenced, but the 
need to do this depends on each and every situation, context and experience of 
the designer. Knowledge is often documented in text documents and said to be 
‘embedded’, i.e. the designer needs to understand the context of the knowledge 
to use it. Often semi-structured knowledge is referenced from outside the 
department where it was created.

• Unstructured: This knowledge type is identical to semi-structured knowledge, 
except it is communicated socially instead of being recorded/documented. Being 
communicated socially provides that the expert being questioned can supply the 
context. Unstructured knowledge can be communicated using formal or 
informal social networks. 

Explicit knowledge is knowledge that can be easily expressed in words or formalized 
in mathematics, logic, etc., whereas tacit knowledge [32] is knowledge that can be hard 
to express or even be aware of. As Polanyi states, “We know more than we can tell”[32].
Tacit knowledge is often seen as more valuable because it gives context for people, 
ideas, experiences and places. Capturing tacit knowledge and transforming it into 
explicit is called articulation or codification. If codification is not possible, the sharing of 
tacit knowledge requires trust and personal contact [32]. 

“Knowledge creation is performed in the interaction between tacit and explicit knowledge, rather 
than from tacit or explicit knowledge alone” [33](p.3). Knowledge creation within 
organizations is characterised by moving in between the different phases in a spiral 
model, as seen in Figure 2. Spiral because [33](p.6);

“Knowledge is created in the spiral that goes through two seemingly antithetical 
concepts such as order and chaos, micro and macro, part and whole, mind and body, 
tacit and explicit, self and other, deduction and induction, and creativity and control. 
We argue that the key in leading the knowledge-creating process is dialectical 
thinking, which transcends and synthesises such contradictions”  
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Figure 2. Knowledge created through a spiral. Adapted from (Nonaka, 2000). 

The distinction between tacit and explicit knowledge suggests four basic patterns for 
creating knowledge in any organization, as described by Nonaka’s SECI-model of the 
dynamics of knowledge creation, Figure 3[33, 34]. 

Figure 3. SECI-model of the dynamics of knowledge creation in organizations. Adapted from Nonaka (2000). 

The four phases are outlined below: 

• From tacit to tacit knowledge (= socialization): we can learn by being shown 
rather than speaking about the subject matter. Learning by observations, 
imitation and practice. 

• From tacit to explicit knowledge (= externalization): knowledge-intensive 
practices are clarified by putting them down on paper, formulating them in 
formal procedures, and such; 

• From explicit to explicit knowledge (= combination): creating knowledge 
through the integration of different pieces of explicit knowledge; 

• From explicit to tacit knowledge (= internalization): performing a task 
frequently leads to a personal state where we can carry out a task successfully 
without thinking about it. 
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3.1.3 Experience and Lessons Learned 
Experience can be defined as [28](p.28): 

“Experience is valuable, stored, specific knowledge that was acquired by an agent in a 
previous problem solving situation.” 

Here, a number of terms are used requiring further explanation. Valuable means that 
the experience acquired from the problem-solving situation gives something useful 
back to the user. Stored relates to the reuse of the experience. It has to be stored in the 
mind of the user, in a system or knowledge base or in something else that makes the 
experience available for retrieval later on. The following quote supports this [28] (p. 
13):

”In order to manage experience, it must be modelled. Modelling is the core for 
selecting reusable experience and for reusing it. Modelling experience means finding 
appropriate ways for representing it and for formalizing it, if necessary. Different kinds 
of experiences and different problem solving tasks may require tailored ways for 
experience modelling.”

Different modeling strategies such as conceptual graphs, ontologies and logic are used 
to represents experience [28]. This relates to Experience Feedback, which can be 
defined as [35](p.696); 

”Experience Feedback (EF) is another way to manage knowledge. It is a bottom-up 
approach, where knowledge is built gradually from useful cases. Generic knowledge 
can be extracted but above all, EF is a way to ensure partial knowledge preservation”  

Specific knowledge relates to a small amount of knowledge that did work (or did not 
work) as intended and that this knowledge was used in a certain specific situation or 
case. The term agent relates to the person, system, computer, code, etc. involved in the 
problem-solving situation. Whether it is a positive or a negative response does not 
matter. If it was positive, e.g. the action worked as it was supposed to, the experience is 
that you can use the same problem-solving approach the next time a similar problem 
(or similar) comes up. If the response is negative, e.g. the problem solving approach or 
action did not work as it was supposed to, the experience is that you cannot apply the 
exact same approach the next time, since it did not work out. To analyze and 
understand what really caused the approach to fail, e.g. to understand if it was the 
complete approach or just parts of it, this is where experience comes from. By using 
current knowledge and competence to elaborate on this new situation and 
understanding, the experience becomes new knowledge. Experience is case specific, 
but the knowledge acquired from the experience can be used on similar problems in 
different disciplines. The knowledge may also be general, but not realized to be general 
at that time. 
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Experience is also connected to lessons learned. Secchi et.al cited in [36](p.3) 
describe a lessons learned as: 

“A lesson learned is a knowledge or understanding gained by experience. The 
experience may be positive, as in a successful test or mission, or negative, as in a 
mishap or failure. Successes are also considered sources of lessons learned. A lesson 
must be significant in that it has a real or assumed impact on operations; valid in 
that its factually and technically correct; and applicable in that it identifies a 
specific design, process, or decision that reduces or eliminates the potential for 
failures and mishaps, or reinforces a positive result.” (Secchi et al., 1999)

Using Lessons Learned is one way to avoid repeating problems or repeat successes. 
Lessons learned is often stored within Lessons Learned systems, which is explained in 
the next section. 

3.1.4 Lessons Learned Systems 
 A generic Lessons Learned Process as described by Weber [36] is seen in Figure 4. 

Figure 4. A generic Lessons Learned Process. Adapted from Weber (2001). 

The generic Lessons Learned Process focuses on the steps Collect, Verify, Store, 
Disseminate and Reuse to make lessons learned available for organizational members to 
reuse. In each step different approaches are used to realize them. The collection process 
involves numerous and different approaches that can be used to collect knowledge and 
experience; the approaches mentioned are;
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• Passive – self submit of own lessons using, e.g. online forms. 
• Reactive – interviews are conducted to collect lessons. 
• After action collection – military approach where lessons are collected after 

missions.
• Proactive collection – lessons captured as problem is solved. 
• Active (scan) – attempt to find lessons in documents and communications 

among organizational members. 
• Active (military) – problems that require lessons are identified and a collection 

event is planned to obtain relevant lessons. Involves, mission analysis and 
planning, deployment and unit link-up, collection operations and 
redeployment and report writing. 

• Interactive – systems interact with the lesson’s author to resolve ambiguities in 
real time. 

Experts perform the verification sub-process that focuses on validating lessons for 
correctness, redundancy, consistency and relevance. The store sub-process addresses 
issues related to the level of abstraction of lesson’s representation, formatting, and 
repository framework as well as indexing of lessons. Lessons can be structured or semi-
structured or in other different media. Dissemination (spread the experience within the 
organization) is important to promote lesson reuse.  A number of dissemination 
approaches exists: 

• Passive dissemination – users search for lessons in stand-alone tools 
• Active casting – lessons are broadcasted to potential users (e.g. available by 

user profiles) via dedicated server lists. 
• Broadcasting – bulletins, letters or other types of media are sent to everyone 

in the organization 
• Active dissemination – users are notified dynamically of relevant lessons in the 

context of their decision-making process. 
• Proactive dissemination – the system used creates a model of the user’s 

interface events to predict when to prompt with relevant lessons 
• Reactive dissemination – help systems can be used to assess relevant lessons 

when additional knowledge is need. 

The choice to reuse a lesson’s recommendations is made by the user of the system. 
The most typical forms of reuse approaches are shown below: 

• Browse-able recommendation – a retrieved lesson is displayed for the user. 
• Executable recommendation – lesson can optionally be executed. 
• Outcome reuse – the outcome of using a lesson is recorded. 

“The goal of LL systems is to capture and provide lessons that can benefit employees 
who encounter situations that closely resemble a previous experience in a similar 
situation.” [36](p.4) 
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In the quote above capture and provide are especially interesting. In Capture, 
companies (or wherever the experience is used) want to make knowledge and 
experience acquired from numerous people available (provide) to others for use in their 
daily work. Capture also implies that the experience is stored in some kind of media. 
Storage is necessary due to the asynchronous [37] behavior between experience 
capture, formalization, storage and the experience retrieval and use. Much of today’s 
communication and storage of experience consists of written text such as lessons 
learned. Written text is a good media for humans to interpret, but may cause problems 
when used in lessons learned systems [38]. The increasing amount of documents stored 
combined with a lack of precision in the retrieval (precision in finding) of these 
documents gives you an abundance of information to read, which in turn takes time. 
Another issue is that lessons learned repositories (systems) “…are built as standalone tools 
and therefore are never disseminated in the context in which they are used.” [38](p.1), i.e. the 
tool is used within a certain environment, but not spread to other parts where the 
experience may be useful.

“Lessons learned are usually described with respect to their origin (i.e., whether they 
originate from an experience), application (e.g., a task, decision, or process), 
orientation (i.e., whether they are designed to support an organization or an entire 
industry), and results (i.e., whether they relate to successes or failures” [36] (pp.4) 

Weber et al. [38] suggest that a standardized format is useful in a lessons learned 
process (collect, verify, store, disseminate, reuse). The standardized format contains the 
following format: suggestion, applicable action, conditions of applicability and 
originating event as seen in Figure 5. They also state that the first three components in 
Figure 5, suggestion, applicable action and conditions of applicability are a necessity for 
lesson reuse. Lessons can also be categorized in the following format: instance, 
generalization, innovation and analogy [38].  

Figure 5. Example of a standardized format for organizational lessons, adapted from Weber et al. (2001). 

Field nameContent

What is the suggestion to reuse, what to avoid or repeat

In which work practice (task, decision) to reuse it

Under which context/circumstances the lesson applies (or not), what    
are the restrictions of its applicability

Why, its rationale, what was the originating event that caused that  
 lesson to be learned

Suggestion

Applicable action

Conditions

Originating Event
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Because a lesson’s suggestion has to be interpreted to apply it in a given problem 
solving context, lesson reuse becomes more demanding than the reuse of knowledge 
captured within rules. The knowledge captured into lessons is tailored for use by field 
experts, and domain-specific knowledge is needed for its reuse [36]. Two other 
problems that hinder LL systems to promote knowledge reuse and sharing exist. The 
first is that most lessons are described in text, which make them hard to retrieve with 
precision and recall, since the selected representation format  (text) is not designed to 
facilitate lesson reuse by dissemination software. The second is that lessons learned 
systems are not integrated into the organization’s decision-making process, necessary for 
an artificial intelligence technology to support KM [36]. Also, because most Lessons 
Learned systems only support passive dissemination, the responsibility of knowing that 
the LLS exists, knowing how to use it and interpreting its results lies on the user of the 
lessons learned systems. It has been suggested that it would be beneficial to categorize 
problems using a model based framework, which puts different domain lessons closer 
together instead of spreading across organizational functions. Lessons should also be 
categorized by their contribution rather than, or in addition to, the type of experience 
from which they were derived (e.g., success, failure) [36]. 

3.1.5 Thinking-, Seeing- and Doing-first : a view on Decision-Making 
Mintzberg [39] presents three different approaches to decision-making; Thinking-

first, Seeing-first and Doing-first as seen in Figure 6.  

Figure 6. Characteristics of the three approaches to making decisions, adapted from Mintzberg (2001). 

Thinking-first and the characteristics of “the verbal” and “facts” are more or less 
explicit knowledge [33] and experiences that can be easily translated and written into 
rules and design recommendations, i.e. documentation that can be easily captured and 
stored in written and in more structured formats. One characteristic of doing-first is 
experience, which involves “…experimentation – trying something so that you can learn”
[39](p.91). Doing-first involves Enactment – (doing various things), Selection – (which 
works, making sense of that) and Retention – (repeating successful behaviors while 
discarding the rest.). Seeing first involves four steps of creative discovery; Preparation, 
Incubation, Illumination and Verification. Preparation involves deep knowledge 
developed over several years. Incubation means that unconscious minds “digest” the 
information. Illumination involves seeing something that triggers the mind into a flash 
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of illumination or insight, while the logical mind returns to verify the insight and make 
logical arguments, which can take time [39]. Although Mintzberg is talking about 
decision-making from a management perspective the ideas regarding thinking-first, 
seeing-first and doing-first are also applicable in product development, where designers 
constantly make decisions.

3.2 Contemporary Tools 

3.2.1 Knowledge Management 
Davenport [40] has defined knowledge management as ‘‘a method that simplifies the 

process of sharing, distributing, creating, capturing and understanding of a company’s knowledge”.
Knowledge management moves from its first generation, where knowledge is 
considered a possession or a thing that can be captured and spread through tools like 
management information systems and data repositories into the second generation of 
knowledge management, which is characterized by knowing-in-action. In the second 
generation, knowledge is considered as knowledge in action, where knowledge is 
created socially. Knowledge management solutions have to consider communities of 
practice, knowledge zones and organic support structures, as well as complex human 
systems like solutions [41]. 

The rest of this chapter explains commonly used theories within knowledge 
management.

3.2.2  Knowledge Engineering 
Knowledge Engineering has evolved from the creation of expert systems, 

knowledge-based systems and knowledge intense information systems. They all have 
their beginnings in Artificial Intelligence (AI) [14]. AI approaches typically represent 
knowledge artifacts using representations (e.g., cases, rules, concept maps) that support 
computational reasoning [36]. Knowledge Engineering may be described as [14](p.3);

“Just as mechanical and electrical engineering offer theories, methods, and techniques 
for building cars, knowledge engineering equips you with the scientific methodology to 
analyze and engineer knowledge.”

Knowledge Engineering is a methodology to "externalize", i.e. convert tacit into 
explicit knowledge. Knowledge Engineering involves creating models of some kind of 
knowledge, i.e. “a purposeful abstraction of some part of reality” [14]. Models of product, 
process and resources, as well as physical and analytical models of various kinds are 
available in engineering. These models are created with different purposes and goals. 
Knowledge Engineering is used to capture and store knowledge that people or 
processes possess, often with the purpose to avoid knowledge being drained from 
companies. The CommonKADS methodology [14] offers a structured approach to 
knowledge management, knowledge analysis, and development of associated 
knowledge-intensive systems. The domain knowledge is modelled with a notion similar 
to a UML class diagram [42]. Another method is “The Knowledge Acquisition and 
Representation Language”, KARL [13]. 
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3.2.3 Knowledge Based Systems and Knowledge Based Engineering 
There are many definitions of Knowledge Based Systems [43, 44] and Knowledge 

Based Engineering [18, 45]. Briefly, Knowledge-Based Systems aim to capture product 
and process information within a domain in a computerized application and make it 
available for others to use [43]. This is done to assist humans in performing specified 
intellectual tasks [44]. 

The difference between an ordinary program and a knowledge-based system lies in 
the structure of the program. In an ordinary program, knowledge about the domain is 
integrated with the software to control the application of that knowledge. In a 
knowledge-based system, the roles of knowledge and control software are separate. The 
simplest variant of a knowledge-based system includes two modules, the knowledge 
module, called the knowledge base, and another module for controlling, called inference
engine [11]. An example of this structure adapted from Hopgood [11] may be seen in 
Figure 7. 

Figure 7. The main components of a knowledge-based system. Adapted from Hopgood (2001). 

Knowledge-Based Engineering can be described as a sub-category to knowledge-
based systems specialized in engineering design knowledge with the additional feature 
of being connected to geometry modelling and configuration [43]. Chapman [46](pp.3) 
defines KBE systems as; 

“The KBE systems aim to capture product and process information in such a way as 
to allow businesses to model engineering design processes, and then use the model to 
automate all or part of the process” 

Automation is used to reduce the time spent conducting time-consuming but 
standardized routine tasks [18]. That is, a product that does not change much over a 
long period of time, but varies in size, shape, etc. depending on its designed purpose is 
suitable for integration in a KBE system. Techniques and methods to create Knowledge 
Based Engineering tools are presented in MOKA [18]. This method makes suggestions 
and recommendations on how to Identify, Justify, Capture, Formalize, Package and 
Activate knowledge to create Knowledge Based Engineering systems, Figure 8. 

Extra frills,
common in expert 
systems

Essential 
Components

Knowledge 
acquisition module

Explanation module

Inference engineKnowledge base

Interface to the outside world

humans other softwarehardware data



Nergård - Knowledge Engineering Models as Experience Carriers

38

Figure 8. MOKA, Knowledge Based Engineering life cycle. Adapted from Stokes (2001). 

Knowledge and information of how a product is designed are captured and 
formalized into computer readable code. Often, the knowledge is converted into rules 
or logic [47]. The knowledge and information that have been integrated into the 
computerized software can incorporate activities not closely related to the user’s 
speciality, speeding up the design process so that an increased number of design 
iterations can be conducted. However, KBE-approaches are not always suitable.  
MOKA [18] (p.11) states that KBE should not be used when:  

• The design process cannot be clearly defined  
• The technology in the design process is constantly changing  
• The design process could just as well be modelled in a simple program  
• The knowledge for the desired application is not available  
• The organization does not have the will, money, and resources to introduce a 

KBE system

KBE-systems have been used mostly as internal specific design support tools. The 
methodology itself does not limit the methods to be used in only an engineering 
specific context. Any information, knowledge or both that can be captured and 
formalized are used in knowledge based support tools.  

A concept similar to KBS and KBE is called design automation, which is described as 
[48](p.2):

 “Engineering IT-support by implementation of information and knowledge in 
solutions, tools, or systems that are pre-planned for reuse and support the progress of 
the design process. The scope of the definition encompasses computerised automation of 
tasks that directly or indirectly are related to the design process in the range of 
individual components to complete products” 

KBS focuses mostly on represent general knowledge and not knowledge based on 
experiences, which is the primary focus by Case-Based reasoning [28]. 
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3.2.4 Case-Based Reasoning 
Another approach to model and represent knowledge is Case-Based reasoning 

(CBR). Case-based reasoning was originally not regarded as an organizational model 
for experience reuse, but as a cognitive model and a technical architecture [28]. CBR 
reuses knowledge from previous cases and applies it to a problem to solve that problem. 
A new case is saved based on this problem-solving attempt. Case-Based reasoning 
follows the case-based reasoning cycle seen in Figure 9. 

Figure 9. Case-Based reasoning Cycle by Aamodt & Plaza as shown in Bergmann (2002). 

A problem with case-based reasoning is that when the case base grows, the efficiency 
of retrieval decreases because an increased number of cases must be considered to find 
the most similar cases from the case base [28]. Case-based reasoning seems like a 
solution to model lessons learned, since it build its cases from previous cases, i.e. 
experience [36]. 
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4 Summary of Appended Papers 
The following sections present the appended papers. Each paper is summarized and its relation 

to the thesis is explained. A short presentation of the results in each paper is also given. 

4.1 Paper A:
A Multidisciplinary Design Tool with Downstream Processes Embedded For Conceptual Design 
and Evaluation, Patrik Boart, Henrik Nergård, Marcus Sandberg and Tobias Larsson, In 
proceedings of the 15th International Conference on Engineering Design, ICED05, 
August 15-18, 2005, Melbourne, Australia. 

Summary
The aim of this paper was to study how a multidisciplinary design tool can be used 

to embed downstream processes for conceptual design and evaluation, thus allowing 
simulation of life cycle properties. A knowledge-enabled engineering approach was 
used to capture the engineering activities for design and evaluation of jet engine 
component flanges. For every design change, the cost of manufacturing operations, 
maintenance and performance aspects can be directly assessed. The design tool assures 
better control over the process quality and creates a better understanding, thereby 
enabling the engineers to optimize the concept in real time from an overall product life 
cycle view. 

Results
The design tool presented in this paper incorporates knowledge and information 

from multiple disciplines. The use of the tool allows for designers or engineers to assess 
how the overall design affects downstream disciplines. Design conflicts and their 
consequences can be handled and solved directly as the design concepts can be 
evaluated in terms of manufacturability, cost and maintenance properties. The design 
tool assures that engineering activities are performed accordingly to company design 
specification, which creates better control over the process quality. 

Relation in thesis 
The flange design tool may be seen as a company internal design and decision 

support tool incorporating aspects from component life cycle. The design of the flange 
design tool has given an increased understanding in that even though knowledge and 
information about different activities in the hardware life cycle are available and not 
bound by any legal or contractual information limitations, finding, capturing and 
formalizing the knowledge and information to be implemented is still difficult. Risk for 
redundancy in the rules created increases with the number of rules used. This has to be 
managed and becomes more difficult when incorporating knowledge and information 
from external partners. Also, it has resulted in an understanding of how this kind of 
engineering and decision support tools can be used in experience feedback. 



Nergård - Knowledge Engineering Models as Experience Carriers

42

4.2 Paper B:
Knowledge Sharing Challenges within the Extended Enterprise. Åsa Ericson, Henrik Nergård
and Tobias Larsson, In proceedings of the 15th International Conference on 
Engineering Design, ICED05, August 15-18 2005 Melbourne, Australia. 

Summary
The integration of hardware, software and services in functional products calls for 

close collaboration with companies having complementary skills. From an engineering 
design perspective, knowledge sharing supported by software systems is useful, though 
functional product development seems to insist on integrating multifunctional skills, 
which is likely to affect the design of software systems. The objective in this paper is to 
explore knowledge-sharing challenges between manufacturing companies striving to 
create close functional product collaboration, and hence understand aspects in the 
design of software systems. 

Results
Paper B has increased the understanding how the concept of Functional Product 

development affects the design and use of KBE tools in the product development 
process. KBE systems are traditionally seen as internal design tools, though it seems that 
KBE may be used as an enabler in the extended enterprise to speed up the knowledge 
sharing process.  This paper recognises the challenges of who to trust, what knowledge 
to share and how to share it. These challenges put new demands on the design of KBE 
tools and affect how tightly coupled KBE systems can be. Other aspects than technical 
e.g. service aspects, business aspects, have to be considered when creating coupled KBE 
systems to support integrated development crossing organisational borders. 

Relation in thesis 
To design support tools for use in a functional product development setting, it is 

important to understand how industry is likely to act when collaborating in cross 
company partnerships. How they act or what they regard important raises issues that 
have to be regarded or overcome to design support tools to be used between partners. 
The issues that have to be considered when creating KBE tools to support cross 
company collaboration are to what extent knowledge and information can be shared 
and who to trust seems. More trust means tighter connections between company 
systems. This paper contributed to the idea presented in the result section regarding the 
cross-company collaboration demonstrator. 
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4.3 Paper C:
Functional Product Development – Discussing Knowledge Enabling Technologies, Henrik 
Nergård, Åsa Ericson, Mattias Bergström, Stefan Sandberg, Peter Törlind and Tobias 
Larsson, In proceedings of the 9th International Design Conference, Design2006, May 
15-18 in Dubrovnik, Croatia. 

Summary
The purpose in this paper was to discuss new demands on computer tools to support 

decisions in functional product development. To do this, a tentative picture of the 
changes in product development motivated by the concept of functional products is 
outlined to serve as a basis for discussions. The offer as a whole comprises services 
related to hardware, designed into the hardware or both. Accordingly, the product 
development level will be affected. Global collaboration in product development places 
new demands on knowledge enabling technologies. 

Results
Paper C has increased the understanding of how functional product development 

affects the design and use of knowledge based engineering programs.  It has also given a 
more encompassing view of how different enabling technologies, such as first person 
videoconferencing, design rationale connected to the early design phases and how 
knowledge based engineering can support, complement and thus enhance the design 
process. Challenges about sharing knowledge without draining it and still increase 
company competitiveness when performing cross company collaboration have been 
found. Important barriers to think of when performing cross company collaborations 
are to identify what to share (core company knowledge), decide how to share it and to 
find mutual interfaces where collaboration may occur without compromising 
knowledge sharing challenges. 

Relation in thesis 
The paper presents a new view of product development using an FPD-approach. 

This approach insists on close collaboration between partners in the extended 
enterprise. This collaboration occurs at different levels, but there is a need for increased 
support using different and complementing collaborative enabling technologies. When 
utilizing KBE, it is important to find the core knowledge that can be integrated into 
design support tools. The results from this paper have inspired analysis of KBE tools and 
decision support tools and how they can be complemented with other enabling 
technologies when using them as experience feedback technology.  
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4.4 Paper D: 
Supporting Decision Making with Agent Based Modelling and Simulation, Henrik Nergård, 
Christian Johansson and Tobias Larsson. In proceedings of the 10th International Design 
Conference, Design2008, May 19-22 in Dubrovnik, Croatia. 

Summary
The presented paper discusses the use of an agent based modelling and simulation 

approach to create dynamic models of actual product development activities. The 
modelled activities are created with the purpose of realising a decision support tool used 
in a Functional Product Development scenario. The decision support tool is called a 
Total Offer Readiness Level (TORL) and is used to assess whether the product 
development process is mature enough to be used in the development of a Total Offer, 
providing only the function to the end user. The area of application and an example 
demonstrator were developed and are shown with the purpose to highlight 
opportunities.

Results
By representing product development activities as software agents the activities can 

be combined into a process model. Each activity seen from a micro-level (detailed 
view) may have many details, whereas at a macro-level (process view) these details are 
uninteresting or irrelevant. Also, simulating these activities and their interaction may 
reveal process behaviour that is not visible at a micro-level. Each agent can be modelled 
bottom-up with successively increasing complexity. Introducing “spans” or “error 
events” or “disturbance factors” for parameters and variables in the agent model gives a 
dynamic behaviour when the agents are replicated (each agent behaviour is slightly 
different). This reflects the dynamics that real life activities possess. Today’s support 
tools are merely captured formalized and automated (in some way) design activities. 
These support tools are often used to analyse and realize the design itself, but the time, 
effort and resources needed to perform the activity/activities are rarely modelled or 
simulated. Modelling, simulating and analyzing the design process itself is also an 
important aspect to consider when developing Total offers. In modelling the activities 
this way, the product development process and aftermarket process can be designed by 
changing activities in the wanted design process to show the behaviour wanted. 

Relation in thesis 
Paper D presents ideas regarding the use of agent based activity modelling to realize a 

TORL decision support tool. Creating decision support tools for single activities is 
important, but it is also important to model the actual product development process to 
fit the wanted behaviour of the Total Offer. From an experience feedback point of 
view Agent-based modelling represents one method of capturing and storing process or 
activity behaviour in an active model. Active means that it can be executed or 
simulated within software so that its behaviour can be shown in a certain environment. 
The experience feedback is that a person can assess a schematic view of the activity, 
what rules apply, when, etc. but also “play” with the activity as in a game and 
experience the response from the activity depending on its input. 
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4.5 Paper E: 
Towards Life cycle Awareness in Decision Support Tools for Engineering Design, Henrik 
Nergård, Marcus Sandberg, Tobias Larsson, Accepted for publication at the 17th 
International Conference on Engineering Design, ICED09, August 24-27 2009 
Stanford, United States of America. 

Summary
The purpose in this paper is to describe and discuss a suggestion for a decision 

support tool aimed at supporting a multidisciplinary functional product development 
team. The overall finding from the workshops and interviews, in particular how to 
generate and visualize a design decision base that is coupled to the business agreement, 
is the focus for this paper.  

Results
The paper contributes to the ongoing research of Total Offer Readiness Level and 

how such can be visualized. It relates to this thesis by discussing issues that have to be 
regarded when creating TORL-models. Here, issues regarding setting the readiness 
level, enabling technology, business function coupling, visualisation, business aspects 
and knowledge management are discussed. 

Relation in Thesis 
This paper outlines that a TORL should include product development activities. To 

quickly assess a TORL the implemented product development activities need to be 
modelled to convey their characteristics and state. The notion of having multiple users 
TORL suggests that a bottom-up approach to creating these models is necessary if a 
top-down approach is used when creating a TORL in a new business scenario. 

4.6 Paper F: 
Challenges for Experience Feedback in Engineering Design, Henrik Nergård, Tobias Larsson, 
Accepted for publication at the ASME 2009 International Design Engineering 
Technical Conferences (IDETC09) & Computers and Information in Engineering 
Conference (CIE), August 30–September 2, 2009, San Diego, United States of 
America.

Summary
Paper F presents empirical findings regarding lessons learned and the current 

documentation process at a Swedish manufacturing company. These results from the 
empirical findings are compared to theory regarding lessons learned and decision-
making. Discussions involve issues that lessons learned systems should incorporate other 
formats to represent lessons other than just textual. This is based on decision-making 
theory.

Results
The paper presents empirical findings that the current experience feedback process is 

lacking, i.e. aspects that are essential when creating lessons learned processes within a 
company. The paper also presents ideas regarding thinking-, seeing- and doing-first, 



Nergård - Knowledge Engineering Models as Experience Carriers

46

three approaches to decision-making, and how these perspectives support certain 
aspects in the experience feedback process, while certain aspects are not supported.  

Relation in thesis
This paper has inspired all discussions regarding thinking, seeing and doing first. The 

theory, discussions and conclusions presented in this paper have been used as the main 
theory to compare different kinds of formats from previous research and how they 
support experience feedback. 
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5 Results
This chapter presents the results from the performed work. Section 5.1 presents research 

regarding Functional Product Development, section 5.2 the different demonstrators developed 
within the research and the results thereof. Section 5.3 presents the research from the perspective of 
thinking-, seeing- and doing-first. 

5.1 Functional Product Development 
The movement within industry towards new business models for providing an 

increased degree of services in their offers changes the conception of product 
development. Issues found in the studies (presented in Paper B) show, for example, that 
to collaborate cross-company, trust and well established relationships between 
companies have to be present. Companies start to collaborate across company borders 
using computer supported tools to design and analyse the product or offering. 
Computer tools are seen as an enabler because collaboration is done within a virtual 
environment in global design teams. Computers also make information and knowledge 
available despite time and distributed work environments. Trust issues have to be 
considered when designing tools to protect Intellectual Properties (IP), and thus puts 
demands on how tightly coupled joint design and support tools should be. The studies 
(presented in Paper C) have showed that the movement from classical to modern 
product development (Functional Product Development) is not only about taking life 
cycle commitments, such as Total Care [2], but also to consider development processes 
and the needed knowledge. The differences indicated in the studies are seen in Figure 
10, in the column called Modern Product Development. 
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Figure 10. Shift from Traditional and Integrated Product Development into Modern Product Development. 

As shown in the Modern Product Development Column, the three upper blocks 
represent the industrial context. Here, companies want to organize themselves in 
Extended Enterprises working cross disciplines and cross company borders in Global 
design teams with the goals to develop Functional Products (FP), Total Offers (TO) 
and Functional Sales (FS). They aim to work together in long-term relationships with 
shared responsibilities to develop the mutual product or offer. This calls for strategies to 
involve distributed design approaches and for companies to collaborate and 
communicate within mutual product development projects, where knowledge sharing 
should benefit all partners. The lowest block represents research context. Here, 
Enabling Technologies of interest within the research of Functional Product 
Development are examined. The integration of hardware and service development 
creates new demands on computer collaborative tools used to develop the product 
offer, to take advantage of knowledge and information from partners in the extended 
enterprise. Knowledge and information shared through a knowledge marketplace 
enables partners to collaborate and gain advantage from partners’ core competencies.  

5.2 Demonstrators
Computer Collaborative tools and Simulation of Total Offer have been the focus of 

this research and the results from the studies made are presented through the following 
demonstrators.
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5.2.1 Multi-Disciplinary Design Support Tool 
The flange design tool was developed to act as a design decision support tool in an 

environment where the company aimed to sell functional products. Because the 
products remain within the ownership of the manufacturer the business risk is 
transferred to the same. To consider product life cycle aspects during the early concept 
phase, knowledge from downstream activities have been implemented in 
multidisciplinary design support tools.  

The aim of the work presented in Paper A was to study how a multidisciplinary 
design tool could be used to embed downstream processes for conceptual design and 
evaluation allowing simulation of life cycle properties. The chosen case to implement 
regards aero engine flange components and applicable life cycle activities. The activities 
implemented in the design tool incorporate knowledge and data from the area of 
geometry creation, bolt definition, manufacturing, performance, maintenance and cost. 
An overview of the flange design tool may be seen in Figure 11. 

Figure 11. Schematics of disciplines and activities involved in the flange design tool. 

The design tool incorporates both knowledge about the design process and how to 
evaluate the design in terms of performance, manufacturing and maintenance. A first 
geometry is created using standard choices. The design can be changed until 
satisfactory. Component performance is evaluated continuously. Manufacturing rules 
inform the user of suitable or achievable manufacturing methods, depending on chosen 
surface tolerance. Maintenance rules ensure that geometry is updated to fit standard 
tools used during maintenance. Cost can also be evaluated when a suitable design has 
been created. The tool incorporates interactivity with the user by informing about 
violations to the design rules and responds with suggestions of choices that can be made 
to solve the problem.



Nergård - Knowledge Engineering Models as Experience Carriers

50

The results show that it is possible to implement knowledge from different 
disciplines into a tool that designers can use to design and evaluate a component and its 
life cycle properties. The implemented knowledge and data about each activity and its 
process ensure that the design concepts can be consistently created, making evaluation 
of the different concepts easier. 

It should be noted that the design tool should be looked at as an internal support 
tool.

5.2.2 Cross-Company Collaboration 
The work presented in Paper B presents certain issues that have to be overcome to 

collaborate in an extended enterprise to develop functional products. The term 
Functional Product development is stated and explained (Paper C). The issues addresses 
that trust between companies is essential if tight collaboration is to occur. That is if the 
level of trust decides the level of detailed information that can be shared. This trust issue 
relates to the fact that collaboration in the extended enterprise is likely to be virtual, i.e. 
collaboration is going to take place with tools specifically designed to be used over the 
Internet. Partners in the extended enterprise are likely to come and go into the Virtual 
Environment depending if company competence is necessary or not. Also, each and 
every partner can collaborate with other companies in other extended enterprises, 
which may include competitors. Thus, trust issues reach beyond partner-partner 
relationships, because core knowledge is not suitable to be lost to third party partners 
outside the extended enterprise. Distributed design tools based on core company 
knowledge are seen as enabling technologies to support product development in a 
virtual environment (Paper C). Core company knowledge should be seen as knowledge 
that is used to develop products but not sold or used outside company walls. 

The scenario developed was to see if two companies could collaborate using cross-
company analysis tools shared in a Virtual Environment. The issue addressed was to 
collaborate without loosing too much intellectual property. The viewpoint of doing 
business within extended enterprises in a virtual environment puts demands on how to 
collaborate without having to create special applications for each and every case. This 
forces companies to formalize company specific core knowledge into modules or work 
methods that can be applied to a wide range of products regardless of changes in, e.g 
geometry, etc. In the scenario an aero engine component was supposed to be analyzed 
at one company (Company A) (see Figure 12), while specific analysis regarding hole 
manufacturing in the component was to be performed at another company (Company 
B). Company A should perform the structural analysis of the complete component and 
Company B should provide analysis support to examine manufacturing effects. Hole 
tolerances should be examined to not exceed set values due to the amount of 
mechanical force applied by the manufacturing process. It should be noted that for 
company B to present the best results possible to company A an optimization was desirable. 



Nergård - Knowledge Engineering Models as Experience Carriers

51

Figure 12. Cross-company collaboration in a virtual environment. 

A minimum amount of information was to be shared; therefore, the transfer of 
complete geometry models should be avoided across company borders. To achieve this, 
it is important to think of the interface of collaboration between companies. What 
knowledge, competence and expertise can company X provide to Company Y, Z, W, 
and so forth, without have to redo the collaborative environment or make several 
custom-made applications or processes for each and every company. The interface in 
this case was to collaborate with a Finite Super Element. This super element carries the 
structural characteristics of the complete geometry at its, edges but visual geometry is 
not visible. By creating this interface Company B can provide their analysis tool to 
other partners in the same or other Virtual Environments without having to redo the 
complete analysis process because they perform the analysis at the standardized format 
of a super element. 

The design process is as follows. Company A creates a super element around the area 
where a hole would be placed. The super Element is created according to instructions 
provided by Company B. It should be noted that how to perform the analysis inside 
Company A is not set by Company B. It is only rules and recommendations of how to 
provide the necessary “interface”-format that is given. In this case the process to create 
this super element was automated at Company A, and thus a minimum amount of 
effort is needed to create multiple concepts in a short amount of time. The aero engine 
component and the area where the hole is going to be manufactured are shown in 
Figure 13. 
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Figure 13. Aero engine component section and corresponding FE-model used for super element extraction. 

The super element is then transferred from Company A to Company B through a 
web interface provided by Company B, indicating that the manufacturing analysis 
performed stays within company borders. In addition to the super element, Company 
A needs to provide a few parameters regarding tolerances on the hole and on the edge 
on the super element for Company B to perform their analysis and optimisation on the 
super element. When everything is submitted the complete analysis of the 
manufacturing process is within company B borders. The complete analysis process has 
been captured and automated, therefore no human involvement is necessary. The 
analysis is performed and returns the best result that Company B can provide with the 
given tolerances set by Company A. The results of the analysis in combination with 
data regarding analysis input, version history etc. are then transferred back to company 
A so that they can continue their concept evaluation. The additional data regarding 
analysis, version number, etc. is sent so that the design process can be replicated or 
repeated if errors in the software or in the final product are discovered.  No data is kept 
at company B to reduce the risk of having super elements from competing partners at 
the company.

The result from the study show that it is possible to create interfaces of collaboration 
between companies to reap the benefits of each other’s knowledge and competence 
without sharing complete geometry models, as well as sharing the minimum amount of 
information to reduce the risk of loosing intellectual properties to external partners. In 
this case an FE super element was used, since both companies had access to such 
software and competence. However, this approach may not be suitable for others and 
has to be decided upon each and every situation.  

The Cross-company collaboration demonstrator was developed using PHP [49], 
Python [50] and HTML [51] as well as an internal software programming language used 
in the commercial software Ansys [52], which was used as the FEA solver.  
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5.2.3 Total Offer Readiness Level 
Working and selling Functional Products transfers the business risk to the 

manufacturer, because the product stays within the ownership of the manufacturer. To 
reduce the risk and make use of the possibilities for continuous product development 
and remanufacturing, companies are moving towards making more use of modelling 
and simulation capabilities not only for the design, but also to decide whether to offer 
the product as an FP or as a traditional hardware product and to determine the life 
cycle effects upfront at the early design stage. Current modelling techniques (CAD, 
FEA, KBE) are used extensively for design and analysis of both product and processes 
on a micro-level (detailed), though their level of detail and simulation speed makes 
them less suitable for macro-level (holistic) models. Macro-level models should be seen 
as holistic representations of detailed activities. It is important to model and visualise the 
different life cycle activities used to simulate and analyse the activities and examine if 
and how they affect they product life cycle.  

Results from Paper D and E show that it is important to intuitively visualise the 
TORL. Issues to consider when realising a TORL are setting the readiness level, which 
enabling technologies should be used to manage information and create models. Using 
modelling software that enables model creation of product development activities is 
seen as an enabler for a TORL. Visualisation of the TORL is one of the main issues in 
achieving an intuitive TORL that can guide a designer if a product life cycle is 
acceptable or not. Colours and both 2D and 3D charts can enhance visualisation and 
enable analytical analysis of the TORL. 

The first TORL demonstrator was created as an Excel [53] sheet, seen in Figure 14. 

Figure 14. First demonstrator of Total Offer Readiness Level (TORL). 
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The demonstrator (Figure 14) shows the steps that are needed in a product 
development process (PDP), with four gates that have to be passed to realise the total 
offer. Each activity in the PDP features up to nine levels of readiness that are manually 
filled in if it is fulfilled or not compared to a pre-decided GO-/NO-GO-level. The 
GO-/NO-GO-level corresponds to the amount of risk the company decides is suitable 
at a certain point in time.

This demonstrator shows the main idea of TORL decision support, but everything is 
manually set in real time and does not show the dynamic interaction between PD 
activities. To examine the dynamic behaviour, a more simulation-oriented approach is 
needed, as presented in Paper D. 

Figure 15. A product life cycle from a holistic perspective with offer development, product 
development, usage (after market), and R&D in parallel. 

Figure 15 outlines a product life cycle from a holistic perspective. The lower part of 
the diagram shows the payback curves [54] that represent aftermarket behaviour and 
payback rates during product life cycle. To examine how the product development 
process is affected by different business scenario’s (Total Offers or Functional Products) 
creating a model of the product development process and the business scenario and 
simulating its behaviour over time is needed. Analysing each scenario and its behaviour 
gives an increased understanding of which is most suitable from both product 
development and business perspectives, since they are interlinked and affect each other.  

Using an Agent-Based approach to create models of product development activities 
is suitable for use in the TORL, since Agent-Based modelling incorporates a bottom-
up approach enabling developers to start off with a small amount of information and 
then increase the details of the model step-by-step. Thus, a new process or activity can 
be implemented early on in a PDP-model and its effects can be assessed from the start 
(though its maturity has to be clearly shown if this is the case). In the example 
presented in Paper D an Agent-Based model of an excerpt of an FPD process (Figure 
16) was created.
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Figure 16. Excerpt of Functional Product Development process. 

The FPD process represents two different manufacturing processes that are available 
and the different activities that have to be performed to realize the component. In the 
real world, there are many details in each and every activity performed (micro-level 
perspective), but in the Agent-model this level of detail is too fine, and a macro-level 
perspective is instead needed. Table 1 shows the difference between the micro-level, 
used when performing detailed analysis, and the macro-level perspective of using an 
Agent-Based approach. 

Table 1. Moving from micro-level to macro-level perspective. 
Micro-level activity Micro-level parameters Macro-level parameter Macro-level activity 
Boss Design Hole width, boss shape, 

boss height, inside or 
outside, surrounding 
geometry, load case, 
amount of heat, 
connecting geometry. 
Analysis output 

Time, resources, cost, level 
Knowledge maturity, level 
of TRL, information 
needed, communication 
needed. Information 
output. Activities needed 

Boss-design agent, FEA 
agent, Cost agent, 
Knowledge Maturity 
agent, Etc. 

FEA-analysis Start geometry, adapted 
geometry, load cases, 
flows, heat, etc, number 
of computers needed, 
software needed, expertise 
needed, create analysis 
model

Time, number of 
computers needed, Area of 
application, knowledge and 
information needed, time 
for setup, time to model, 
time for simulation, 

FEA agent, Cost Agent, 
etc.
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The Agent-Based version of the FPD-process excerpt may be seen in Figure 17. 

Figure 17. Example of Agent-Based Model of the TORL decision support. 

The results show that it is possible to model product development activities for use 
in TORL by using an Agent-Based approach. It has also been shown that micro-level 
activities and their level of detail can be described at a coarser macro-level of detail with 
the use of state-charts and variables to represent the behaviour of the activity.   

5.2.4 Experience Feedback 
The observed case (Paper F) is a novel manufacturing process to be used in the Aero 

Engine business. During the study the manufacturing process was in the Technology 
Development phase. This phase and its activities are performed outside of the Product 
Development phase, as all technology is used in manufacturing and product 
development has to be certified before it can be utilized in manufacturing. The 
manufacturing technology is supposed to complement other manufacturing 
technologies, such as casting, cutting processes and fabrication. The general idea with 
the project was that the manufacturing process, considered very promising and is a 
prioritised project within the company, should be observed and used as a case to 
examine how transfer of knowledge and experience could be enhanced within the 
company.

The study has shown that there are different levels of Experience Feedback (EF). 
The three levels can be categorized as; within projects, between active projects and 
from previous projects. 



Nergård - Knowledge Engineering Models as Experience Carriers

57

Within projects is categorized by personnel working closely together in teams often in 
an open workspace. Personal contacts and face-to-face discussions are dominant in how 
knowledge and experience are transferred. There is also an awareness and knowledge of 
who does what, when and why. 

Between active projects is characterized by formal and informal meetings, phone calls, 
mail conversations and a typically detached situation. Knowledge about where to find 
information regarding an active project is characterized by personal networks in the 
first, second and third hand, where knowledge about company processes is key. 

From previous projects means looking into archives or reading white papers regarding 
an ended project. The Teamsite [55] that was once used for in-project storage is closed, 
so an awareness of who was involved in the project almost becomes a necessity to find 
information. Staff turnover creates a possibility for knowledge loss, since people from 
previous projects might have quit or forgotten details of the previous work that was not 
formally stored. 

Other results show issues surrounding the storage and retrieval of current and past 
documentation. Teamsites [55], used for in-project storage, are used as folder 
hierarchies without any coordination between projects on how they should be 
structured. Awareness about how to find information and where to put and organize 
things within the projects is not a problem due to access to personnel and direct 
communication. However, when accessing other projects (if allowed) it can be hard to 
find documents, as the structure changes from projects to project. The systems used 
mostly focus on the storage and retrieval of documentation currently used, i.e. 
archiving, and not knowledge and experience sharing and reuse. The personnel are 
having difficulty using the systems and explain that they get fed up using the systems 
and start searching for the person that created the document instead of searching for 
keywords, etc. They also state that the amount of information found in combination 
with short time frames makes it hard to go through the found material. Documentation 
is made to ‘document’ and not to create containers of information specifically designed 
for reuse. 

It seems that to find information and communicate experience and knowledge, 
personal networks are dominant and almost a necessity. This limits the personnel to 
information created within their personal network of their knowledge. 

5.3 Summarising from a thinking-, seeing- and doing-first perspective 
As described in the theoretical framework, Mintzberg [39] presents three approaches 

that have to be available for a company to make decision-making happen; Thinking-
first, Seeing-first and Doing-first. Looking at the demonstrators presented above from 
Mintzberg’s perspective presents the following results. It should be noted that results 
presented here focus on demonstrators as they are presented in the papers appended to 
this thesis. 
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The flange demonstrator supports thinking first in that the rules implemented in the 
design tool are based on knowledge and information from the actual design process. As 
Mintzberg [39] describes, thinking first works best when  

• Issue is clear
• Data reliable 
• Context is structured 
• Thoughts can be pinned down and  
• Discipline can be applied 

as in an established production process.  

The context surrounding the flange design demonstrator is that the design process 
focuses the design of a flange, a single component that can have topological changes 
made and features added or removed. Although many other disciplines are added to the 
design tool, the focus is still on the single component. Thus, disciplines can be applied 
and thoughts can be pinned down to specific rules, etc. The data is also reliable because 
it is based on a specific and actual design process. The flange design tool supports seeing-
first because there is a graphical interface and the geometry of the flange and its 
topological-, and feature changes can be visualized. Also, different choices are visible 
through different dropdown boxes, etc. Doing-first is also supported, as the person can 
actually experience how decisions made during the design process affect the component 
in terms of performance, manufacturing, cost, etc. 

In the cross company collaboration demonstrator, thinking-first is also supported in 
that the design processes at both companies are automated in rules. The fact that a 
mutual interface for collaboration has been set also supports thinking-first in the sense 
that the interface has been standardized and pinned down into specific requirements to 
be fulfilled for collaboration to occur. Seeing-first is not supported because everything 
runs in batch-mode (no visible interaction) and doing-first is not supported because each 
company does not have access to each other’s design processes, but only the results 
thereof.

In the TORL (paper D and E) thinking-first is supported because product 
development activities have been formalized and described in Agents. Seeing-first is also 
supported, as the TORL visualises the readiness level of parts of the products life cycle 
and that each activity modelled as an Agent creates an overview of the product 
development process.  The TORL does not support doing-first in that you gain insight 
in the details of every activity, even though you gain insight and experience into how 
each activity behaves and reacts in combination with each other. 

In experience feedback most document management systems and enterprise resource 
planning systems as well as the way people document support thinking first, i.e. facts 
that are clear and can be pinned down in a structured context becomes design rules or 
end up in explanatory documentation. Disciplines can often be applied to the 
knowledge and information.  
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6 Knowledge Engineering Models as Experience 
Carriers

This chapter discusses the presented results from the thesis work. To answer the research 
question, this discussion focuses around how the different types of technologies described in the 
theoretical framework and elaborated on in the demonstrators can be used as experience feedback 
tools.

6.1 Experience Feedback 
When designing experience feedback systems, the focus is to shorten the time to 

begin the project, for example new development projects, similar development projects 
or both. This is done, by making it possible for users to apply the stored experience and 
thus solve specific problems. Also, gaining new knowledge from the use of experience 
feedback systems is part of the benefits, i.e. to learn new knowledge in a specific 
context. To achieve this, the user’s interaction with the system has to provide for 
evaluation, reflection and learning. By providing data in the correct meaning and in the 
correct context to the person, the amount of time spent understanding the information 
is decreased. However, information and knowledge within a specific domain can be 
hard to communicate to others on the outside, since the receiver does not have the 
same background as the sender. For example, knowledge about domain language and 
abbreviations commonly used in one domain may not be common knowledge in 
another [28].  Essentially, people cannot attach meaning to new words that they are 
exposed to, especially if systems do not provide a context to support interpretation. 
Because knowledge is context dependent: “One persons knowledge is another person’s data” 
[14] (p.5.).

The demonstrators presented in the results chapter all use computers for realization. 
If one reconsiders the kinds of tools available for lesson storing and dissemination, they 
mostly focus on the storing or archiving of texts. Thus, the creation of lessons learned 
in such systems has an impact for how experience feedback is captured, stored and 
disseminated in the available systems. Hence, the research question to be answered in 
this thesis is: 

RQ1: How can Engineering Design tools support knowledge and experience feedback? 

The research question illuminates the issues of how tools developed with the 
purpose to support engineering design can be used to support experience feedback. 
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The term experience feedback consists of two parts. In the first part, experience means 
that a person has knowledge in a certain domain or about something, and that the 
person has applied this knowledge in the domain. In addition, the person has reflected 
on the result from the applied knowledge, and thus gained deeper skills and 
understanding. From the reflections made by the person, knowledge is used as-is or is 
subject to revision.

In the second part, feedback has two meanings. The first is to reiterate the output of 
the activity to evaluate it on the basis of the input (personal reflection). In this setting, 
did the use of certain knowledge lead to a desired outcome? In the second meaning, 
feedback relates to transferring something (in this case experience) back (but can as well 
be forward). Feedback also indicates that there is a sender and a receiver to the feedback 
(though the sender and receiver might be the same person). To provide for learning 
between individuals, e.g. making knowledge an organizational asset, the feedback 
involves at least two parties, i.e. the creator/sender/provider and the 
user/receiver/interpreter. The way of transfer can also be categorized into different 
schemes: one-to-one, one-to-many, many-one, etc. One and many can also be 
categorized into target groups, such as specific or nonspecific. Specific means a specific 
target group that consists of many people or specific people that exist at a number of 
places. In this thesis, Experience Feedback has the meaning of how to reuse experiences 
from work and make it available to others in order to enhance knowledge and 
experience transfer within organizations. To do this, a technological point of view is 
taken, which states that knowledge and experience can be captured and stored for later 
reuse. This corresponds well to the theory regarding knowledge management and 
lessons learned processes [36]. Theory regarding lessons learned has been in focus, since 
lessons learned are documented events built upon knowledge and experiences that after 
reflection have been written down and disseminated. This is done to enhance 
organizational learning. Lessons learned, however, are often documented in plain text, 
whereas a more vivid Experience Feedback (in my point of view) can take other 
formats in addition to text. The storage of formalized structured or semi-structured 
knowledge within systems is done because all knowledge cannot be transferred face-to-
face due to the persons involved in product development not always working co-
located, either in space or time. This view is also enhanced by the global design team 
strategy, as shown in the “Modern Product Development” column in Figure 10. Thus, 
adding video clips or other active media, etc. in addition to texts in Experience 
Feedback systems is suggested 

6.2 Thinking-, Seeing-, and Doing-first from an Experience 
Feedback perspective 

For companies to improve the quality of their decisions, Mintzbergs states that three 
approaches to decision-making have to be present; thinking-, seeing- and doing-first.
Mintzberg also states that no organization can do without any one approach. [39]. In 
other words, for knowledge to be fully understood and the time needed to understand 
it in its correct context, all three approaches have to be supported in real life as well as 
in the systems. The results section examined how the demonstrators supported 
Mintzberg’s theory from the viewpoint of demonstrators being designed with the 
purpose to act as design support tools. The kinds of tools, as presented in the 
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demonstrators, are created with the intent to capture and store knowledge. This is done 
to enhance design process standardization, i.e. reduce the time spent with repetitive 
design processes, and to visualize as well as consider life cycle aspects during the early 
phases of design. In this sense, the tools reduce the time needed to do multiple design-
analyze-decide iterations, at least when the systems have been created. However, if we 
look upon them as Experience Feedback tools that should enhance knowledge and 
experience transfer, the result becomes quite different.

As stated before, the demonstrators presented in the results section support the 
thinking-first approach in that design activities are formalized into various semi-
structured and structured formats, such as rules, cases, lessons learned etc., using 
formalization methods such as MOKA [18] or CommonKADS [14]. This corresponds 
to the Externalizing block in Nonaka’s SECI-model [33]. However, for the organization 
to use these models outside of its context, i.e. to move into Nonaka’s Combination-
block, it is important that the implemented design rules become transparent and not 
hide behind the interface of the support or design tool. This is because the complete 
model might not be reused but only parts of it. This means that seeing-first, i.e. seeing 
the design process, activity or rules implemented, has to be present to actually 
understand what is going on in the background of the tool. “Understanding can be visual 
as well as conceptual” [39](p.2). This would be rather simple to implement if using 
MOKA [18], due to that the MOKA informal model, which is used when capturing 
knowledge and experience in ICARE-forms, contains most features that enable rule-
rationale. When transparency in the implemented rules (connection between rule-
rationale and the design rule itself) is present it is possible to understand what the rule 
actually does and why it is implemented. It is then possible to reuse parts of the 
knowledge in a different context, thus Combination is achieved. If transparency is not 
achieved, it is possible for computer systems to gradually become black boxes that 
people can use but do not understand what happens inside them. Only using the tools 
without questioning what it really does enhances the knowledge of how to work-the-
tool instead of gaining knowledge from it to work-the-work [56]. This is useful from 
neither a knowledge management nor an experience feedback perspective. Support 
becomes unusable because the information cannot be interpreted, the database cannot 
be maintained and the result cannot be trusted. People then have to invest time and 
money to make sense of it again.  

Doing-first is supported in the sense that the models created can be changed and the 
model reacts accordingly. From an Experience Feedback perspective this can be seen as 
experimental learning, i.e. the person using the design tool can learn how the model 
behaves, which is a representation of the actual design process in a specific context. 
Choices made in the implemented design process can immediately be evaluated in 
terms of different life cycle properties. This corresponds somewhat to what Nonaka 
refers to as Internalization [33], i.e. gaining knowledge in a way by repeating tasks over 
and over again until they becomes second nature. 
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6.3 KBE methods vs. Lessons Learned Processes 
In Figure 18, the knowledge life cycle, as explained in MOKA [18], is compared 

with the lessons learned process explained by [36]. 

Figure 18. Comparison of a generic Lessons Learned Process as described by Weber 
(2001) and the MOKA KBE life cycle Stokes (2001). 

There are similarities the activate block in MOKA represents disseminate, and reuse in 
Weber’s lessons learned process model. Capture, formalize and package correspond to 
collect, verify and store. The difference lies in when each method should be used as well as 
the format of storage. The lessons learned process aims to store lessons learned for 
organizational members to reuse, and thus repeat successes and avoid failures. To find, 
retrieve and interpret documented lessons learned is the responsibility of organizational 
members (at the individual and the project levels). In the MOKA approach, the 
captured knowledge is assembled into a specified formalized structure. The formalized 
process is transferred to different programming languages so that computers can use the 
knowledge. The user of the created KBE tool can then create multiple designs of, for 
example, a component without having any knowledge of the actual design process 
captured and implemented. This has advantages; for example any person can create a 
design that follows (implemented) company standards without any prior knowledge of 
the design process captured. But from an Experience Feedback point of view, this is 
not at all an advantage. In Experience Feedback, knowledge should be disseminated 
through the organization to let people become aware of knowledge unapparent to 
them, and make people reuse, adapt or apply this knowledge in similar or new 
contexts, much like the lessons learned process. In the MOKA process, the tools 
created are activated, i.e. put into use in the context that they were designed to function 
in, and thus not spread through the organization. But it is also important that the right 
person spread the knowledge, or at least that it has been verified to be correct. 

However, tools developed with methods, such as MOKA and CommonKADS, have 
the possibility to support thinking-, seeing-, and doing-first. 
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6.4 The demonstrators 
Knowledge engineering techniques have been argued as an enabling technology for 

FPD. Knowing what to share, how to share it and which affiliated partners to trust in 
the FPD scenario seems critical if FPD is to be successful. As well, the intentions to 
provide service in an FPD scenario also means that companies have to shift their views 
from focusing on their own operations to those of the affiliated partners. Although 
long-term relationships are sought, customers and suppliers in the extended enterprise 
change over time. Therefore, flexibility and versatility are key aspects to consider when 
developing support tools.  

The purpose of support tools is to enhance the customers’ processes by decreasing 
uncertainty; hence, the information and knowledge captured, formalized and integrated 
in the support tool has to be verified and tested. Therefore, it is important for a 
company to find the company “core knowledge” within their product development 
process that other companies might find useful, and that the process is safe, secure, 
verified and tested.

The Agent-based methodology presents a bottom-up approach in creating models of 
activities. These models are not restricted or limited to only text, but can contain text, 
pictures and other media to enhance knowledge and experience transfer. They can also 
be executed and simulated over time, thus showing behavior with other agents (if 
modeled in such an environment). The agent can thus be the container for all 
information and knowledge about a process or activity instead of spreading it among 
multiple files in a file sharing hierarchy. 

The main purpose with the cross-company collaboration was to collaborate without 
sharing too much knowledge regarding the design and analysis processes of each 
company. Creating automated analysis and design tools using knowledge engineering 
technologies enables black-box simulation if a suitable interface for collaboration can be 
found. Often, this can be limited to what extent suitable analysis and design tools are 
available at each company and if they are compatible.  

In general, the research presented in this thesis has focused on methods and 
applications aimed at creating design and decision support tools to be used in an 
engineering design environment. The tools are suggested to be enhanced to support a 
multifaceted way for experience feedback, in particular to provide for a seeing-first 
approach in design.

”If all you have is a hammer, everything you see is a nail” 
    - Abraham Maslow [57](p.15) 
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7 Conclusions
In this thesis design and decision support tools have been examined whether they can support 

experience feedback. In the previous chapter the results was discussed in light of the theoretical 
framework outlined in this thesis. Here, conclusions are drawn from this research. This chapter, 
and also this thesis are ended with a presentation of future work. 

The purpose of this thesis has been to investigate how engineering design tools can 
support knowledge and experience feedback. To provide data, research interviews, 
observations and the evaluation of demonstrators were used. Experience feedback is 
critical for industry to shorten the time for start up and running development projects. 
In general, the appended papers and the theories presented in this thesis have given an 
increased understanding for FPD. In particular, the issues considered important for the 
design of support tools for experience feedback have been highlighted, i.e. issues not 
fully supported by existing support tools. The studies have shown that support today 
mainly provides for a thinking-first approach based on documents consisting of formal 
semi-structured and structured knowledge. To some extent, illustrations such as 
drawings and product models can add to these lessons learned. Yet, overall, a seeing-
first approach is not fully supported in existing tools. The incorporation of such an 
approach in the development of experience feedback systems provides for: 

• knowledge creation to take place, i.e. the system will not only support the 
reuse of knowledge, but also the input of new knowledge 

• maintenance of the knowledge base by making the rules transparent to users 
• enhancement of the interpretation of documented lessons learned 

The approaches presented in the demonstrators have visualized the potential to 
support all three approaches: thinking-first, seeing-first, and doing-first. Therefore, for 
tools to be developed for the purpose of providing experience feedback support, as well 
as supporting the design activities, they have to consider all three approaches. 
Additional information, media and visual aids increase the potential for the system to 
support learning and knowledge creation. Also, providing transparency into the 
rationale and knowledge rules seems important. Design tools designed as black boxes 
that people learn to use, but which an understanding of its functionality is lacking is not 
an advantage from an experience feedback point of view. 
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7.1 Industrial Contribution
The Industrial Contribution is two-fold. First, the cases presented in this thesis have 

contributed to viewpoints on how to create Knowledge Engineering applications to 
support product development in an FPD-setting. Creating design and decision support 
tools that incorporate knowledge and information from multiple disciplines helps in 
considering life cycle aspects, a view that becomes important when designing Total 
Offers. To visualize the readiness level of the product development process when 
designing Total Offers, TORL-concepts have been created. An Agent-based modeling 
approach has been used to model product development activities and the actual design 
process. A macro-level perspective on activities when creating agent models seems 
suitable for use in a TORL. To address IP-issues when collaborating in the extended 
enterprise, it is important to find interfaces for collaboration, where core company 
knowledge can be formalized and used without it being lost. KE-applications can be 
utilized in this kind of collaboration. 

Second, KE-applications have been shown to support experience feedback from the 
perspective of thinking-, seeing- and doing-first, if they are combined with visual aids that 
enhance the learning effect of the actual knowledge captured within them. Rules and 
logic should be completed with the rationale why, when, where and how they apply, 
in addition to from who or what the design rule came from. The guideline is to make 
applications as close to self-explanatory as possible, while rendering them useful from a 
design perspective. 

Of note, the reuse of the applications themselves is one point, but reusing parts of 
the knowledge within the design process implemented is equally important. Thus, 
transparency within the applications has to be considered. 

7.2 Scientific Contribution
The KE applications described in this thesis are developed with the purpose to 

automate design tasks or solve design problems. In this thesis, it has been examined if 
they can also support experience feedback within organizations. KE-applications have 
been shown to support thinking-, seeing- and doing-first to a greater extent than 
experience documented in plain text, as in white papers and lessons learned, especially 
since the applications can be executed to show the effects of decision made. Using the 
tools to design and enhance learning supports doing-first because it lets the user 
experience the applied design process first-hand (virtual) and seeing-first because of the 
graphical interfaces used and that the effects of decisions made can be visualized.  

If the main reason is to enhance knowledge and experience transfer, the following 
could be enhanced in the KE-applications to support this.  
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• Thinking first 
- The formalized rules should be completed with the rationale on how 

they came to be. Having the choice to assess the rationale to the 
formalized rules brings the possibility to examine and understand why 
rules are the way they are, when and how they apply in addition to 
who created them and from where they are based. This enables users 
of the design tool to understand and combine knowledge from other 
disciplines into new knowledge. 

• Seeing first. 
- The actual processes that are supposed to be implemented in design 

support tools can be visualized with graphical charts that show which 
sequence or activity that is conducted. This should be available 
through the environment where the design rules or activities are used, 
e.g. active dissemination. Additional formats, such as video, animations 
and virtual interactive models, should be used more extensively (if 
suitable) to show the origins of design rule. Explanatory videos of 
“experts” who explain the purpose of why, how and when design 
rules apply could also enhance the learning effect. 

• Doing first 
- The availability to 3D-modells, and advanced software enables models 

to be made interactive or used to visualize what is really going on with 
product and processes. Creating active models of manufacturing 
processes and available resources that show the possibilities and 
constraints, or other important aspects, could be of use. Active models 
enable personnel to “play” and experience (virtual experience) the 
behavior of the captured knowledge. 

• Documentation
- To document and make knowledge and experience available, an 

Agent-based approach can be used to create models containing 
different levels of information, which can be built up gradually using a 
bottom-up approach. The modeled activity then contains information 
that makes the model useable in both macro- and micro-perspectives.

7.3 Future work 
The results and conclusions in this thesis only touch the surface of what ways KE-

applications can support and enhance experience feedback within organizations. It 
would be interesting to further examine how thinking-, seeing- and doing-first can 
support the development of new lightweight technologies that enable designers to share 
experiences with each other. Examples of lightweight technologies are wikis and blogs. 
Research within this area has been initialized within the FPD context, under the 
umbrella term Engineering 2.0. The main idea with this area is to find tools and 
methods for experience based knowledge that provide for ease of use and maintenance. 

The model presented in MOKA [18] is developed to support the design of KBE 
systems. Still, further research where the model is investigated from the point of view 
of knowledge sharing, lessons learned and experience feedback is recognized as 
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interesting. Such studies can provide insight into how to create transparency for 
knowledge rules, thus making a seeing-first approach doable. 

Going deeper into the research domain of organizational learning from an 
engineering design perspective has also been identified as an interesting future research. 

Also, how to protect the intellectual properties and how core knowledge can get lost 
in the context of collaborative work - cross company boundaries have not been 
considered, though this is of utmost concern. 
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Abstract

The actual product ownership often remains with the manufacturer as functional (total care) 

products emerge in aerospace business agreements. The business risk is then transferred to the 

manufacturer why downstream knowledge needs to be available in the concept phase to 

consider all product life cycle aspects. The aim of this work is to study how a 

multidisciplinary design tool can be used to embed downstream processes for conceptual 

design and evaluation allowing simulation of life cycle properties. A knowledge enabled 

engineering approach was used to capture the engineering activities for design and evaluation 

of jet engine component flanges. For every design change, cost of manufacturing operations, 

maintenance and performance aspects can be directly assessed. The design tool assures that 

the engineering activities are performed accordingly to company design specification which 

creates a better control over the process quality. It also creates a better understanding enabling 

the engineers to optimize the concept in real time from an overall product life cycle view. The 

new tool will be the base for optimize the total product system and will be used not only 

between companies but also between product development departments in large global 

companies.

Keywords: Knowledge enabled engineering, product life cycle, design support, cost 

estimation

1 Introduction

The actual product ownership often remains with the manufacturer as functional (total care) 

product emerges in aerospace business agreements, [1]. As the ownership of jet engines 

remains with the manufacturer the risk of the business agreement taken increases on the 

expense of the manufacturer. A jet engine life cycle stretches over a time span of 30 to 40 

years and the cost of producing the engine is low compared to the cost of ownership. Early 

design decisions are often done on scarce information basis as knowledge of activities 

performed later in the process (downstream knowledge) often is missing in the early 

engineering design stage. Jet engines owned by the manufacturer will need to be competitive

during the entire product life cycle why downstream knowledge needs to be available early. 

Design for X (DFX) [2] research includes Design for Life Cycle (DFLC) which emphasizes

that all design goals and related constraints should be considered in the early design stage. In 

the early engineering design stage requirements and constraints are usually imprecise and 

incomplete and few support tools exist [3].
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A number of support tool modeling techniques exists. One technique, knowledge based 

engineering (KBE) defined by Stokes [4] as “The use of advanced software techniques to 

capture and re-use product and process knowledge in an integrated way” has been applied a 

number of times to model routine engineering tasks. As this technique captures activities 

normally performed by engineers into a computerized system and allows these activities to be 

performed fast and precise, an ability to extract knowledge not normally available in early 

phases is created. Still this technique has mostly been used to capture knowledge from design 

and manufacturing disciplines. Knowledge from all relevant disciplines is needed to make a 

valid simulation of the product life-cycle. 

The aim of this work is to study how a multidisciplinary design tool can be used to embed

downstream processes for conceptual design and evaluation allowing simulation of life cycle 

properties.

The multidisciplinary design tool presented in this paper shows how downstream activities 

can be modeled using a Knowledge Enabled Engineering (KEE) approach. As the engineer 

can change the design and directly assess the life-cycle cost, more knowledge of design 

decision impact is available than without the design tool. 

2 Literature review 

The literature review is focused on recent product life cycle modeling work. Concurrent 

engineering (CE) addresses that all DFX issues need to be considered simultaneously during 

the design stage [5]. Design conflicts between different DFX issues leads inevitable to trade 

offs.  In the early engineering design stage, requirements and constraints are usually imprecise

and incomplete and few support tools exist to support this stage [6]. This is also formulated

by Prasad [5] as: 

“Design decisions differ with each new piece of added information, new person, or new issue 

discovered. Design issues continually change and evolve during every step of the design. This 

is because design is an open ended problem.”

Recent engineering design support approaches have applied knowledge modeling techniques 

such as expert systems (ES) [6], design rationale (DR) [7 -8], KBE [9 -11] and case based 

reasoning (CBR) [12-13]. In the attempts made mostly design and manufacturing is included 

which is too few disciplines for a life cycle view. These knowledge modeling techniques still 

hold a potential to incorporate knowledge from more disciplines. Dixon [14] defined 

knowledge based systems as “...a special class of computer programs that purport to 

perform, or assist humans in performing, specified intellectual tasks.” which does not in any 

way limit the use of these system to a specific discipline. All the knowledge modeling

techniques presented above have different advantages depending on what knowledge is of 

interest to capture. DR, for example, captures how, why and what about design decisions. 

Why not use the method most suitable for the activity to support? That is the main purpose of 

the Knowledge Enabled Engineering approach. 
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3 The Flange Design Process 

This section constitutes a short description of the flange design process that was subject to be 

supported by the tool. A rotational symmetric flange joint (figure 1) have an important

function as an interface between jet engine components.

Load Load

Geometric

Dimensions

Sealing requirements

- Surface roughness
Torque

Requirement

Figure 1. Section of a circular flange where the right picture displays the requirements and loads.

The flange has several functions: 

transferring loads between components

preventing engine leakage 

allow dismantle and assemble of jet engine components

The flange design process includes performance, manufacturing and maintenance issues that 

are briefly described below. 

3.1 Performance

The first step of the flange design process is finding geometry and bolts that fulfill the load 

and leakage requirements. The dimensioning process starts by choosing initial values, usually 

previously used on a similar flange with similar requirements. When the geometry is initially 

defined it is possible to calculate if the bolt joint will withstand the applied load and prevent 

leakage.

3.2 Manufacturing

A team of manufacturing engineers, weld technicians and other experts need a geometrical

representation to define a manufacturing plan. The team creates an operation list describing 

each manufacturing operation, including the manufacturing time. A common issue between 

design and manufacturing engineers are the tolerance requirements. When the tolerances are 

satisfactory from both a design and a manufacturing point of view the team defines the 

operation list that later is used in the production process. 
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3.3 Maintenance

The flange acts as the interface between jet engine components and the design affects the time

each maintenance operation will take. In the early phases, the maintenance cost to dismantle

and assemble the components has to be estimated. Tolerance requirements and the time to 

assemble/dismantle each bolt around the flange will contribute to the total maintenance cost. 

4 The Knowledge Enabled Engineering Approach

This section described the Knowledge Enabled Engineering (KEE) approach and how it was 

used to develop a multidisciplinary tool for flange design. KEE include KBE and other 

knowledge rich strategies, [15] and aim to solve the need with techniques or methods that 

fulfills the need. The purpose of KEE is to allow automation of engineering work as this 

creates an opportunity to extract knowledge normally found in later phases and make this 

knowledge available already in the conceptual phase. KEE is here described with three 

components: capturing of engineering knowledge, automation of engineering activities and 

quality control of engineering activities. KEE and KBE are similar in the way they are used 

for automating engineering activities. The difference is that KBE is often used in commercial

KBE systems providing demand driven, object oriented programming languages.

4.1 Capturing of Engineering Knowledge 

Engineering design comprises knowledge from many disciplines such as design, 

manufacturing and maintenance. As seen in section 2, approaches like ES, DR, KBE and 

CBR has been used to support engineering activities. The KEE approach aims to use the best-

suited technique for each knowledge asset as it is believed that one technique cannot capture 

all engineering aspects. 

The multidisciplinary flange design process contains knowledge from performance,

manufacturing and maintenance activities. Knowledge was acquired through company reports 

and semi-structured interviews [16] with people involved in the flange design process holding 

design, manufacturing and maintenance positions. Below are examples of acquired 

knowledge from the design, manufacturing and maintenance disciplines.

One step in the design discipline is to evaluate the performance of the flange. Equation 1 is 

used to calculate the maximum force before bolt separation. This is done with the following 

equations:

Composing todueForceingPresstressResidualCompRes_Pre_F_

ForcengPrestressiResidualMinimume_FMin_Res_Pr

LowerForcengPrestressiPre_F_L

separationbeforeforceboltMaximumMax_F_Sep

StiffnessFlangeStiffnessBolt

StiffnessBolt
-1

CompRes_Pre_F_-e_FMin_Res_Pr-Pre_F_L
Max_F_Sep (1)
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In the manufacturing discipline the interest is to calculate the total time of the manufacturing

process. Equation 2 calculates the cutting time for the turning operation and equation 3 

calculates the drilling time.

speedCuttingrevolutionperFedd

Area
 timeCutting (2)

 time)drillingholenext to(time*holesofnumber timeDrilling (3)

One important function of the flange is to allow assemble and dismantle of jet engine 

components. The time to assemble the bolted flange joint is calculated in equation 4. 

TimeAssembleBoltSingleBoltsofNumberTimeAssembleBoltTotal (4)

4.2 Automation of Engineering Activities 

This part is usually iterated with the capturing of engineering knowledge. Automation is a 

vital part of the KEE approach as automation allows fast iteration of engineering activities. 

Ideas can then be tested allowing engineers to simulate and design the product life cycle 

properties.

A company specific standard is used in the formalization process where the acquired 

knowledge is transformed into a reusable format understandable by a computer. The standard 

was structured in table form with columns named:

Service description – describes the name of the class

Parent – addresses the parent class 

Property – names of the rules in the class 

Source – specifies if the rule gets direct user input 

Rules – all the rules is outlined and their interactions between each other can be followed 

The structure has been outlined to help the user to understand how the design tool is built up. 

All captured activities of the flange design process are captured into separate classes. More 

complex activities can have sub classes of sub activities. Property “Max_F_Sep” described in 

equation 1 is now represented by the parameter ‘Max_F_Sep’ defined inside the ‘Bolt 

Analysis CLASS’. The value of the parameter ‘Max_F_Sep’ will be automatically calculated 

if asked for in the ‘Bolt Analysis CLASS’. 
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Cost
Report

Operation
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Figure 2. The structure of the multidisciplinary design tool.

4.3 Quality control of Engineering Activities 

If a process is captured in a computerized system, it can be exactly repeated each time. Using 

the same procedure concepts can then be generated and evaluated. This quality assurance 

gives the engineers a reliable basis to compare concepts from. A captured process is now an 

asset of the company and can be reused whenever needed. 

5 The multidisciplinary design tool 

This section presents the multidisciplinary design tool. First, an overview is given of the main

characteristics and the software components of the tool. Then, the connections between the 

disciplines are presented. Finally, it is presented how the tool can be used to work with 

parallel activities in product development teams.

5.1 Overview

A design tool suitable for multidisciplinary concept definition and evaluation is presented. 

The tool embeds processes from design, manufacturing and maintenance enabling the 

engineering designer to simulate parts of the product life cycle in the concept phase.

Figure 2 shows an overview of the design tool. The downstream process is performed and 

controlled through a GUI. First the user automatically generates a candidate product 

definition in a CAD program then the product definition is subject to evaluation in terms of 

performance, maintenance and manufacturing. One criterion in aero engine flange design is to 

prevent leakage that is evaluated in the performance step. The cost of component disassembly

and re-assembly in the maintenance step and manufacturability in terms of drilling and facing

can be evaluated. When an evaluation step is unsatisfactory a new product definition can be 

generated and this iteration continues until an appropriate product definition is generated. At 

this point all costs can be summarized in a cost report, which is governed, by a script and a 

database together with a spreadsheet. It should be noticed that all the decisions are still being 

made by humans with the support by the design tool ensuring a non redundant design. 
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Figure 3. Design tool overview.

As all knowledge is implemented as rules connections between the activities are handled. 

This implies that one design variable change such as geometry (mantle width) affects many

other variables in other activities such as flange mantle stress analysis. Figure 4 shows which 

activities that are affected when the geometry (red colored arrows) and bolts (purple colored 

arrows) are changed. 

1. Geometry

2. Choice
of bolts

4. Pre-
stressing

force analysis

3. Bolt stress
analysis

11. Cost
report

10. Assembly
evaluation

9. Choice of
drilling

tolerance

8. Choice of
facing method

7. Choice of
surface

roughness

6. Choice of
planar

tolerances

5. Flange
mantle stress

analysis

MANUFACTURING

MAINTENANCE

DESIGN

PERFORMANCE

Figure 4. Activities affected when geometry (red colored arrows) and bolts (purple colored arrows) are 

changed.

The main interface (Figure 5) is used to specify initial dimensions, materials and 

manufacturing method. In the lower right corner there are three buttons that open “Analysis 

Properties”, “Manufacturing Properties” and Maintenance Properties” interfaces. From these 

interfaces the user is introduced to more parameters where the value either is typed in or 

chosen from a list. 
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Figure 5. Main interface from where the user can specify dimensions, open analysis, manufacturing and 

maintenance interfaces and also toggle on report generation. 

Design, manufacturing and maintenance engineers can with the help of the multidisciplinary

design tool simulate how different decisions will affect each other. In figure 5 a comparison

between how the cutting time is affected for constant surface roughness and change of 

material between steel, titanium and aluminum is shown. Another example where the choice 

of bolts affects both the drilling operation and the assemble time of the flange is shown in 

Figure 6.The immediate response given to the engineers creates an understanding between the 

engineers preventing design conflicts, especially in the early stage of product development

where the requirements and constraints is usually imprecise and incomplete.
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Figure 6. When choosing different material and surface roughness the user can directly see the effect on the 

total cutting time for the turning operation.

Figure 7. Choice of bolt affects the size of the hole and the number of holes which in turn affect the drilling and

assemble time.
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Figure 8. In this picture the result from equation 1 is found in lower left interface parameter. The figure also 

shows a warning message due to too high effective stress.

5.2 Supporting parallel engineering design activities 

Using the tool it is possible to prevent design conflicts that can arise due to parallel processes. 

One possible conflict scenario could be: One engineer chooses facing method (activity 8) and 

wants to choose a rougher surface in order to make facing possible, because no facing method

exists for the current chosen surface roughness. Another engineer chooses drilling tolerance 

(activity 9) and wants to make the surface less rough in order to allow precision drilling. The 

current solution is to choose the finest surface roughness which facing method exists for. 

Regarding the conflict scenario described above the engineers can together use the tool and 

vary surface roughness and find the finest surface roughness for which a facing method exists 

for as this is implemented as rules. The drilling operation has to be planned according to this 

surface roughness. Pop-up error messages are generated when the chosen surface roughness 

conflicts a manufacturing method, see Figure 9 for drilling and facing GUI:s. 
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Figure 9. Preventing design conflict between drilling and facing functions.

6 Discussion

As conceptual and downstream product development knowledge is embedded in the 

multidisciplinary design tool it is possible to synthesis and directly analyze jet engine 

component flanges in terms of performance, manufacturability and maintainability providing 

the engineer a direct response of how much the chosen method, tolerance, etc., will affect the 

manufacturing and maintainability costs.

Using the tool, one design variable change triggers the change of many other variables which 

can be seen as an automation of some parts of the design process. This saves time and makes

it possible to define and evaluate more concepts than without the tool. The design tool assures 

that the engineering activities are performed accordingly to company design specifications 

which create a better control over the process quality. The activities captured can now be 

performed whenever needed with a process that is validated. The tool can be used in design 

teams and can thereby prevent design conflicts that can arise due to otherwise parallel 

activities. Design, manufacturing and maintenance engineers can jointly use the tool and with 

their different expertise contribute to the flange design. 

Design tools like the one presented in this paper creates new opportunities for exchange of 

knowledge between company disciplines. As engineers from different disciplines can discuss 

design requirements during meetings and simultaneously simulate life cycle properties a 

better knowledge base for design decisions is created. The increased understanding gives an 

overview enabling the engineers to better optimize the product life cycle properties and 

prevent sub optimization.

New opportunities are created with the described design tool giving the engineers a new way 

to simulate their concepts in real time. The new tool should be used on a global system level 

to optimize the total product system. This will be the next step in global product development

not only between companies but also within large global companies to support their “cross-

brand development”.
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7 Conclusion

The design tool enables automatic generation of flange design concepts and it is possible to 

assess downstream aspects of performance, manufacturing and maintenance directly. 

Manufacturability in terms of operation cost for facing and drilling operations and 

maintenance cost can be assessed. As downstream activities are simulated in the design phase 

it is possible to see the impact in other disciplines and thereby correct design flaws that would 

cause downstream problems. The design tool assures that the engineering activities are 

performed accordingly to company design specification which creates a better control over 

the process quality. The tool creates a better understanding enabling the engineers to optimize

the concept in real time from an overall product life cycle aspect. The new tool will be the 

base for optimization of the total product system and will be used not only between 

companies but also between product development departments in large global companies.
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KNOWLEDGE SHARING CHALLENGES WITHIN THE EXTENDED

ENTERPRISE

Åsa Ericson, Henrik Nergård, Tobias Larsson

Abstract
The notion of functional products changes the existing relationship between manufacturing
companies. The integration of hardware, software and services in functional products calls for
close collaboration with companies having complementary skills. When employees from
different companies are involved, strategic resources such as knowledge are shared. From an
engineering design perspective, knowledge sharing supported by software systems are useful,
though it seems like functional product development insists on integrating multifunctional
skills and this is likely to affect the design of software systems. The objective in this paper is
to explore knowledge sharing challenges between manufacturing companies, striving to create

close functional product collaboration, and hence understand aspects in the design of software

systems. In this paper the focus is on Knowledge Based Engineering (KBE) systems, these

are considered to be internal engineering specific tools, while collaboration and need for

knowledge sharing calls for coupled KBE systems between partners. In this context,

knowledge sharing challenges within the extended enterprise are recognised to issues about

who to trust and what and how to share. This affects how tightly coupled KBE systems can

be.

In general, this paper contributes to the ongoing discussion concerning collaboration issues in

concurrent engineering design, but especially to the overall understanding of what new

demands on KBE systems that are motivated by functional product collaboration.

Keywords: Knowledge Sharing, Collaboration, Knowledge Based Engineering, Functional

Products

1 Introduction

“Companies today strive to unify things that we have learnt to be

contradictions. They try to be both local and global, both small and big, both

centralized and decentralized both stable and dynamic. They want to become

bigger without growing. They want to offer standardized mass manufacturing,

customized mass manufacturing, and individually designed goods and

services simultaneously” [1], ( p. 265).

This situation is familiar to contemporary industrial product development organisations.

Different efforts to manage the contradictions in the situation exist. One aspect recognised as

a prerequisite in handling this type of situation is business relationships in form of

partnerships, alliances, or joint ventures, or a combination thereof, to develop new products or

enter new markets [2]. In business-to-business relationships all parties involved are best off as

partners [3], not as competitors. Interaction in business-to-business relationships is not only

about being influenced, but influencing [4]. Business relationships that all partners consider

successful involve collaboration, i.e. to create new value together, rather than mere exchange,



which is to get something back for what you put in [5]. Value-chain partnerships are

considered to be the strongest and closest collaboration where companies “… in different

industries with different but complementary skills link their capabilities to create value for

ultimate users” [5] (p. 98). A relationship is about what companies can do for customers with

an enhanced offering, rather than providing customers with existing products [3].

Relationships and enhanced offerings increase the dependency on intangible assets, such as

know-how and collaborative problem solving. Suppliers and customers become partners who

develop physical artefacts and provide enhanced offerings for the ultimate customer who is

also a partner.

To establish, develop and maintain successful collaborative relationships between parties,

trust is a key ingredient. Without trust the parties will not be committed to the mutual cause

[6]. Mistrust starts a vicious cycle and makes success harder to attain: when success fails,

someone has to be blamed. Who is different? The outsider, of course! [5]. Tomkins [7] argues

that trust, defined as - “…areas of life which one can take as given…” (p.185), enables people

to act as if the uncertainty they face is reduced, though it does not reduce the actual

uncertainty. An assumption of equality, i.e. all parties bringing something valuable to the

relationship, is the beginning for respect that in turn builds trust [5]. The formation of

alliances and partnerships “… rest largely on hopes and dreams – what might be possible if

certain opportunities are pursued” [5] (p. 99). In interactions between firms, there is an

implicit impression of sharing knowledge, decision-making and mutual rewards [7].

In the context of business-to-business relationships, the notion of functional products and

specifically product development knowledge has gained interest among researchers and

industry. Functional products have been defined as a combination or integration of hardware,

software and services [8], [9], [10]. Alonso-Rasgado et. al [10] conclude that functional

products, if the contracted functional performance is achieved, create close business-to-

business relationships and give stability and a constant revenue stream. Furthermore, the “…

stable relationship should remove much uncertainty and provide an attractive competitive

business scenario.” (p. 537).

Negotiation to determine the terms of collaboration is necessary when moving towards

collaboration across organisations [7]. Information needed for partnerships is not given on a

take it or leave it basis. Relevant information is part of the interactive process [7]. Tomkins

[7] distinguishes two types of information, one that is needed to create trust, the other relates

to expectations about a collaborative future. On a daily basis, engineers need yet another type

of information, which relates to product development processes. Since close collaboration and

product development are vital for functional products, it is necessary to mutually consider

what relevant information is needed and what information could be shared for an interactive

development process of such a product.

Today, engineer designers are used to computer support in the form of for example

Computer-Aided Design tools and simulation tools. These tools focus on the technical

development process, while functional products, being a total commitment involve service

aspects beside hardware aspects.

Thus, the objective in this paper is to explore knowledge sharing challenges between

manufacturing companies, striving to create close collaborative functional product

partnerships, and hence understand aspects to the design of software systems.

The study presented in this paper is conducted from an engineering design perspective and is

limited to KBE software systems deployed in Engineering Design activities. Information

about, for example, materials and machining process can be relevant to other parts of the

manufacturing firm. To be able to lower costs for development work, the purchasing



department is interested in information about new materials as early as possible, though,

based on the same information, the user interfaces diverge between computer support aimed

for technical development use and business development use. An underpinning thought for

the study is that computerised systems will have a positive impact on the possibilities for the

knowledge sharing process.

Studying knowledge or information sharing challenges are in itself a challenge. What is

knowledge? What is information? Some equalise information and knowledge. Langefors [11]

does so in his infological equation, while others do not, for example, Nonaka, Toyama and

Konno [12] in the Ba concept. Erickson and Kellogg [13] argue that knowledge management

is not just an information problem, but also a social problem. Accordingly, knowledge is

contextually dependent. In this paper the focus is on sharing and collaboration supported by

computer software, not on defining what is shared. We agree to each other that the sharing

process can be computer supported, though each one of us holds a different position as to

what is represented in the computer software.

2 Disposition of the paper

The following section starts with a brief presentation of MOKA, a methodology developed for

design of knowledge based engineering systems. Although not used in this study MOKA has

inspired and given valuable input to the structure of this study. An overall view of the steps in

MOKA will be presented. After this, product development is outlined in general terms

followed by a presentation of concept design activities based on engineering design literature.

Business strategy literature is the basis for the described extended enterprise section. A

presentation of KBE systems, and a description of the studied case follow this. The discussion

section begins from the theoretical framework applied on issues found in the studied case.

Finally, the paper ends with conclusions and suggestions for further research.

3 Methodology

Methodology and software tools Oriented to Knowledge based engineering Applications, or

MOKA [14], have evolved from a project to a two level framework to represent and store

knowledge with the aim to reduce cost and time of building KBE applications [14]. The study

presented in this paper does not consider the designing or evaluating of any KBE application,

though one of us will do this as further work. Reading about MOKA has given us an overall

understanding about the iterative nature of knowledge and, accordingly, the iterative nature of

understanding knowledge processes. In Figure 1, below, the lifecycle steps in MOKA are

shown, i.e. Identify, Justify, Capture, Formalize, Package and Activate. According to MOKA

[14], the activities of Identify and Justify “…are not in focus of MOKA and are not supported

by the MOKA tool” (p. 47), though identified as “…crucial for the success of a KBE project”

(p. 44). Hence, the identify step has some similarities to our approach in this study, and

involves six sub-steps, i.e. (1) identification of stakeholders, (2) define role and scope, (3)

identify possible knowledge sources, (4) identify means of knowledge capture, (5) identify

target KBE platforms and (6) assess technical feasibility. The sub-steps 1 and 2 in the identify

step have been partly performed in this study.

To generate and gather data, people holding expertise in industrial product development were

identified, the data to be focused upon were defined and how to get access to these people and

their experiences was detailed. This has been done in an iterative way.



Figure 1. The MOKA lifecycle steps

3.1 Generated data

The generated and gathered data composed of both primary and secondary sources. Primary

sources were interviews conducted with employees of Swedish manufacturing companies and

meetings with a project group consisting of both academia and industry. Secondary sources

were literature, such as books, articles and dissertations.

The choice of theoretical framework for this study not only emerged from previous studies

identifying functional products insisting on close collaboration, but also from empirical

results highlighting computer technology and thoughts about a virtual space for knowledge

sharing. The empirical base consisted of two Swedish manufacturing companies engaged in

industrial product development. Both have a long-term relationship based on traditional

customer-provider roles, but a contractual preferred supplier relationship has recently been

established. The studied case is the evolving collaboration for functional products between

these companies. Both companies are involved in a research project with the aim to realise

functional product development in a distributed environment.

Due to the study’s explorative nature, qualitative data were in focus. Qualitative data is well

suited for locating the meanings people place on events, processes and structures and for

connecting these meanings to the social world around them [15]. Qualitative data is based on

interpretations, understandings or experiences [16], and usually appears in the form of words

rather than numbers [15]. Accordingly, talking with people makes sense.

3.2 Interviews

The interviews conducted in this research study were a mix of group and individual

interviews. Three group interviews and two individual interviews were performed. A total of

12 persons were interviewed and the interviews lasted from one to two and a half hours; the

longer time for two of the group interviews. The interviews were semi-structured [16], where

the informants could freely formulate their answers, but not freely choose the issues to talk

about. Instead of following a predefined interview guide, a set of themes were focused on.

These themes were ideas about functional products, product development, conceptual

development, collaboration, information and knowledge issues. The approach in the

interviews was to start a dialogue accordingly; the interviewees were encouraged to expound

their views. The interviews were tape-recorded. The description of the empirical base was

returned to industry for comments.

In addition to the interviews, meetings with a project group consisting of both academia and

industry have contributed to the study. Participants in the project group are involved in the

research project aiming for realisation of functional products and the interview themes are of

utmost concern. During these meetings notes were taken and follow-up questions were asked.

Formalize

Identify

Capture

Justify

Package

Activate



3.3 Data processing

When focusing on qualitative data in fairly open-ended interviews, interpretation occurs along

the way. Data are summarised and reflected upon during the conversations with respondents,

and the choice of relevant data and interpretation are integrated. The gathered and generated

data has been read in a non-cross-sectional way, a practice guided by a search for both the

particular and the holistic [16]. The non-cross-sectional indexing starts by simply reading the

material and looking for particular ideas, similarities and differences. This method is also

regarded as a cyclic process, where the material is read several times. The first step of

analysis yields an overall description of the empirical base, as is presented in this paper.

4 Theoretical framework

Product development and engineering design are presented in the following section. The

extended enterprise based on literature studies will be outlined. The theoretical section ends

with a description of KBE systems.

4.1 Product development – concurrent engineering design

Time is perceived as a main challenge in product development [17]. Shifting markets and

increased competition force companies to develop products fast enough to keep pace. Two

issues have to be addressed when getting new products to the market quickly, i.e. the amount

of work to develop a product has to be minimized and a way to do this effectively has to be

found [17].

A product development process “… is the set of activities beginning with the perception of a

market opportunity and ending in the production, sale and delivery of a product” [18], (p. 2).

Ulrich and Eppinger [18] describe a generic development process that is divided into a

sequence of five steps or activities, i.e. (1) concept development, (2) system-level design, (3)

detail design, (4) testing and refinement and (5) production ramp-up. Some organisations

might define and follow an exact and detailed development process, while others might not

even be able to describe their process [18]. No distinct divisions between the sequences can

be drawn, since they are carried out iteratively and thus achieve a step-by-step optimisation

[19]. In each phase alternative solutions can be thought up; the design team is therefore urged

to diverge and converge in each phase [19]. Understanding that a phase model does not show

the problem-solving process is useful [19].

From an information point of view, the product development process can also be described as

“… a process of gradually building up a body of information until it eventually provides a

complete formula for manufacturing a new product” [17] (p. 158). Traditionally, the design

of physical artefacts was known as the ‘over-the-wall’ process [20], where information about

the artefact was ‘thrown over the wall’, meaning that activities where disconnected. The

perceived market need was initially passed on from marketing to design engineers. Design

engineers interpreted the information and transformed it into a manufacturing specification

that was then passed on to production units, who interpreted the information and built what

they thought the design engineers wanted [20]. Information flows describe a phase-based

process where information is transferred from one activity to the next [17]. The issue is to

provide complete information; hence, the following activity cannot start until the first has

been completed [17]. To go from phases to a continuous flow of information requires working

in overlapping activities, i.e. the information is incomplete and requires good communication

to find out how well the product meets current needs [17]. An integrated product development

process integrates the working tasks within the organisational functions marketing, design and



production into a concurrent parallel interactive process [19], [21], [22], [23]. An integrated

approach to product development is “…essentially a pro-active one in which the design is

redefined and developed on the basis of ‘real-time’ interaction so that it is constantly evolving

and improving” [24] (p.252). A design team or development team is required in integrated

product development and therefore introduces problems of organisation and communication

[21]. In an integrated product development process, these design teams are recommended to

be multifunctional [22] and have a sufficient diversity of knowledge [18].

Even though the whole integrated development process insists on continuous communication

due to incomplete information, an engineering design perspective focuses on concept

development activities in particular. The concept development activities within the

organisational function design involve the investigation of feasibility of product concepts, the

development of industrial design concepts and the building and testing of experimental

prototypes [18]. Concept development is described as early design stages; a dilemma here is

that knowledge of the product and the processes involved is low or vague, while decisions

made at this stage can determine almost 80% of the product costs [25].

4.2 Extended enterprise

Product development organisations can be considered as having two main development areas,

for example interpreted as a technical development process and a commercial development

process [19]. In a globally connected world, characteristics like collaboration, knowledge

sharing, change and learning become important [26]. Thus, development skills in addition to

the technical and commercial development must to be considered and might be regarded as

intangible information-centred skills. Computer technologies are useful for information issues

and allow information to be known simultaneously anywhere in the world. Furthermore, they

are inherently border-crossing and enable companies to create alliances and networks with

numerous companies around the world [26]. The ability to play with virtually limitless

possibilities, interchangeability of product parts and the capacity to continually try out new

combinations of resources are enabled by a shapeless organisation that allows for the

recombining of resources [27]. Within this interconnectivity an extended enterprise can

evolve. The company will create relationships inside and outside its boundaries, and

accordingly “…the extended enterprise blurs the boundary between external and internal

collaboration…” [26] (p. 16) “… and encourage people to reach further, faster to gain or

spread knowledge” [26] (p.17). This promising and unclear situation calls for an

understanding of what are the favours and what might be the pitfalls in an extended

enterprise. Kanter [26] has pointed out some aspirations and some challenges of the entire

extended enterprise.

Aspirations are to:

• create value for end users

• collaborate, neither commanding from the centre nor letting each partner act on their

own

• learn from local customisation and innovation

• use of collaborative methods, for example cross-boundary teams

• derive strength from diversity and shape a share culture of unity

And, challenges are the:

• “out of sight, out of mind”-problem, immediate work is driving out collaboration with

distant people

• few incentives for working across boundaries

• communication overload on small matters and too little communication on big matters



• lack of collaborations skills

• too few tools that truly work everywhere

How the extended enterprise is seen and interpreted varies depending on the viewer’s

perspective. From a knowledge perspective, the extended enterprise can be interpreted as a

shared context for knowledge creation [12] and knowledge sharing. These are considered as

interdependent activities. The shared context does not necessarily mean a physical place, it

can, for example, be a virtual space such as e-mails, a mental space such as shared ideals or it

can unify physical, virtual and mental spaces [12].

Knowledge management area focuses on how organisations effectively can manage, store,

retrieve and augment their intellectual properties [28]. Ackerman et. al. [28] recognised two

views of supporting knowledge management through software. One view focuses on

gathering, providing and filtering available knowledge into shared repositories or information

databases to easily reuse the information. Expertise sharing involving human components is

considered as the other view, and the second wave of knowledge management. The aim is to

bolster communication, learning and organisational knowledge.

4.3 KBE systems

Knowledge based engineering or knowledge based engineering systems both occur under the

acronym KBE; its understanding is not straightforward. Chapman and Pinfold [25] suggest

that KBE vendors should not concentrate on their particular KBE software, but also treat KBE

as a methodology to provide an understanding of the philosophy of object oriented

techniques. In the same article, KBE is described as an engineering method representing a

merging of object-oriented programming, artificial intelligence techniques and computer-

aided design technologies. KBE is thus a software tool, a method and a methodology. A

difference between method and methodology is partly seen in the above description, hence it

is possible to interpret method simply as how to do something and methodology as not only

encompassing several methods, but also the underlying philosophy to understand to what and

why these methods are used. The emphasis in KBE is on providing informational complete

product representations captured in a product model [29]. “The product model represents the

engineering intent behind the product design, storing the how, why and what of a design”

[29] (p. 906, underline added). KBE can be defined as “…The use of advanced software

techniques to capture and re-use product and process knowledge in an integrated way” [14]

(p. 11, underline added).

Based on these definitions KBE can be regarded in two ways. KBE can be considered as the

use of a methodology to capture and re-use product and process knowledge. As well, KBE

can be considered as a software system consisting of several advanced software techniques

used in product design. Contributing to the difficulties in capturing the core of KBE can be

that the KBE approach is described as taking a holistic view on design [25]. Nevertheless, the

KBE approach aim to capture both “…product and process information in such a way as to

allow businesses to model engineering design processes, and then use the model to automate

all or part of the process” [25] (p.259).

Computer systems that apply reasoning methodologies to knowledge in a specific domain to

provide advice or recommendations belong under the umbrella term expert systems [30]. A

variety of systems are related to expert systems, knowledge based systems (KBS) being one

of them. KBS is described as a typical rule-based system providing expertise or specified

intellectual tasks [30]. Hence, a variant of KBS is KBE systems. These systems are often like

narrowly focused expert systems [31]. “But knowledge-based systems need not be so narrow

as expert systems, and certainly need not be limited to diagnostic and selection tasks.



Knowledge-based systems can also deal with at least some of the more complex kinds of

intellectual tasks involved in engineering design (e.g., evaluation and decision making). The

knowledge required to perform such higher level design tasks is not readily coded into small

unitized rules, but still may be represented in various other ways” [31] (p. 11). The shape of

something, i.e. geometry, is a vital aspect from a manufacturing viewpoint. Thus, the

appearance of geometrical features is characteristic for KBE systems, as well as what

distinguishes it from KBS [14].

Computerised engineering design tools can be roughly described in three clusters. A first

group is used to visualise and provide possibilities for making design changes quickly, e.g.

Computer-Aided Design (CAD). Compared to CAD, KBE systems can integrate a variety of

geometric and non-geometric knowledge [14]. As routine tasks are captured in the KBE

systems, time is released, thereby allowing engineers to concentrate on the creative aspects of

design [14] and instead work with the synthesis and analysis of result generated from captured

tasks. KBE systems are especially useful when dealing with routine design processes for

which the knowledge is well understood [14]. A second group of computerised engineering

design tools are used to reduce technical risk and uncertainty along with the number of

prototyping cycles needed, e.g. modelling and simulation tools. A third group of tools

enhances communication and facilitates the flow of partial information, e.g. tools based on

shared databases [17]. “The ultimate goal of the KBE system should be to capture the best

design practices and engineering expertise into a corporate knowledge base” [25] (p. 260).

The corporate knowledge base is built on available computer software, regulations, design

guides, handbooks, existing design, analysis results and human expertise [25]. KBE systems

can thus be seen as a fourth group of computerised engineering design tools bringing all the

other groups together [32].

5 Empirical findings – the studied case

To differentiate the roles, the words provider and customer are used, while in a future

collaboration all parties will be partners. Functional products are recognised as encouraging

new ways of collaboration for the traditional provider-customer business-to-business relation

between the companies. The structure for functional product collaboration is regarded as an

extended enterprise enabled by computerised technology. Collaboration, close partnership,

win-win situation and shared information and knowledge are key words when discussing

functional products and product development, while responsibilities, roles, confidentiality,

payment and profit have been predicted as risks to deal with. Seeing computerised technology

as a driver for change gives a plethora of possibilities to share information and knowledge,

though the issue of what can be shared is not evident. Companies regard information and

knowledge as strategic resources and some information is considered as not shareable, e.g. the

revenue for a product developed in cooperation with another company. Knowledge is seen as

a part of products that are sold or bought. Intellectual property rights, how to communicate

and what to communicate are all of interest for the functional product scenario. Furthermore,

juridical issues like contracts are vital. Today, business partners usually have a contractual

relationship, with the contract being set before the cooperation, though one dilemma

mentioned is that contracts may prevent cooperation. Cooperation actually occurs daily

without contracts, when an agreement is sometimes signed after a finished business deal.

Functional product collaboration is recognised as a long-term business relationship involving

the whole company, all parties and all stakeholders. Establishing contracts that consider all

aspects during that time span has been recognised as problematic.



Functional products have been recognised as selling added value of some kind to an ultimate

customer. To do this, collaboration is seen as a prerequisite for functional product

development. The interest in being involved in product development processes of all parties at

an early stage become important. The ideal stage to be engaged in is before concept

development, but being involved in concept development seems realistic. To be involved as

early as possible means having the possibility to influence the final solution, and to interact

with the party when decisions are made. A dilemma mentioned is that knowledge of how to

communicate and how to collaborate to realise this is lacking. Today, providers are operating

in later phases, but what type of information is needed if the collaboration moves to the

conceptual stage or even before that stage? How will this new scenario affect the product

development process?

For information and knowledge sharing, an identification of personal contacts and social

bonds has been recognised. It is important to have a competent contact person at the other

organisation, with a social network within his or her own organisation. This is said to ensure

that the right person with the proper competence will handle the matter, who can also gather

competence or knowledge from within the entire company, e.g. the customer has to trust the

provider to get in contact with persons who have the relevant competences. Today, the flow

of information about technical issues is described as depending on people, while a perceived

future supported by computerised technology is thought of as occurring between companies.

The possibilities for information and knowledge sharing in close collaboration have been

recognised, as well as the risk for loosing competences in certain areas, but the advantages to

gain complementary competences is perceived as valuable. But, how can this value be

understood and evaluated?

Still, telephones, faxes and e-mail are used for information sharing between companies. Each

company uses computerised support systems for information storage, retrieval and reuse, e.g.

software support for project information and product knowledge. Expert systems are used for

the actual product development process to generate concepts for design and construction. The

challenge of understanding the different types of knowledge has been talked about. For

example, knowledge based on rules is possible to express, but knowledge based on

experiences requires a different approach. Judging whether the information found in

computerised technology is relevant or not is said to be a human process of interpretation. To

interpret and judge the relevance of information, humans have to be trained and have some

kind of experience. Formal meetings, courses and on the job training are parts in the

companies’ human resource management strategies. To know where the expertise is situated

within the company informal sharing of information has been mentioned as important, along

with an understanding of the organisation’s formal structure. The formal and informal way to

find expertise are said to be interacting.

KBE systems are recognised as a possibility to speed up the responses between companies.

Access to information from joint projects makes it possible to respond to queries faster. The

possibility to use this information in collaboration with other firms was mentioned as an

uncertainty. Trust is seen as a key to how knowledge could be used in a joint project with

other organisations. The conversation shifts towards functional products when discussing

KBE, since some sort of connection between ideas about KBE and ideas about functional

products seems to be recognised. Further, when talking about functional products, the

difficulties in understanding each other within the company were mentioned: They are on a

strategic level and we are on a tactic. We have another language and another time horizon.

We are implementing the ideas of today and they are somewhere in 2010 or so.



In a business-to-business situation experienced personnel having a widespread social network,

willingness to collaborate, genuine knowledge about existing solutions and a future

perspective focusing on innovations are perceived as value-adding characteristics. In our

interviews one respondent recognised the future of close collaboration as particularly

challenging: The technical part, that’s no problem, we can solve that, but all the people who

should work together – how shall we do that?

6 Discussion

It is concluded that close business-to-business relationships are created by functional product

collaboration [10], though an existing relationship has to be developed before functional

product relationships. Close functional product collaboration is about investments in adapting

to other companies in the form of, for example, organisation, methods and technology. From

our point of view, it is critical to understand knowledge sharing activities in the existing

relationship to adapt. Those chosen to be functional product partners are supposed to be long

time partners, with some kind of value to add to each other as well as to an ultimate customer.

The companies in our study have today a contractual relationship. Thus, an important aspect

identified during meetings and interviews was the emphasis on the contractual agreement.

The issues of a contractual agreement for a functional product are neither fully understood

yet, nor are the notion of functional products.

The intangibility increases due to the involvement of services in a functional product

development process, requiring a continuous communication process with all partners to

understand the needs of the ultimate customers. As the functional product commitment is

recognised as a long-term relationship involving ultimate customers, their needs are likely

going to change over time. Ultimate customers’ need can vary over time from needing

transactions of standardised goods to needing total commitment as functional products are.

The forms of collaboration between the providers are affected of the customers changed

needs. A consequence of this is that the terms of collaboration between partners are also under

continuous change and urge to be renegotiated and updated on a frequent basis. Hence,

negotiations to determine the terms of collaboration are necessary [7] in such a flexible

environment.

The vision for functional product collaboration involves the idea of an extended enterprise,

perceived as a virtual common ground for collaboration. The interaction of the companies in

the extended enterprise blurs the boundary between external and internal processes, and a new

versatile organisation is perceived to exist. The extended enterprise appears when an

interaction in a joint project takes place. From our point of view, an extended enterprise can

be described as consisting of relationships serving as channels for information and knowledge

sharing. Today, KBE systems are used as an internal tool, while close collaboration to

develop functional product call for these systems to be connected or coupled between

partners, i.e. actual sharing of resources. The coupled KBE systems can thus be seen as a one

of many relationships serving as channels for knowledge sharing, and thus a part of the

extended enterprise.

Introducing KBE systems where entire processes are captured thereby introduces new issues

of how to design the systems to adapt to a shared development process with partners.

Technically, the opportunity exists, but a vast challenge is to understand how the systems can

be connected between the partners. We have identified trust between the partners as a key to,

for example, the amount of integration between the coupled KBE systems. Trust is considered

to be vital to the relationship. Without trust knowledge sharing is not possible. A paradox here



is that a joint project where knowledge is shared thereby nurtures trust, and when trust

emerges knowledge sharing is made possible. It seem like companies have to deal with the

risk of loosing some knowledge to gain some. The knowledge sharing process between

companies has to be managed and monitored. What documents, blueprints and so forth are

distributed between the companies? Supporting this by computer technology enables the

sharing process to be traceable and the level of knowledge sharing in the collaboration to be

flexible.

The KBE approach is described as taking a holistic view on design [25], while having a

background in domain specific knowledge. In an integrated development process the

organisational functions marketing, design and production are involved concurrently [19],

[21], [22], [23]. The design of functional products integrates hardware, software and services;

hence, competences for designing functional products are not limited to engineering skills.

However, a perceived integrated situation can also occur in a specific domain such as

engineering, since the area involves a vast range of engineering competences that also need to

be shared. In the context of functional product development the integrated process crosses

organisational borders.

Seeing KBE systems as support systems for engineering design in product development

processes implies the benefit of the systems being the ability to capture specific activities in a

process and convey the captured information to where and when it is needed. An issue to

consider is what activities in the entire collaboration process software systems could or should

support. Two main development areas, the technical development process and the commercial

development process, have been identified [19], and additional skills like collaboration,

knowledge sharing and learning have been recognised as important [26]. What are the

possibilities for KBE systems to support all these aspects in a development process? What

capability do KBE systems have to support functional product development collaboration?

For functional product development, divergent competencies from hardware, software and

services are needed for cross-border collaboration in multifunctional integrated design teams.

From an engineering design perspective an issue for functional products can be interpreted as

integrating service aspects into the hardware design, thus how to solve the problem and also

what hardware that is actually developed will be affected. Therefore, knowledge needs to be

shared in the conceptual development phase.

In a value-chain partnership, companies have different but complementary expertise [5]. This

expertise is linked into a shared capability to create value for end users. One incitement for

developing a functional product relationship is the interest in selling added value of some kind

to ultimate customers. The identification of added value can be interpreted as the recognition

of complementary skills which has to be to be linked together into a functional product

development process. For a functional product development process, the parties have

recognised the need to interact earlier in each other’s development processes. Providers are

not involved in the concept phase, but are contacted when important decisions are already

made. At this point providers initiate their product development process on the basis of

requirements achieved from the customer. Being involved early on means that instead of

interacting at different stages in the process, all parties initiate their processes concurrently.

Furthermore, information and knowledge about what is going to be performed requires being

communicated to all parties. Interacting with partners makes ultimate customers and their

needs visible to all parties, and make collaboration possible, i.e. to create new value together

[5]. This value-chain partnership or the closest and strongest relationship [5] calls for ultimate

customers to also be involved in the functional product collaboration. Interacting early on

gives all partners the possibility to understand the requirements of the customer, and then the

product lifecycle can be customised. Linking complementary skills gives the picture of an



integrated development process, where some parts or activities in the process are “lifted” out

and performed and owned by a partner. In such a concurrent and border crossing process the

need for knowledge about each other’s processes is a prerequisite to collaborate. For

functional products, an increased openness and greater trust is recognised as contributing to

the overall efficiency in the product development process. The question for software systems,

is how tightly coupled the systems need to be to support a functional development process?

And, how tightly coupled will the companies allow them to be?

7 Conclusions

In this paper the aim has been to explore knowledge sharing challenges between

manufacturing companies to understand aspects vital to the design of software systems, in

particular KBE systems. Previous studies have concluded functional products as generating

close business-to-business relationships, giving stability and a constant revenue stream [10].

Interviews with engineers and meetings with people involved in a functional product research

project have provided a view of functional product collaboration in an extended enterprise

supported by computerised technology. Computerised technology has been recognised as an

enabler for an extended enterprise and for knowledge sharing. Our study has focused on KBE

systems, which differ from other knowledge-based systems by their geometrical

characteristics, and are particularly useful for engineering design activities. Knowledge

sharing challenges between companies can be concluded as to what extent knowledge could

be shared and who to trust is identified as a key to this. This gives implications about how

tightly coupled KBE systems between companies could be. Functional products integrate

hardware, software and services, and as a result, the view on the product changes to

encompass a total commitment towards customers. The prerequisite of collaboration in

functional product development insists on software systems to be coupled between partners.

Furthermore, the integration of hardware, software and services in functional products calls

for knowledge sharing issues to encompass more aspects than technical. For coupled KBE

systems, more aspects than technical, e.g. business aspects, service aspects, need to be

considered to support an integrated development process crossing organisational borders.

8 Further research

Our study contributes to the understanding of what new demands on KBE systems are

motivated by the notion of functional products. The vision of functional product development

as collaboration in value-chain partnerships between companies with complementary skills

also gives a view of a distributed situation. We have not considered what changes are

motivated by functional product collaboration on computerised technology specially designed

to support distributed work, but this is a part of the already initiated research project.

Coupled KBE systems are likely to be a driver for new thoughts about the core of the KBE

concept. Research about this is ongoing and some ideas are presented, e.g. [32] [33].

Functional products are recognised as a total commitment towards ultimate customers. This

means that functional products, as an evolving area, can be viewed from several different

perspectives. Juridical issues have in our study been recognised as important and needs to be

further investigated
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1. Introduction 

The purpose in this paper is to discuss new demands on computer tools to support decisions in 

functional product development. To do that, a tentative picture of changes in product development 

motivated by the concept of functional products has to be outlined to serve as a basis for the 

discussions. The concept of functional products affects the business as a whole. The hardware will be 

offered to customers as one part incorporated in a total offer. The offer as a whole compromise 

services related to and/or designed into that hardware. Accordingly, the product development level 

will be affected. But, to meet the expectations the concept of functional products has to affect the 

design phase of the hardware in particular. Global collaboration in product development puts new 

demands on knowledge enabling technologies. Computer tools to support decisions in engineering 

design are commonly used by design teams. Today, these tools are considered to be internal and 

support engineering specific knowledge. However, the concept of functional products in global design 

teams insists on collaboration between companies to achieve additional knowledge. Engineering 

design activities in functional product development need collaboration on a day-to-day basis despite 

distance.

1.1 Background 

A shift in view, captured in the concept of functional products, can be found within the manufacturing 

industry in Sweden. Traditionally, manufacturing industry focus on provide excellent goods, i.e. 

hardware, compromising services as add-ons. Services occur on an aftermarket and a major part of the 

profits is made on activities such as maintenance and spare parts. Over time the competition has 

increased in the aftermarket activities for manufacturing industries. One trigger for the concept of 

functional products can be found in the interest to control the aftermarket activities for the hardware. 

One characteristic for the concept of functional products is that the ownership of the hardware is not 

transferred to customers, even though the hardware as such is. The responsibility and availability of 

the functions provided by hardware remains with the service provider as well as the responsibility for 

maintenance and spare parts. The aftermarket is in that way owned by the provider and competition is 

decreased. The efforts of companies to cope with the demanding climate include a necessity to 

collaborate business-to-business to gain economies of scale partnerships in the extended enterprise and 

to be able to develop competitive products. Hence, the shift in view is a move towards providing 

services taking a lifecycle commitment for the hardware as well as optimising the availability of its 

function in the customers’ system.  
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The hardware providers will offer a guaranteed level of availability to the functions provided by the 

hardware. The reliability and maintainability of the hardware in relation to the customers use of it has 

to be taken into account in the design process. Thus, a thorough understanding of the customers’ 

processes, the performance and the use of the hardware in these processes as well as the customers’ 

needs has to be understood in early phases of product development.  

The expectations from industry on the concept of functional products can be exemplified by [Alonso-

Rasgado et al, 2004]: 

ecological sustainable environment through remanufacture of hardware, 

sharing of for example business risks and  responsibilities through a flexible organisation 

structure

added value to customers in form of providing continuously competitive hardware at the 

forefront of technology  

increased knowledge through the collaborative efforts to develop functional products.

2. Methodology 

The background for this paper has emerged from the interaction with industry people engaged in a 

functional product research project. The overall project is called Functional product development in a 

distributed virtual environment. Four sub-projects focus on communication, computer tools and 

knowledge needed for the development of functional products. In this paper material generated in all 

subprojects were brought together to provide a more encompassing view on the concept of functional 

products and particular on the new demands on computer tools used in collaborative settings. 

Computer tools are here broadly defined and range from information and communication tools (ICT) 

to engineering design specific tools. Material has been generated in meetings, workshops and in 

interviews.

3. Knowledge Integration in Functional Product Development 

The integration of service and hardware knowledge into functional product development (FPD) is 

challenging. Skills, interactivity and connectivity in relationships are in focus within the knowledge 

area of services [Vargo and Lusch, 2004]. Knowledge related to services is expressed in terms of 

advices and know-how, i.e. tacit knowledge [Shostack, 1982]. Due to the tangibility of hardware the 

knowledge area focus on for example geometric and material characteristics and conversion of energy. 

Such knowledge is complex, but can be measured and transformed into rules and procedures, i.e. 

explicit knowledge. From a technical view reliable, relevant, in time, controllable and verified 

information can be provided in some cases. One dilemma in the design of computer tools is that they 

support different sets of problem areas. These areas are treated as separate issues and the computer 

tools are seen as internal specific tools.

Accordingly, one challenge for computer tools to support functional product development is to 

integrate different knowledge areas. The functional product development design teams have to act on 

good-enough information. Hence, another challenge for computer tools to support functional product 

development is to minimize the tacit elements and to provide support for taking in a readiness level in 

good-enough information [Alonso-Rasgado, Thompson et al, 2004 in Nytomt, 2004].  

Decisions for FPD insist on knowledge about the customer, the customers’ processes and customers’ 

use of the hardware, for example will the hardware be exposed to conditions in the environment which 

affects the functions? Will the hardware be exposed to conditions for how it is operated or 

manoeuvred? FPD also insist on knowledge about issues that will affect the long term commitment, 

for example ecological constraints in form of government regulations. Furthermore, knowledge about 

hardware as well as service related issues is needed, for example predicting future technological 

advances and their relation to customer perceived value and internal cost for development. 
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The integration of hardware and service specific knowledge into FPD can be done by knowledge 

enabling technology. The concept of functional products includes a long term commitment to provide 

the customer with specific functions needed. The provider has to take decisions on maintenance, 

upgrade of hardware and technological advances. To develop or remanufacture the hardware or not is 

decisions that depends on questions for example about costs, profits and the commitment as such. To 

increase the quality and reliability in the decisions as well as in the commitment the provider has to be 

able to simulate those scenarios in the design process. To develop functional products the computer 

tools has to convey down stream knowledge to be enabled in early design phases to facilitate life-cycle 

commitment. Knowledge is described as contemporary organisations most important resource and 

enabling technologies, e.g. virtual manufacturing and ICT are critical for the performance of flexibility 

in development processes.  

The offering of functional products includes an extended risk and responsibility taking for the 

company. The ability to simulate the hardware and service knowledge integration early in the design 

process is needed to support decisions. Simulations have to take standard component simulations 

(mechanical properties, manufacturing etc.) as well as total lifecycle simulations into account. 

Knowledge Based Engineering tools (KBE) is used in industry to decrease lead time by automating 

routine work, thus the time saved can be spent for several iterations in the synthesis-analysis phase 

[Pinfold and Chapman, 2001; Bylund et al, 2004]. The use of several iterations in conceptual design 

increases the quality of design by gaining a wider solution space.  

A key to achieve and realise FPD is collaboration between companies. These efforts insist on enabling 

technologies to support collaboration, this is today technically feasible though the enabling tools are 

not readily available. A place and/or space for collaboration can be expressed in terms of a virtual 

enterprise or an extended enterprise. The extended enterprise is in this discussion used to exemplify a 

network facilitating global connectivity; our focus is on technologies facilitating that connectedness.

4. Towards Functional Product Development 

Design engineers manage a broad range of knowledge and information. The engineering design 

process is knowledge intensive and incorporate relational complexity as well as complexity related to 

the hardware as such. The tentative picture, figure 2, of foreseen changes for functional product 

development is based on a discussion that simplifies engineering design activities as if the past is 

excluded. The total offer business model is one among several that the companies have to manage. It is 

important to understand that the new situation that is outlined here is building up a tentative picture of 

a new future, thus the past is not obsolete. 
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Figure 1. Towards Functional Product Development 

4.1 Traditional product development 

In figure 1, at the left side, a traditional view on product development is present. The goal is to 

develop excellent goods having a focus on high quality. To achieve this goal strategies used can be 

exemplified with sequential design approach and homogeneous design teams. Information flows in 

this scenario can be compared with the ‘over-the-wall’ process. The activities were disconnected and a 

body of information was built up to encompass complete information about the hardware at each 

stage. Objectives in a sequential design approach are to break down tasks, activities and goals into 

sub-tasks, sub-activities and sub-goals. The formulation of a clear task, structured procedures, 

constraints and boundaries has to be done. The use of enabling technologies were sparse, computer 

tools were expensive and not fully adapted to every day use. However, 2D Computer Aided Design 

(CAD) tools were used. At this point the development of CAD and simulation tools was focused on 

matching the computer performance which was very slow. Computer simulations were often used to 

verify the design in a late stage in product development, not to support the design.   

4.2 Integrated Product development 

In the middle section an integrated product development approach sets the scene. Multidisciplinary 

design teams works across functional borders within the company and suppliers are contracted to 

provide additional solutions in a cooperative business-to-business context. The goal is to provide the 

market with successful goods, faster than the competitors. Excellent goods are still important, but over 

time customers take this for granted and start to search for factors which differentiate the hardware 

from those of competitors. Thus, customer orientation to understand customer needs is introduced and 

customisation of products needs to be addressed. The product development process is described in a 

parallel way, where the activities starts concurrently and encompasses several iterations between the 

activities. Thereby, the information flows can be described as horizontal. That is knowledge and 

information is gradually built up into a complete method to manufacture the hardware. The goal is to 

establish the specification as soon as possible, by fighting changes and influences that might challenge 

it. In each phase alternative solutions can be thought up; the design team is therefore urged to diverge 
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and converge in each phase. The move from vertical information flows to horizontal and continuous 

flows of information in integrated product development means that the body of information is 

incomplete and requires good computational support. 

The availability of computers and its processing possibilities are increasing rapidly. Designers are 

introduced to CAD programs utilising 3D-technology used to design components and assemblies 

constituting advanced product models where users can share the virtual prototype using PDM systems. 

The same digital representation is used as a basis for simulation of performance, manufacturing, etc. 

2D CAD is still commonly used in some areas. Simulations software and mathematical algorithms are 

improved and better supported with simulation programs, both integrated with CAD software as well 

as standalone software. Now simulations of both product characteristics and manufacturing simulation 

are commonly used in the development process. Simulations of complete product models are rare but 

becoming more common due to the increase in computer power and digitalisation of more aspects of 

the product. User interfaces are simplified and made more intuitive, still a large part of the design 

processes are repeated for each new product. 

The outsourcing of activities and the initial impacts of globalisation calls for cooperative work despite 

distance. As an additional support introduced in the 80s was video conferencing services. This adds a 

new dimension to distributed design teams which can share sketches and talk “person to person” 

without loosing body language. Industrial practice on video conference was generally limited to 

videoconferencing between two or three dedicated conferencing rooms, combined with application 

sharing and shared document repositories. The audio and video quality was generally low due to 

bandwidth restrictions and poor interoperability between conferencing systems. 

4.3 Functional Product Development

For functional product development the term product changes due to the integration of service and 

hardware to be understood as more encompassing than merely a physical artefact. Traditionally, in the 

left part of figure 2, the product term is comprehended as strictly a physical artefact. In the middle 

section the focus is not on an integrated product, rather on the process. However, the product term is 

mainly understood as a physical artefact in integrated product development. In Functional Product 

Development a physical artefact is designed and manufactured, but the customer will not own that 

artefact. The customer buys the functions provided of the artefact and accordingly comprehends the 

product than more than a physical artefact. 

At the right in figure 2, the integrated development process is expanded cross companies to compose 

functional product development, and an extended enterprise can be discernable in the 

interconnectivity. The extended enterprise can be interpreted and understood by the actors within it as 

a shared context for knowledge creation, knowledge sharing and knowledge integration [Huang and 

Newell, 2003]. The concept of functional products calls for collaboration with companies holding 

additional knowledge. This motivates the relationships to move from cooperation, i.e. the strive to 

coordinate the working tasks within a design project having different objectives for the efforts, to 

collaboration, i.e. the united efforts to achieve a mutual goal. In a cooperative approach all 

competences hold by the actors in the extended enterprise is not used for the benefit of the customer. 

However, the collaborative approach use all competences for the benefit of the customer, thereby the 

knowledge related to customers is also achieved by all actors. The new demands on enabling 

technology for FPD is discussed in the following (right bottom box in Figure 2). 

Integration of hardware and service knowledge into the product development process is challenging 

due to the nature of knowledge focused. Some service related knowledge can be considered as tacit 

knowledge expressed in advices and know-how as well as it is related to aspects about who to trust. 

Some hardware related knowledge can be considered as explicit knowledge expressed in rules and 

procedures. Despite being difficult to identify, service knowledge insists on being formalised to be 

captured into computer support tools. Furthermore, it is not straightforward what service knowledge 
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that is useful to integrate into product development. The integration and collaborative approach calls 

for adapted, communicating and/or coupled computer technologies. The potential for simulations to 

support decisions regarding integration seems high since several scenarios varying from worst case to 

best case can be performed.  

Computer collaboration tools include distributed engineering tools to support co-located design teams 

as well as engineering design specific tools such as KBE tools. KBE tools provide decision support 

internally in companies today. The move toward functional product development creates higher 

demands on collaboration between companies. KBE tools coupled into a system between companies 

increase the possibilities to provide solutions in the design process. For example, information about 

the machine park can be shared with other companies via coupled KBE tools. Companies can use KBE 

tools to automate pre-processing like meshing, run simplified Finite Element simulations or by adding 

machine cost into the KBE tool so the designer will know how much the manufacturing will cost in 

machining hours. Thus, cost in machining hours can be compared with the parties in the extended 

enterprise and decisions to collaborate or not concerning the specific task can be made [Sandberg et al, 

2005]. An alternative is to decide to manufacture in-house or to outsource the manufacturing to 

another company.  

Functional reasoning simulations in engineering design are suggested to support new structures and/or 

rules of combinations being incorporated into a knowledge base [Chakrabarti and Bligh, 2001]. By 

expanding the commitment related to the hardware, the company offering functional products must 

monitor and support the hardware during its entire life-cycle. Feedback from actual use must influence 

the service and the design of next hardware generation. 

It is important to understand that a total offer can trigger technology development processes at 

collaborating partners. The results from these processes, e.g. a new service, software, tool, material, 

can be offered as a total offer itself. If software is to be offered and used in the extended enterprise the 

functionality has to be general enough. Computer tools focusing the design processes are valuable in 

the extended enterprise.

Distributed engineering tools are used to support meetings as well as the actual design work. Members 

of a co-located design team are separated by many barriers including distance, time, organization, 

culture, language and different technical disciplines. Not only formal information such as documents, 

geometry models and other product data must be exchanged – it is also important to support the 

informal information sharing and creation of social capital (knowing who knows and knowing who to 

trust) [Larsson, 2005] considered natural in a co-located team. Distributed engineering work can be 

divided into two levels (1) integration (e.g. data management and infrastructure) and (2) interaction, 

i.e. ICT tools that create a shared workplace across locations and supports interaction between people. 

The integration level is focused on the integration of the low-level communication structure, involving 

the exchange and synchronization of data and information between different systems and partners 

within the extended enterprise. Here, one aim is to support the persistent storage of data, version 

control of design documents, and to show the current state of the design process. Information is 

closely connected to intellectual property within a company. So, information must be exchanged with 

partners within the extended enterprise, but not outside this partnership. 

On the interaction level, computer collaborative support is viewed from a people perspective.The 

diversity in cultures and competencies of the global team can be seen as a valuable asset that adds to 

the creative power of the distributed design team. One challenge for global product development is to 

support collaboration within global design teams, where diversity and competencies of the whole team 

can be utilized and where team members can think together and share information and opinions 

instead of merely dividing work [Törlind et al, 2005]. Accordingly, all competences hold by the actors 

in the extended enterprise is used to achieve the mutual goal to provide customers with the contractual 

functions.
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The trend on internet based tools has also changed collaboration. Instead of utilizing dedicated 

conferencing rooms the engineer can today collaborate from their workplace using software based 

communication tools such as IP- telephony,  video conferencing systems and application sharing. The 

use of tools supporting informal communication such as instant messaging and blogs has increased in 

industry.   

Simulation of total offers has to take all vital aspects of the offer into account in the conceptual design 

of the hardware. Simulations in the concept phase are useful to raise risk awareness and increase 

knowledge about the total offer potential. Due to the implementation of a broader use of simulations, 

simplicity in use without renouncing the security and trust in the computational support is important. 

The integration of services into product development insist on fast and flexible simulations, since 

services are partly co-produced with customers just as needed and at a time and place of the 

customer’s choosing. Simulation of total offers insists on an understanding of how decisions affect the 

offer, the hardware and the service and to see the effects in real time. The result from the simulations 

has to provide useful information for people holding different expertise ranging from engineers to 

market and purchase people. To take into concern the design of all these aspects simultaneously 

governs for close collaboration between divergent knowledge areas. 

Knowledge Market Place represents a virtual place for achieving additional knowledge. Core 

competences from the parties in the extended enterprise can be shared within this interconnectivity. 

Core competences or knowledge and the conventional hardware are different things. Core knowledge 

is related to the design process as such, e.g. the capability to run simulations applicable to a range of 

features, the capability to model and simulate components and relationships. The total offer and/or 

product development may include some areas that are not supported in-house or areas that are 

recognised as missing, but can not be exactly described. Additional knowledge is needed from external 

sources and the knowledge market place offers such resources. It is crucial to know who to collaborate 

with. If every total offer incorporates customised hardware, the answer to that question has to be found 

in each business case. However, one dilemma is if the additional knowledge is not explicitly 

expressed; how can it be found? Techniques for data integration and exchange can be used to create 

the information exchange within the knowledge market place, it is however impossible to store all 

information in one place, so technologies must combine and integrate relevant data from many sources 

and present it in a form that is comprehensible for the users.  

It is technically feasible to create a knowledge market place which can provide additional knowledge 

to companies. Yet, core knowledge is used to design and develop the offer, hardware and services, 

core knowledge are intellectual assets crucial to the company to be viable and competitive. As part and 

parcel of the business, questions about gains and losses need to be addressed. What knowledge sharing 

gives the best pay-back. This issue has to be considered in monetary terms, but also in knowledge 

boosting terms. The collaboration and sharing of knowledge should increase the in-house 

competences, not drain it. Core knowledge must also be protected in such a way that partners can 

utilize the specific simulation knowledge without revealing the core knowledge of the simulation 

process.
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5. Conclusions and further research 

In this paper the purpose was to discuss new demands on computer tools to support decisions in 

functional product development. It has been argued that knowledge enabling technologies can support 

decisions in the early concept design phase as well as through the functional product life-cycle. 

Companies that wants to do FPD are recommended to identify their core knowledge to be able to feed 

input into the design of supportive enabling tools. Parts of company specific knowledge can be made 

available to other companies within the extended enterprise. Knowledge can be made available both 

within the company and across company boundaries.  

The challenge is to share knowledge without draining it and increase company competitiveness . In 

plain text; sharing knowledge should be a win-win situation. Barriers to overcome are; identify what to 

share, how to share it, to find a mutual interface where collaboration can occur. Further research in this 

area would typically consider development of tools and technologies for Functional Product 

Development. 
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1. Introduction

In aeronautics today, manufacturers make extensive use of modelling and simulation capabilities with 

the purpose to design and evaluate specific engineering tasks and related parameters. The objective 

with these activities is to further reduce cost, lead-time and increase quality to strive for greater 

competitiveness, market share and sustainability. In recent years, aeronautics have shown interest in 

the concept of providing a Total Offer (TO) or selling a Functional Product (FP) [Alonso-Rasgado et 

al, 2004] (a.k.a. Product Service System (PSS) [Matzen et al, 2005]). The functional product, 

consisting of both hardware and service components developed simultaneously, provided as a function 

to the customers, calls for a different approach in the development process, i.e. a Functional Product 

Development (FPD) process [Nergård et al, 2006]. The main reason for this is the perspective of the 

product’s life cycle. Instead of components being sold to and owned by the customer, the hardware 

and service provided as FP implies that ownership and thus the risk remains with the manufacturer 

throughout the life cycle of the provided function.

In order to reduce the risk, and make use of the possibilities for continuous product development and 

remanufacturing, companies are moving towards making more use of modelling and simulation 

capabilities not only for the design but also in order to decide whether to offer the product as a FP or 

as a traditional hardware product.

Modelling and simulation methods such as Computer Aided Design (CAD), Finite Element Analysis

(FEA), multi-body dynamics (MBS) and Computational Fluid Dynamics (CFD) are relatively mature 

and extensively used in most product development projects in aeronautics as design and development 

support tools. As these methods are maturing, they are integrated in support tools for engineers, such 

as Knowledge Based Engineering (KBE) applications to a larger extent. However, these support tools 

are still used for the design and verification of specific engineering activities. This perspective 

supports design on a micro (individual activities) level, while on a macro level, with a holistic 

perspective of the product development process (PDP), the individual PD-activates can be seen as 

building blocks of the total system. Although it is possible to use these Knowledge Engineering (KE) 

applications to model the overall macro-level PD-process there are some issues that makes them less 

suitable. The level of detail in KE applications is not interesting in a macro-level model where the 

behaviour and interaction between applications, people, and resources are more interesting. The time 

each iteration takes has also to be considered, due to the fact that a model that takes hours to simulate 

is not suitable for use in a macro-level model where the simulation is run over longer model time 

intervals. Agent-based modelling [Sichman et al, 1998] is an approach where agents (i.e. micro level 

activities) are utilised to build a system (i.e. process) bottom-up by modelling the behaviour and 

interaction of the agents in a certain environment. This approach seems to be suitable from a macro 

level perspective, as information about PD-activities can be included in the agent’s behaviour. The 
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objective of this paper is to discuss agent based modelling and simulation as decision support in

functional product development, and to show example of the approach.

2. Method

The ideas that are presented in this paper are based on experience from participation in a number of 

workshops regarding computer support tools for decision-making and also regarding knowledge 

maturity. The workshop on computer support for decision-making was performed in collaboration 

with participants from academia and a company in the aeronautics industry in Sweden. The workshop 

was held in a future-workshop format. The workshops on knowledge maturity were performed in an 

action-oriented manner, where participants from the same industrial organisation as above elaborated 

on a plausible change to the offer development process. Further, the authors have participated to a 

number of workshops and meetings with a centre for collaboration with industrial partners from the 

manufacturing industry in Sweden. Here these ideas have been discussed and feedback has lead to 

further development and applicability of the ideas. 

3. Area of Application

Usually, PD-activities are just a series of cost accumulation points, in the sense that no profit is made 

before a product is sold. However, there are opportunities to govern PD performance to reduce the rate 

of negative cash flow. The goal is to be as effective as possible and the means to accomplish this is 

awareness of how the life cycle perspective affects the PD-process.

Buxton et al [Buxton et al, 2006] shows that different business scenarios and aftermarket solutions in 

the aero engine industry can be modelled with an agent-based modelling and simulation approach. By 

varying contractual parameters in the agent-based model, such as “usage contracts” (i.e. total offer)

versus traditional offers, different curves, representing payback rates, are obtained. An illustration of 

this may be seen in figure 1.

Figure 1. Payback curves, adopted from Buxton et al (2006). 

The starting point in figure 1 is at the point of delivery (x = 0) of the product. Buxton et al (2006) has 

examined the use of Agent-based modelling (scenario, contract, value-chain, business models etc). 

Buxton et al (2006) assumes a static cost rate for the product development phase (on the negative side 

of the x-axis). This is not representative of the actual product development process, where many 

parameters influence its behaviour and thus its time and cost. The PD-cost rate is therefore more of the 

dynamic sort rather than static and is also influenced by different scenarios and business cases, see 

figure 2. Therefore, modelling and simulating the product development process as well promises to 

examine how the actual PD-process affects both the payback curve and the point of delivery. In the 

TO scenario this means modelling and simulating both the product development and service 

development processes, i.e. the FPD-process, and the FP’s life cycle. 
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Figure 2. PD-cost rate in relation to Buxton’s et al payback curves.

The Functional Product’s life cycle can, in a simplified and holistic manner, be represented as figure 3.

The first step is the proposal development process, where a request for proposal (RFP in figure 3) from 

a potential customer is processed. If a Go-decision is taken on the proposed business opportunity, the 

PD and SD phase of the project can commence. As the functional product is completed, it is delivered 

to the customer. 

Figure 3. A product life cycle from a holistic perspective with offer development, product 

development, usage (after market), and R&D processes in parallel. 

Modelling and simulating the PDP in combination with different business cases and scenarios gives a 

certain forecast as to what the best or worst case is. Modelling and simulating complex processes and 

their interaction have been done within the system dynamics discipline, using state-charts and stock-

and-flow models, to model complex systems with dynamic behaviour. Another modelling technique 

used to model dynamic behaviour is Agent-based modelling and simulation (ABMS) [Borsches, 

2004]. Agents can be regarded as personas with provided properties, rules and limitations, on which 

they base their behaviour and interaction with other agents in the environment (i.e. organisation) they 

exist in. Agent-based models, in contrast to other system dynamics modelling approaches are suitable 

for bottom-up modelling approaches, i.e. building agents in an iterative approach, beginning with just 

a few behaviours and then increasing the agent properties as more information is gathered.

4. Total Offer Readiness Level – a Decision Support

When considering offering a product as a TO, the first thing that a manufacturer wants to know and 

has to decide on is; should the product be offered as a FP? Or, should the manufacturer offer the 

product as a traditional offer? This is where the concept of Total Offer Readiness Level (TORL) 

comes in, to be able to assess and decide whether to take a Total Offer responsibility or not. Ericson et 

al (2007) states a need for a TORL as a support tool for decision makers:

“The total offer calls for integrating a diversity of knowledge areas, e.g., business, design and 

manufacturing, accordingly affecting the product development process in the same way. Besides 
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insisting on coordination and communication in a cross-boundary setting, making the right decisions 

at the right time is vital in this setting.[…] It is not apparent which aspects a tool to aid decisions in 

early design phases of physical artefacts sold in total offers needs to support.” (Ericson et al, 2007, p. 

608)

The Readiness Level (RL) part in TORL implies that concepts of maturity (i.e. Knowledge Maturity, 

Technology Readiness Level (TRL), etc.) are used as decision support, to assess the quality of the 

knowledge about the Product Development activities. TRL [Mankins, 1996] is a concept developed by 

NASA and adopted by parts of the aerospace community, where using generic sentences to prescribe 

development and testing activities needed to mature a technology.

Knowledge maturity [Johansson et al, 2008] is a concept where team members use criterion to assess 

level of knowledge in decision content and rationale and thus instilling confidence in decisions.

A technology may be very mature and easily applied, i.e. a high TRL. However, the person applying it 

can have a low level of knowledge about the effects of applying the technology, i.e. low knowledge 

maturity. These are two components that are important to utilise in the TORL decision support. 

To be able to make a model of the proposed TO/FPD-process and the results and effects of its 

simulation on the FP-life cycle available to decision makers, a visual representation of TO feasibility 

is needed. Hence, a concept of a Total Offer Readiness Level has been developed as a research teaser 

in order to gain further input and feedback from industry.

The demonstrator (see figure 4) is developed in Microsoft Excel and shows the steps that are needed in 

a product development process with four gates that have to be passed in order to realise the total offer. 

Each activity in the PDP features up to nine levels of readiness that are manually filled in if it is 

fulfilled or not compared to a pre-decided GO-/NO-GO-level. The GO-/NO-GO-level corresponds to 

the amount of risk the company decides is suitable at a certain point in time. 

This demonstrator show the main idea of TORL decision support, but everything is manually set in 

real time and does not show the dynamic interaction between PD activities. In order to examine the 

dynamic behaviour, a more simulation-orient approach is needed. Below, in section 5, follows a 

discussion of how to represent this in an agent-based model.

Figure 4. First demonstrator of Total Offer Readiness Level (TORL).
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5. Agent-Based Model

As a discussion about the relation between the TORL and Agent based modelling of the PD and SD 

processes the following example is given: Consider a product development process (the information in 

the generic process is inspired from previous studies and work) that consist of a number of overall 

activities as shown in figure 5.

Figure 5. Excerpt of FPD process showing activities for design of an aero engine component.

These are the essential steps that summarises a company’s product development process in order to 

design and manufacture an aero engine component. Breaking down the design activity into smaller 

more detailed activities of the Concept Design phase you end up with three activates; Design Analysis, 

Manufacturing Analysis, and Cost Analysis that are necessary to generate a number of concept that 

later on can be further developed and evaluated. At this early concept design phase the designer 

decides whether to use one of two different manufacturing processes; casting of the whole design or 

manufacture a number of parts that are to be fabricated (welded) together into the same geometry. 

The details in these analyses can vary from coarse (based on designer experience) to very high detail 

(advanced KE and CAE-support tools). This corresponds to a micro-level perspective, that is, high-

level of detail. Although on a macro-level, using Agent-based modelling some of these details are not 

suitable. Table 1 shows a comparison of the differences in parameters between the micro-level and the 

macro-level.

Table 1: Moving from micro-level to macro-level perspective.

Micro-level activity Micro-level parameters Macro-level parameter Macro-level activity

Boss Design Hole width, boss shape, 

boss height, inside or 

outside, surrounding 

geometry, load case, 

amount of heat, connecting 

geometry. Analysis output

Time, resources, cost, level 

Knowledge maturity, level 

of TRL, information needed, 

communication needed. 

Information output. 

Activities needed

Boss-design agent, FEA 

agent, Cost agent, 

Knowledge Maturity 

agent, Etc.

FEA-analysis Start geometry, adapted 

geometry, load cases, 

flows, heat, etc, number of 

computers needed, 

software needed, expertise 

needed, create analysis 

model

Time, number of computers 

needed, Area of application, 

knowledge and information 

needed, time for setup, time 

to model, time for 

simulation,

FEA agent, Cost Agent, 

etc.

Agent representations of all these activities do not have to be created. For instance only one Agent 

have to be created that is specialised in calculating i.e. cost. This agent calculates cost in any place, at 

any time but depending on the application and activity (i.e. context) it analyses, its cost calculations 

are adapted. This also corresponds to an Agent that specialises in analysing and representing FEA. 
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Depending on e.g. geometry and area of applications, the Agent uses different types of FEA-

representations of the analysis performed.

In figure 6, an agent-based version of the TORL decision support, of the example PDP (figure 5) is 

shown. The model has been implemented in the commercial simulation software XJ Technologies 

AnyLogic 6 (www.xjtek.com). The bottom-left, top-right, and bottom-right quadrant shows the agent-

based representation of the process, a FEA agent, and Cost agent respectively. These representations 

have been modelled as separate agents with individual behaviour. The process agent is modelled to be 

the governing model that calls upon other agents as needed. The process agent uses a state-chart to 

replicate the steps in the PDP. The process agent can be changed in the way the user see fit and calling 

in other agents that are necessary to perform the PD-process. If the amount of Agents is not 

satisfactory an arbitrary number of Agents can be replicated, which in real life would correspond to 

changing the amount of resources that is available. It should be noticed that the process agent does not 

explicitly send messages or information to another specific agent; instead it sends messages to the 

environment. The agents have been programmed to only accept messages that are of use to them and 

otherwise they “bounce” the message back to the environment and thus instilling a more autonomous 

behaviour in the system. When an agent accepts a message it is taken care of by the receiving agent 

and the overall process is paused in the state that sent the message. The activated agent performs its 

internal activities and when finished sends a “READY” message back to the process agent that 

continues with the next step in its state chart.

Figure 6. Screen dump of Agent-Based Model of the TORL decision support.

The top-left quadrant shows the graphical user interface (GUI) where different curves representing 

FEA-readiness, Cost Readiness relate to a Needed Readiness Level. This is the equivalent to the 

TORL Excel user interface from figure 4. 

http://www.xjtek.com
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6. Discussion and Conclusions

This paper has shown that modelling the FPD process using agent based modelling and simulation is 

one way to approach the realisation of a TO decision support. Specific activities and their interaction 

can be modelled in the PDP. The information exchange and communication occurs between different 

types of agent, thus enabling the representation of a high degree of a complex process, with a diverse 

set of activities, i.e. engineering activities, business activities, etc. It has also been shown that micro-

level activities and their level of detail can be described at a coarser macro-level of detail using state-

charts and variables to represent the behaviour of the activity. This approach enables us to represent a 

nearly infinite variety of agent behaviour.  

Who should do this then? We believe that the individual engineers performing each activity (at micro-

level) can contribute by formalising their work process into executable agents in a bottom up 

approach. However, there is a need to standardise the parameters and variables that are used and 

searched for. 

To conclude, the nature of total offers is that they entail more components (physical artefact, service, 

software, etc.) than the traditional product construct. Hence the tools for modelling and simulating the 

extended product construct, i.e. the functional product, require an extended tool set. Here agent based 

modelling and simulation appears to be an enabler for assessing TRL and Knowledge maturity in a 

customised FPD-process. 

8. Future Work

There are a number of interesting scenarios that is of interest to explore in the directions of future 

work in this area. 

Exploring and modelling the use of planning for upgrades already in the development phase, i.e. if you 

forecast the life cycle you can plan for upgrades and thus streamlining hardware development in 

relation to technical developments in R&D phases, meaning that some technologies might be easier to 

develop and mature at a later stage in the life cycle.

Further, modelling the collaboration between partners in a virtual enterprise, or another value chain 

collaboration setting, is interesting to explore how partners should align their individual development 

processes for the benefit of the collaboration. Companies form virtual enterprises not for fun, but 

because they can utilise their collective capabilities and knowledge to form a better product offering 

together. 

As described earlier, Buxton et al (2006) models aftermarket activities in a value chain. It would be of 

interest to connect this with the modelling of the product development phase described in this paper to 

explore more closely the interactions and impact on vice versa.

A challenge with modelling in general pertains to making implicit information explicit so that it can be 

structured, formalised and thus modelled. This forces developers to formalise tasks to a greater extent 

than before. 
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TOWARDS LIFE-CYCLE AWARENESS IN DECISION 

SUPPORT TOOLS FOR ENGINEERING DESIGN

ABSTRACT
In this paper a decision support tool is outlined and discussed. Decision support tools for the early 

design phases are few and especially tools that visualize the readiness level of activities throughout the 

product life-cycle. Aiming for the sustainable society there is an indication that business-to-business 

manufacturers move toward providing a function rather than selling off the hardware and providing 

separate services. This increased responsibility for the function provider implies that early phase 

development needs intensified life-cycle awareness to minimize cost and maximize customer 

satisfaction. Aspects to consider when developing a multi-disciplinary design support tool for the early 

design phases are presented in combination with an example scenario with additional figures.

Keywords: decision support, product life-cycle, early phases, collaborative engineering

1 INTRODUCTION

In an objective for product success in the sustainable society, business-to-business manufacturers 

move toward providing a function rather than selling hardware and providing separate services. The 

vision is that the customers only pay for what is needed in a resource effective manner. This implies 

increased risk for the function provider being the owner of the physical artifact and having the life-

cycle responsibility. Life-cycle responsibility means increased opportunities as well as risks and 

companies organize them self in an extended enterprise to reduce the risk and also to gain knowledge. 

By aiming for integration of the industries in the product development consortium, the extended 

enterprise, there is a need for win-win solutions, as companies need to collaborate closer and share 

company specific knowledge. This early development is known as functional product development 

(FPD) and it has been recognized that one enabler for FPD is the use of more integrated computer 

support tools to support the product development process during the products lifecycle [1][2][3].

However, the earlier in the development process the fewer support systems are available due to the 

uncertainty and ambiguity of conceptual design [4]. Focusing on computer-based design decision 

support for life-cycle awareness Gu and Asiedu [5] state that most support systems concentrate on 

design and manufacturing functions. But to enable a true GO/NO-GO decision to be made, the 

decision base needs to simulate or automate technical feasible and practical viable life-cycle 

components. Thus, the purpose in this paper is to describe and discuss a suggestion for a decision tool 

aiming to support a multidisciplinary functional product development team.

2 DECISION SUPPORT FOR PRODUCT LIFE-CYCLE ANALYSIS IN EARLY 

PHASES

In early design, uncertainty is high and the cost impact of design decisions is often seen too late in 

downstream product development, [6]. Barton et al. also emphasize the importance to evaluate the 

actual state and a predicted future state of a company, rather than an idealized view. Therefore life-

cycle analysis concentrates on how to provide comprehensive decision bases for design. A review of 

state of the art in product life-cycle cost analysis has been done by Asiedu and Gu who report that 

most approaches tend to concentrate on design and manufacturing [5]. Asiedu and Gu also stretch the 

need for design decision support tools that can provide understandable and usable information in a 

timely manner. The state is also that the earlier the design the fewer design decision support systems 

[4]. Wang et al. also identifies the importance of capture and re-use of earlier design and the challenge 

of agreeing on an ontological commitment to enable in depth communication. Nergård et al [7] outline 

the requirements for a knowledge intensive decision base in functional product development in general 
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and emphasizes the need for business and engineering integration both internally in each company but 

also between partners in the extended enterprise. A research gap for further detailing the decision 

support requirements for a design phase that is moving towards functional product development is 

evident.

3 RESEARCH APPROACH

3.1 Future workshop
A workshop following the Future workshop methodology, a workshop model intended for 

participative software development, was done to find needs of a Swedish aerospace company 

regarding decision support in early design, [8]. A total of 12 persons participated where 8 were 

company staff with design, manufacturing, business and marketing positions. Four PhD students 

represented the academia with research topics covering knowledge integration, knowledge 

management, knowledge engineering and manufacturing within engineering design. The synthesising 

of the team was influenced by the Tiger team approach [9]. Several months after the workshop, two 

telephone interviews with two company participants from the workshop were made with the intention 

to initially validate the findings. 

3.2 Findings from the workshop
The main finding is that there is a need for an extensive decision base to make the right decisions in 

early development, especially when moving toward functional product development and the increased 

company responsibility thereby created. Ideally this decision base needs to, among others, generate a 

design decision base that is coupled to the business agreement, knowing when information is valid, 

outline company capacity, process status, swift requirement break down from business contract to 

engineering feature and prediction of material cost on long term basis, i.e., five years.

3.3 Chosen point of view 
The overall finding from the workshop, namely how to generate and visualize a design decision base 

that is coupled to the business agreement is the focus for this paper. 

4 APPROACH FOR LIFE-CYCLE AWARENESS IN DESIGN DECISION 

SUPPORT SYSTEMS

The presented approach, total offer readiness level (TORL), builds on an idea that it is possible to 

visualise the life-cycle readiness level of a design and the involved life-cycle activities and use this 

readiness level for decision-making. An example scenario based on the findings from the Future 

workshop is given to further elaborate the approach. The vision for TORL is that is should be a 

computer based decision support tool, yet not finalized. In the study presented here a number of 

demonstrators have been developed and has served as ‘teasers’ in workshops to progress the research. 

The discussion here is based on those demonstrators.

4.1 Readiness level
Technology readiness level is metrics some companies use as a measure of the risk of launching new 

technology, see [10]. The approach presented here, TORL, is based on the belief that it is possible to 

visualise more aspects of the readiness level than only technological by creating a life-cycle readiness 

level of the total offer. A network of all company activities connected to the design can be visualised 

as well as additional activities from subcontractors involved in the extended enterprise.

The TORL for a certain company is suggested to have a general structure that is intended to suit most 

of the company product life cycles. When starting a development project the general TORL structure, 

or a known structure for a similar design, can be used to write or edit information for all activities 

known by the user. The fields where information is lacking or a problem arises, alerts the user and 

thereby affects the readiness level negatively. This information is based on the customer requirements 

and also company processes. If partners in the extended enterprise are involved in the development 

process the partner information and processes that are used also have to be visible in the TORL. 
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To enable swift prediction of the activities in the life-cycle deterministic couplings can be used 

through e.g. solving mechanistic equations or using rule-based algorithms or logic. Sometimes the 

input cannot be described as discrete values and may then be expressed as a range of possible values, 

thereby increasing the uncertainty compared to validated discrete values.

The first thought was to disseminate the TORL at gate-reviews where Go/NO-GO decisions are made. 

However the TORL can be disseminated at any time due continuous update of its parameters. There 

can also be different levels of readiness to be evaluated at each gate in the stage gate process. A design 

team that have decision power and competence to understand the TORL output does the GO/NO-GO

decision. An example of how a main level visualisation could look is given in Figure 1. Here three 

readiness levels are used (green, orange and yellow almost horizontal curves) and a number of 

parameters are plotted as columns against the readiness levels. The readiness level represents the least 

readiness level that a life-cycle activity needs to have in order to pass the gate. The intention with the 

example shown in Figure 1 is to show that a TORL could include many parameters and a lot of 

information rather than making it possible to read all details of the figure. A simplified view coupled 

to a scenario can be seen in the next section.

Figure 1. An example of a total offer readiness level view

4.2 Aerospace example scenario
An example scenario based on the findings from the workshop is here created to further explain the 

proposed approach for the TORL. A designer’s view TORL visualisation in both 3D and 2D is shown 

in Figure 2. Each block and column represents separate life-cycle activities. The connections between 

blocks represent relationships between activities. The relationships can be hierarchical in a top-down 

structure but might as well be interrelated and/or dependent of each other. The different colours (in 

Figure 2 shown ranging from white to black) represent the range of how much of the set readiness 

levels have been achieved. White represent that the activity have met the set readiness level and black 

the least achieved level.  Using 2D charts of the activities and their relationships give an increased 

understanding of which upstream or downstream activities are affected if a set level of readiness in an 

activity is not achieved. Also note that in the 3D chart the different columns can have different heights 

although having same level of readiness (i.e. same colour). This is explained that each activity can 

have different Go/NO-GO readiness levels, that is, one activity can have a value of 5 as a GO-value 

while another have 8 but both can have the colour grey to show that none of the activities have 

reached a sufficient level of readiness.
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In the scenario a design team is using computer-aided design (CAD) software to generate concepts for 

a design feature during the early design phases. Knowledge and information as well as a TORL model 

regarding a similar feature from previous projects are available as a first start. 

The team uses the feature from the previous project and changes the material from e.g Inconel 18 to 

Titan 64 finding that the purchase activity in the TORL alerts (see the grey 2D boxes in the design 

view of a TORL in Figure 2). A live coupling to the purchase function shows that component cost is 

OK but the availability of Titan 64 cannot be met (thereby the black Availability block). In an attempt 

to cope with the lack of material the team changes the manufacturing method of a specific geometry in 

a way that has not been performed before, e.g. small forgings or castings are welded together. This can 

be seen due to the lower readiness level of the manufacturing function. Although it is not the welding 

and heat treatment activities that affects the lower level of readiness of the manufacture activity, it is 

due to that the geometry that now will be fabricated have to be machined in way that haven’t been 

fully investigated. Simulations have to be created and performed in order to verify the process thus 

increasing the total lead-time. Also, the recycling activity is affected by the shift to Titan 64.

It is now up to the design team to decide whether the material availability and increased lead-time can 

be accepted or if there is a way to change the geometry to overcome these issues.

Figure 2. Example of both 3D and 2D TORL design feature breakdown.

5 ASPECTS TO CONSIDER

An approach to visualize the readiness level of a design has been outlined to spur the ongoing research 

work on product life-cycle decision tools. There are a number of aspects to consider creating a 

working TORL. Here issues of setting the readiness level, enabling technology, business function 

coupling, visualisation, business aspects and knowledge management discussed.
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5.1 Setting the readiness level
One aspect to consider is how to ”set” the readiness level. If the readiness level is based on previous 

projects the previous goal and how well the final product suited that goal can be found. If the goal was 

met or exceeded the readiness level can be raised or kept at the same level. The readiness level is also 

dependent on the visions and goals of the company and can be affected by new laws, policies etc. 

The readiness levels as seen in Figure 1 (green, orange and yellow) are represented as somewhat

straight lines, however these lines can be functions that vary in amplitude. Thus the readiness level can 

vary between different activities in the company.

5.2 On the issue of enabling technology
To make an exhaustive description of enabling technology is out of the scope for this paper, yet based 

on the findings from the workshop, some areas are identified as useful.

The information of the TORL could be collected into a spreadsheet to allow for intuitive interaction 

between user and computer as shown in Figure 1. But to integrate all life-cycle components the 

architecture for the information backbone system has to be defined. Pejryd and Andersson [11] make a 

comparison of using either an enterprise resource planning (ERP) system or a product life-cycle 

management PLM approach as an information back-bone system for 3D-CAD-based development and 

state that PLM systems are currently more suitable for early stages. Another addition is that the 

information, not only, becomes available for different kinds of users but also become visible in their 

“native” view or language thus increasing the life-cycle awareness throughout the company or 

enterprise. This calls for company ontology to promote knowledge communication.

A major information-generating source is projects, why project portals need to be integrated with the 

CAD environment of the company. If project team sites can be updated with design rationales it is 

possible that information can be found and used in other projects. Techniques to find the appropriate 

information, for instance data mining or data harvesting, may be suitable to integrate. 

Models need to be created for swift and overarching predictions of for example performance, 

manufacturability, maintainability, cost in general and other life-cycle activities related to the design 

as well as the wanted business agreement. Methods such as finite element analysis, knowledge-based 

engineering and case-based engineering can drive design activities, [12][13]. The use of ontology [14]

is seen as essential if companies are going to be able to handle the increasing amount of information 

and to guarantee that it is updated and valid. Also using modelling software to create meta-models of 

the life-cycle activities is seen as an enabler due to the fact that the modelled activities can be 

simulated and disseminated.

5.3 Visualisation
One of the main issues in the TORL is how to make an intuitive visualisation of the life cycle. How 

can a designer see that the product life cycle is acceptable, excellent or unacceptable? Colours are not 

used in the figures presented here otherwise using the colours of a traffic light may be useful. The 

function with lowest readiness level can shine in bright red and the change of colour could be done 

continuously as the columns move closer to the highest readiness level. Another aspect of combining 

2D and 3D charts is that if enough details are incorporated into the model the columns create a 

surface, which can be further analyzed with various analytical methods.

It would also be beneficial if the rate of change in the affected functions could be visualised in order to 

see not only that the function is affected, but also if it is a large or a small change. In this way the 

robustness of the design can also be evaluated. As an example; if two design changes are made and 

both changes affect the same function in a negative way there is no way telling the changes apart. 

However, if the rate of change in the affected functions can be visualised the design change with 

slower rate of change is more robust than the other, thus a better choice.
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5.4 Business aspects
The design needs to be anchored in the business agreement. When making a business agreement often 

several plausible subcontractors are asked for prices and their companies’ capacity need to be assessed 

to make a GO/NO-GO decision. If connections between design and business agreement can be created 

in a TORL plausible subcontractors from the business agreement can be evaluated by assessing the 

costs for e.g. manufacturability etc.

The ongoing discussion of making available information earlier to make better decisions can gain from 

looking at using the TORL in the offering phase before development starts. The TORL starts from the 

design and seek to visualise the life-cycle impact of design decisions. To allow a business view of the 

TORL business staff need to contribute to the structure and information.

The closer the business offers is a traditional offering, e.g. a physical artefact transaction, the more 

likely it is that the TORL will give correct results as the TORL idea is initially based mostly on 

knowledge from working with traditional product development. Therefore, it seems beneficial for 

companies to develop product derivatives, i.e. products that to a large extent are similar. However, 

moving towards functional product development there may be larger differences between product 

generations, but also more elements of innovation. The TORL is suggested to be vital here, due to that 

it can visualise the activities that have not reached the readiness level. It can then be used as a strategic 

tool focusing on what areas to improve.

The idea of integrating every function of the company connected to design can be seen as a daunting 

task, and is also not the intentions with TORL.  The TORL can be swiftly developed on the highest 

level, and the potential for a life-cycle overview is created. When only developed for the highest level 

there will probably be few, if even one, activity that is ready for a GO-decision as the underlying 

connections are not defined. The TORL can then guide the company through the network to find the 

gap of maturity and seek to fill the gap.

5.5 Knowledge management
Workflow systems can be an enabler for maintaining the dependencies described in the TORL, [15].

To always have the latest information coupled to the TORL several persons need to be able to edit the 

information instead of just one knowledge engineer which sometimes is mentioned as beneficial in 

knowledge-based engineering situations, [16]. Although, the idea of the internet dictionary Wikipedia, 

[17], where everyone can change the information and discuss the contents with other users, may lead 

to a constantly updated information database. Yet, not totally adapting the Wikipedia way, it can make 

it possible for individuals at each company function to edit the information, and can be a feasible 

approach. For example, in the aerospace example there is a need for at least one person from the 

purchase function to manage the updating of material availability and price. This connection between 

design and purchase might be realised by connecting engineering and resources activities as discussed 

by Pejryd and Andersson [11].

The TORL will also need swift and overarching simulations to generate a decision base on time. New 

deterministic relationships for predicting main trends may need to be identified.

Design concepts generated by using TORL need to be chosen among and this can be done using other 

design decision support tools used in product development [18].
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6 CONCLUSIONS

This paper proposes an approach to make design teams aware of life-cycle issues during early design. 

These issues become even more important as manufacturers move towards increased life-cycle 

responsibility. The contribution from this paper is the outlining of a TORL that can provide a decision 

base visualisation from which a GO/NO-GO decision can be made. It has been argued that it is 

beneficial to also visualise the rate of change in addition to the fact that functions are affected in order 

to tell design changes apart. The TORL have been discussed from a designer’s point of view, however, 

the TORL are thought of as being used of many different roles and views. This paper provide an initial 

description of the approach as a part of the intentions to enhance it further and develop a prototype to 

enable field test and validation.
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ABSTRACT
In this paper empirical finding from a study conducted at an 

aerospace company is compared to theory regarding Experience 

Feedback (EF), Lessons Learned (LL) and Decision Making 

(DM). The purpose with the study was to examine how EF 

within the organization was conducted and what problems and 

possibilities that was seen. A qualitative approach was taken 

and interviews and a workshop was conducted. The empirical 

findings show that EF exist on different levels within the 

organization but current feedback processes are currently 

leaning more towards archiving and storing than knowledge 

sharing and learning. Also passive dissemination approaches 

are mostly used whereas active dissemination within the correct 

context is needed The aim with this paper is to discuss issues 

and empirical findings that should be considered when creating 

work methods and systems that support learning by EF and LL

dissemination.

NOMENCLATURE
CAD – Computer Aided Design

DMS – Document Management System

DM – Decision Making

DS – Decision Support

ED – Engineering Design

EF – Experience Feedback

ERP – Enterprise Resource Planning

KBE – Knowledge Based Engineering

KE – Knowledge Engineering

KLC – Knowledge Life-Cycle

LL – Lessons Learned

PD – Product Development

R&D – Research and Development

INTRODUCTION
Industry is experiencing an increased competition making it 

challenging to stay ahead by technological advantage, and 

opportunities ending up in business with smaller margins. As a 

strategic shift industry is turning towards competing with 

knowledge and extended offerings [1] in order to ‘do faster, do 

better, do correct’ and gain advantage over competitors [2]. In

the past, industry focused a lot to make the manufacturing 

process faster, better and more robust. One of the issues was to 

increase productivity with maintained or increased quality of 

the final product. To achieve this, methods have been 

developed to make the design and manufacturing more 

effective and faster. Not being able to compete solely with 

production effectiveness, the race has turned to make the 

products and offerings more innovative. 

Innovative design creates new demands both at the product 

development process but also on the manufacturing process. 

Thus, novel ideas regarding manufacturing processes have to be 

developed simultaneously. 

Future manufacturing systems have to be developed and 

adapted for rapid and agile production due to that innovation 

have become more common from project to project. That is, 

many projects starts afresh, calling for deeper insights in what 

is similar to previous projects and what is really new, and how 

customer value is addressed. The increased pace of innovations 

between project-to-project makes it important to reuse 

knowledge and experience. This means that efforts to improve 

process efficiency focus product development and research and 

development (R&D) processes, rather than production 

processes, by managing knowledge and experience from 

ongoing and previous projects making it available throughout 

the development process and beyond. Hence competition based 

on knowledge and competence in early development and 

innovation has come into play [3].
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The idea is that experience feedback and lessons learned 

systems increase efficiency, by ‘knowing what we know’ [4] so 

that project start-up time can be reduced and that the solution 

space increase while at the same time avoid repeating problems

[5]. However this is hard to do. The tendency, to not be able to 

reuse knowledge and experiences between projects creates an 

increased pressure on the way employees work through out the 

product life-cycle. New tools and technologies have been 

developed over the years to help shift the work environment for 

the designers from physical to virtual environments, e.g. 

Computer Aided Design (CAD) and analysis software but also 

documentation and communication tools. However, the actual 

process of transforming information into knowledge, i.e. the 

thinking process has not been transformed. 

There is a need for increasing the effectiveness of the 

innovation process, by capturing some of the aspects of 

experience based knowledge. One-way of doing so is to raise 

the knowledge baseline for the employees. A way to raise the 

baseline is to take care of knowledge and experiences that 

employees have regarding their profession, work environment 

and the products and services they are developing, and then 

communicating it to others that are in need of this kind of 

knowledge. The reuse of knowledge as-is is one aspect but also 

important is to be able to reuse parts of the knowledge so that it 

can be applied in a similar or new context. LL are one way of 

doing this. This includes both explicit but also tacit knowledge 

[6].

The aim with this paper is to discuss issues and empirical 

findings that should be considered when creating work methods 

and systems that support learning by EF and LL dissemination.

THEORY
In Engineering Design (ED) [7]; Knowledge Engineering 

(KE) [8].  approaches have been used extensively to increase 

the efficiency of the design process Creating a design is not a 

problem, i.e., creating a design and disseminate the change 

through out the organization. But to know what, how and why a 

certain design or solution is the way it is and feedback it to 

current or next generation of products or processes is. This 

shows the difference between storing documents and 

organizational learning. The information stored range from 

product-, process- and business models, documents, analysis 

models and results, research data, communication, 

presentations, pictures, video, LL and design recommendations. 

In this paper documentation regarding LL and experience is in 

focus.

The data stored in documents etc. is just data until it have 

been interpreted as information, which in turn require some 

background knowledge and understanding [9]. Documents 

often contain knowledge that can be easily expressed, i.e. 

explicit knowledge, whereas tacit knowledge is not as easy to 

formalize into clear and understandable documentation. LL has 

been used as a way to capture and store knowledge and 

experience for later assessment and reuse. As most other things 

existing in the world, knowledge also has a life-cycle. The 

knowledge life-cycle (KLC) described by Blessing [10], Stokes 

[11] as well as Nuzzo [12] show similarities with the Lessons 

Learned Process stated by Weber [13].

• Blessing � Capture, Learn, Store, Retrieve, Use, 

Generate, Outside sources (between Use and Capture)

• Stokes � Identify, Justify, Capture, Formalize, 

Package, Activate

• Nuzzo � Identify, Capture, Store, Access, Share, Use, 

Learn, Generate and Acquire

• Weber � Collect, Verify, Store, Disseminate, and 

Reuse 

What they have in common is the formalization of explicit 

and tacit knowledge into formal models [5], design rules [11] or 

design recommendations that may be implemented in 

computerized systems, such as LL- [14], KE-[15]  or Decision 

Support (DS) [16] systems. Stokes [11] focus more on the 

capture, formalization steps of the KLC when creating 

Knowledge Based Engineering (KBE) systems, whereas 

Blessing and Nuzzo also focus the more human issues such as 

learn, generate and acquire. Formalizing knowledge and 

experience and storing it within computerized systems is done 

with the purpose to make it available and accessible, 

independent of both place and time. However, experience is 

communicated in natural language, that is, speech 

(synchronous) or texts (asynchronous) [17], which introduce a 

problem with computerized knowledge and experience 

collection due to that text is hard to retrieve (computationally 

with algorithms etc.) with precision and recall [13]. Here 

precision means that many non-relevant lessons are retrieved 

and recall means many relevant lessons are not retrieved. The 

reuse of knowledge and experience is also hard due to that 

before an experience or lesson (documented in textual form) is 

really understood the documents (essentially data) have to be 

assessed for relevance and also interpreted, which in turn 

require knowledge of that domain. Interpretation also involves 

subjective opinions and the intent with the document can be

misunderstood. 

A LL process of organizational knowledge contains the 

phases [13].;

• Collect 

• Verify 

• Store 

• Disseminate

• Reuse 

However at the same time “A knowledge-intensive 

environment cannot rely on a knowledge use-cycle […];

• Capture

• Store

• Retrieve

• Reuse
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[…] Reuse is too limited because it suggests that the 

knowledge being used does not change” [10]. This introduces a 

dynamical problem with EF and lessons reuse. That is, captured 

and stored lessons have to be managed, validated for relevance, 

checked for redundancy and eventual changes have to be 

updated and disseminated within the organization.

Another problem with LL systems is that most of them are 

stand-alone architectures [13] that forces lessons to be 

disseminated and reused outside the usage context or 

environment. The standalone architecture also makes the user 

responsible for lesson dissemination, which puts the following 

assumptions about the user [13]:

• The user has to know that repository exist

• The user have to believe that the system will offer 

useful lessons 

• The user have to believe that lesson reuse is beneficial 

• The user have to know where and how to access 

repository and 

• The user have to have the time to access it and learn 

how to use it 

Categories of different types of dissemination sub-

processes where users search for lessons in standalone retrieval 

tools exists; 

• Passive dissemination 

• Active casting 

• Broadcasting 

• Active dissemination 

• Proactive dissemination 

• Reactive dissemination 

Dissemination where the system remains passive is the 

most common type while active, proactive, reactive 

dissemination has only been tried out in research projects [14].

Conducting Product Development (PD) projects involves 

taking a lot of decisions, hopefully, based on facts either created 

afresh (as in completely new PD) or from previous experience

in either tacit or explicit form. Decision Making (DM) theory, 

as presented by Mintzberg [18], suggest that there exist three 

approaches to DM; thinking-first, seeing-first and doing-first. 

Thinking-first, which possess the characteristics of “the 

verbal” and “facts” is more or less explicit knowledge [6] and 

experiences that can be easily translated into rules and design 

recommendations, i.e., documentation that can be captured and 

stored easily both in written and in more technical formal 

formats [5].

Doing-first, has the characteristics; experience, which 

involves “…experimentation – trying something so that you 

can learn”. Doing-first involves; 

• Enactment – (doing various things), 

• Selection – (which works, making sense of that) 

and, 

• Retention – (repeating successful behaviors while 

discarding the rest.). 

Seeing first involves four steps of creative discovery;

• Preparation - involves deep knowledge developed 

over the years.

• Incubation - means that the unconscious minds 

“digest” the information.

• Illumination - involves seeing something that 

triggers the mind into a flash of illumination or 

insight.

• Verification - the logical mind returns to verify the 

insight and make logical arguments, which can 

take time. 

Although Mintzberg is talking about DM from a business 

perspective the ideas regarding thinking-first, seeing-first and 

doing-first is also applicable in product development where 

designer make decisions all the time. But can thinking-first, 

seeing-first and doing-first be applied to LL and EF? 

METHOD

Industrial Context
The research has been performed at a company that is 

developing and manufacturing capital-intensive products and 

services in the aerospace industry for a global market.  

Commonly, there is a difference from product development as 

presented in literature in terms of the processes. That is, the 

early phases as presented in the literature are part of the overall 

development process. In this company the early phases are 

separated from ‘development’. Due to the company providing 

high-tech solutions for the aerospace industry, innovations and 

new and not verified or validated technologies and methods are 

managed in a Research & Development (R&D) process. In the 

real case, product development is ‘production’ and national and 

international laws regulate the documentation and ‘traceability’ 

of information as well as certification of the technologies being 

used. That is, if information is needed it is documented and can 

be found. But, as this study highlights, the retrieve processes 

does not support everyday work. Here the need for more 

effective processes is found. To achieve this development 

projects are part of the work at R&D. Each development project 

has an internal Teamsite [19] that is used for storage of project 

documents and as a communication area. The projects also have 

access to an external site called Teamplace [19], here personnel 

involved in research or extended enterprise work (for instance 

affiliated partners and academia) can access and store files. 

Several different systems for documentation and archiving 

purposes are used, both digital and ‘physical’, e.g., binders and 

drawings, storage are used. The digital systems are large 

propriety systems developed by external companies (off the 

shelf systems). The IT-department at the company is 

responsible for maintenance and updates of the systems, but 

they also occasionally perform some customization of the 

systems. 

Data generation
A novel manufacturing method and its application has been 

used as a case for the study. The studied case is currently in the 
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R&D phase but is soon to be deployed into production, which 

is the reason why it was chosen as suitable case for studies 

within the topic of EF and LL.

In general, data for the study presented in this paper has 

been generated during informal and formal meetings with the 

manufacturing company. Besides semi-structured interviews 

[20], participatory observations, i.e., observations in 

combination with questions [21], have been performed. This 

has made it possible to generate data about how engineering 

work is conducted today and, also, provided for an 

understanding about manufacturing processes used in the study.

For this study, the company has been visited on three different 

occasions, in addition to a workshop session. In the workshop 

the topic was ‘experience feedback’. Six people representing 

capabilities in the final manufacturing process from the 

company participated in the one-day workshop. The workshop 

was inspired by a ‘future workshop’ [22]. The group in a future 

workshop should include people who will get in direct contact 

with the tool that is going to be developed. Accordingly, people 

from the development department represented industry. A 

future workshop runs in three phases, critique (of the present), 

fantasy (wishes for the future) and implementation (what is 

possible today), however here the phases in the company 

workshop was adapted into the phases ‘now’, ‘wow’ and ‘how’ 

[23]. In general this approach is in line with a ‘future 

workshop’, but is performed as a creative session where the 

participants actively work with Post-its’, interact and build on 

each others’ ideas. Further, the implementation in a future 

workshop and the how phase differs, the how phase is designed 

to provide for solutions to be initialized and grounded in the 

participants own ideas. In my view, the implementation phase 

in a future workshop focus on categorizing and ranking the gap 

that has been found between the critique and the fantasy phase. 

Hence not providing for enhancement of the ideas from the 

fantasy phase.

EMPIRICAL FINDINGS 
The study has shown that there are different levels of EF. 

The three levels can be categorized as 

• Within projects

• Between active projects

• From previous projects

Within projects is categorized by personnel working close 

together in teams often in an open workspace where there is 

awareness and knowledge of who does what, when and why 

etc. Personal contacts and face-to-face discussions are 

dominant in the way knowledge and experience is transferred. 

Between active projects is characterized by formal and 

informal meetings, phone calls, mail conversations and a 

typically detached situation. Knowledge about where to find 

information about an active project is characterized by personal 

networks in the first, second and third hand, where knowledge

on company processes is key.

From previous projects means looking in archives or 

reading white papers regarding an ended project. The teamsite 

that was once used is closed so awareness of who was involved 

in the project almost becomes a necessity in order to find 

information. The time lag makes it apparent that staff turnover 

creates a possibility for knowledge loss since people from 

previous projects might have quit or forgotten details of the 

previous work that was not stored formally.

Projects here mean different R&D projects, but knowledge 

and experiences from previous projects are also documented in 

reports, white papers and LL. As described earlier, each 

different project within the R&D environment has its own 

teamsite where documentation regarding the R&D project is 

stored, in a file structure that change between projects. The 

intranet can be used to search for available projects but 

respondents feel that systems are hard to use and complete 

documentation cannot be accessed without access permissions

from teamsites of interest, which also may be restricted by 

contracts. When workshop participants talked about the current 

way to find information in the systems available to them they 

said:

“We call it “go fish”, when you have to try to find 

something in it.”

”If you’re looking into all the development projects going 

on right now, I don’t know how many sites exists today, 

internally? I have no clue if there are 300 or 1500. And 

there are sites added all the time.”

The respondent are talking about that it’s not the lack of 

information rather it’s how to search and retrieve the 

information that they are interested in that is a problem. 

Another interpretation of this is that people use the archiving 

systems but find them hard to use, both to enter and to retrieve 

documentation. Instead of searching in the systems for 

information they get fed up because the ‘search and find’ 

functions don’t work well or that functionality is lacking. At the 

same time the systems seems satisfactory if something goes 

wrong and the documentation have to be back traced. For 

knowledge and information sharing and day-to-day 

communication the system functionality seems inadequate, but 

if the timeframe is long enough and personnel have the time to 

really assess the information available in the systems they 

function quite well and offers adequate traceability options. 

The general feel during interviews and workshops is that 

personal contacts and networks are dominant and almost a 

necessity in order to find the information that is necessary to be 

able to conduct the work. This tendency was seen within 

development projects and between projects (ongoing) but also 

seems to be the general notion when looking back at 

experiences from previous (ended) projects. It’s easier to search 

for the person name or role that has written the document 

(within the systems), if you are aware of who was responsible 

of writing and filing the document, than to search for 

“keywords” or content within the document. This limits 
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personnel to information created within their personal network 

of their knowledge. The following quotes are mentioned:

”If you have to use the systems we’re supposed to use then 

you get fed up pretty quickly, due to the fact that you 

already know it so hard to find and retrieve things from it.”

”Then you start looking for someone to talk too, 

preferably”

“Knowledge and experiences are reused for sure but it’s 

often personal related. The knowledge and experience we 

have gained we carry with us”

“Documented experiences and information exists, in large 

quantities, but to find it you still have to been involved in it 

(previous project) or heard that it exists from someone 

else.”

“You don’t search in databases, or such, so much.”

Regarding systems for EF they say that they don’t have 

any systems for that. The closest they can come to EF are the 

LL they are supposed to document. They say that if any 

problems occur they solve it at the best of their abilities and LL 

are documented. However at the same time they state that there 

is no one responsible (at least to their knowledge) for making 

sure that the LL are disseminated within the organization or 

even to the people that was involved with solving the problem. 

There also seems to be indifferences to how LL should be 

written.

“A lessons learned document, as I see it, answers the 

questions ‘has the lesson been learnt?’ and ‘who has 

learnt the lessons?’, is it just myself or the organization? 

Has the company learnt its lesson? It’s not just 

documentation about what went wrong but also in what 

way it has been secured, updated or corrected so it won’t 

happen again[…]I want to make a difference between 

lessons learned and a report about what has happened. 

The fact that a report has been written doesn’t mean that 

the organization or yourself have learnt your lesson.”

“For me lessons learned are more of what we did and what 

happened and what was the result. But to take care of the 

experience and make sure that the organization learns from 

it, I think it’s excellent”

“How do we avoid the same problem again? In the next 

project we’re following exactly the same design 

recommendations as we did before due to that the design 

recommendations haven’t been updated.”

“You create a process that says that this kind of 

information shall flow in this way.”

“I think dissemination is a pedagogical issue. To create a 

process for it is good but it’s also important to spread the 

word about WHY we are doing it, which is, so that we can 

learn.”

The different viewpoints on LL can also lead to that 

systems and lessons within them are not used because no one 

knows if they are up to date. They are aware that the work 

practice has to change in order to make things work. But they 

don’t know how to change it. They understand that 

communication and how they work with information and 

documentation are essential issues to deal with but if time isn’t 

put aside for this change no one have the time or the will to do 

their ordinary work and in addition implement work practice 

changes.

“We have to change the way we work. If we continue to 

work as we do and then add things on top of that we won’t 

be able to keep up. We have to make our way of work at 

least 30% more effective.”

“You’re used to a certain way of work but you have to be 

able to step outside and find new ways. That is 

development. If you don’t get the time for reflection you 

don’t figure things out.”

Informants agree upon that it’s not only way of work and 

systems that have to change but an equally important part is 

company culture.

“We have to have that kind of culture, where everyone is 

sharing problems and insights and everyone is looking at 

the same place to make things visible for others”

“… a lot of it is culture. Culture is as important as 

having the right tools available.”

DISCUSSION
Relating the empirical findings to the five issues that 

Weber [13] mentions that have to be taken into concern at least 

four of them are empowered in a negative way.

The user has to know that repository exist �

• They are aware of where to look within projects, when 

they are using the teamsites. However searching for 

other projects and previous ones may be more difficult 

due to the fact that it’s hard to know what projects are 

available. If an interesting project is found it may be 

restricted by contract, which effectively restricts 

knowledge and experience transfer between projects. 

To address the above issue more visual aids that 

support the seeing-first approach could provide an 

overview of how projects relates to each other as well 

as the competencies and capabilities within the 

projects that are available could bring awareness to the 

users. 
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The user have to believe that the LL system will offer useful 

lessons �

• This is a major issue due to the fact that people think 

that the systems and tools they are offered as EF and 

documentation tools don’t work to their preference or 

satisfaction. People are not using it due to the same 

issues, which also creates mistrust to the lessons 

available, due to the fact that before a lessons is 

“believed” as true and correct they first seek personal 

contact with the author to the document or to some-

one who was involved with the same project. 

To increase the trust into the provided lessons 

learned or experience feedback levels of maturity or 

readiness could be attached as well as who provided 

the lesson.

The user have to believe that lesson reuse is beneficial �

• They do see the benefits and that it’s important but 

perhaps it is not the same within the whole company. 

However the mistrust from the previous issue can 

affect this issue negatively. As respondents also 

describes it is important not to only implement 

technology or new work methods without changing 

work culture and justify why they are implemented. 

The user have to know where and how to access 

repository�

• They do know where to find the systems but lack of 

knowledge of how to use them to its full extent, both 

as input and output systems, was not common 

knowledge according to the empirical findings. The 

teamsites are working as everyday archiving and the 

Enterprise Resource Planning (ERP) and Document 

Management Systems (DMS) as long term archiving. 

However the amount of separate projects put 

awareness of people involved in focus in order to find 

information and projects available.

Awareness of where to find needed knowledge and 

experience is essential, thus systems should be 

completed with charts, that points out where 

colleagues with completing skills are working. This 

can also stretch across company borders if partnership 

in an extended enterprise (or such) 

The user have to have the time to access it and learn how to 

use it �

• This is one of the major things that have to be taken 

into concern and also one of the major things that are 

lacking according to the findings. People are so 

stressed and overwhelmed with workload they don’t 

have the time to learn from the past. Often because it’s 

hard to search for information or that the information 

is not assessed before a project starts when time is 

critical. Learning is also a keyword here. Most of the 

LL systems are still focusing store and retrieve but 

none of them have focused different “learning” 

processes other than white papers and text. 

Weber describes in [14] and [13] that LL systems are 

highly focused on capture and storage of experience or lessons 

in textual form. Capturing and Formalizing knowledge and 

experiences into lessons that may become recommendations or 

design rules connects well to thinking-first, which is 

characterized by facts and the verbal and works best when 

issues are clear, data reliable, context is structured etc. This can 

be interpreted as text. The two other steps in Mintzbergs theory; 

seeing-first and doing-first are used during development and in 

product development processes in combination with thinking-

first. However, seeing-first and doing-first are not seen 

anywhere in the lesson or EF dissemination process according 

to the empirical findings. Thus it should be noted that 

approaches that enhance the seeing-first and doing-first effect 

are issues to consider when realizing EF and LL systems. 

Reuse of LL and EF is only performed using passive 

dissemination when using system support but before that 

personal contacts and networks are used extensively.  To some 

extent active dissemination can be used if design rules and 

recommendations are implemented in a way so that system 

interacts and explains to the user if design boundaries have 

been crossed. These kinds of system are rare and mostly 

implemented in KBE systems where standardization of the 

design process is high and the diversity in concepts is low [11].

However, only creating systems, such as KBE design support 

tools, to enable automated design processes doesn’t necessary 

mean that knowledge implemented are spread through the 

organization. In order for that to happen rules implemented 

have to have transparency, e.g., be connected to the rationale of 

how they came to be as well as to who created the rule. 

Although, KBE systems enhance the doing-first effect in that 

the user learns that design choices have a certain effect. 

Seeing-first, with its four phases; preparation, incubation,

illumination and verification can to some degree be 

implemented into the lessons creation and dissemination. 

Preparation involves deep knowledge developed over the years, 

which can be seen as experience, which you gain putting 

knowledge into action (doing-first). The sole purpose with EF 

and LL are that the knowledge baseline (deep knowledge) 

should be raised within a short time frame (thus reducing 

“developed over the years”) so that problems are avoided or 

success repeated. Seeing first characteristics are; art, visioning, 

imaging, visual and ideas. This means incorporating other more 

visual ways in the LL or EF systems to enhance or speed up the 

illumination effect. Incubation can be hard to affect though.

LL and EF only focus the ‘thinking first’ phase. But what 

happens when you can’t think it up nor draw a picture of it. 

Then you have to experience it. Connecting the doing first to 

LL and EF creation and dissemination raises the question “how 

to document something (processes, activities) so that someone 

else can experience its behavior and then draw conclusions 

from that?”. Here models come in. If something is so complex 

that knowledge about it and its behavior cannot be described in 

words (tacit knowledge) then perhaps making a model of it that 

people can manipulate and “play games” with can be useful. 

Remember that a model is only a description of reality, that is, a 
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different kind of documentation. However creating a model can 

be hard and may involve competencies that most people don’t 

possess. Using a bottom-up approach the model can be 

developed and enhanced over time, which also enables people 

to document or formalize things as they go on. Agent-based 

modeling offers such an approach. This also addresses issues in 

the empirical findings that people don’t have time to document 

things twice, e.g., first personal notes and then formal reports. 

By just doing it people can get into the mode of formalizing the 

activity they are performing by creating models that other 

people can assess to create an understanding for them selves. 

Creating models also involves different graphical tools used 

that may enhance the seeing-first effect.

Regarding LL; If there are no standards for how a LL 

structure will look like the LL that have become documented 

only becomes dead documents in a file structure. It becomes 

impossible to know which lessons that are valid and not 

without assessing every LL that have been filed. There have to 

be some kind of structure in order to update LL and design 

practice documents in order to avoid redundancy. What Weber 

is referring to, as formal method is a format or structure that 

makes lessons easier to search and find with precision and 

recall. This is an enhancement but doesn’t affect the users 

learning process due to that the lesson is still in text format.

As a final remark, if the efficiency in the EF and LL 

processes are enhanced it may also affect the rate of 

innovations due to the effect that previous unknown knowledge 

can be disseminated and used in other areas that it was not 

designed for in the beginning. New knowledge applied in 

different context.

CONCLUSIONS
In a comparison between the five issues regarding LL 

dissemination at least four of them are mentioned in the 

empirical findings. The user knows where to find information 

but system functionality and lack of knowledge on how to use 

them affects documentation and dissemination processes. They 

do believe that EF and lesson reuse is beneficial but lack in 

system functionality and knowledge about how to use the 

systems introduces reluctance with using them in everyday 

work. Also due to update issues with LL people have problems 

relying on the lessons that are in fact stored making them turn 

to personal networks for verification. Knowing where to find 

information from different projects can be difficult due to 

access permissions. Even though information is found and 

retrieved personnel seems to be lacking the time to access all 

information that would be beneficial for their work and reflect 

upon it.

Lessons retrieval in combination with the time it takes to 

interpret and understand the information available and the fact 

that texts only support the thinking first suggests that other 

formats or types of documentation that also support seeing-first 

and doing-first should be implemented. Creating active models 

with methods such as KBE, or Agent-based modeling offers 

support to both if care is taken to create transparency in the 

rules created. In addition to that other “learning” formats have 

to be supported. Here visual and interactive methods and media 

should be used to a greater extent.  Also other dissemination 

sub-processes than passive dissemination should be considered 

where such environments could be offered, e.g. computer aided 

tools or other virtual environment tools.

Documenting knowledge and experiences about processes 

or activities in active models that other person can access and 

reuse can be beneficial both for work efficiency by the person 

documenting and also for the learning process of the person 

assessing the model. Seeing-first suggest that pictures, 

schematics, animations and videos could be used as media to 

speed up and enhance the learning process as well as 

dissemination in the EF and LL process. 

With today’s processes regarding EF and LL thinking first 

is in focus whereas seeing first and doing first also should be 

supported.

EF and LL can exists on several planes, that is within, 

between and from previous projects. As the empirical findings 

show people document and look for information and 

knowledge in different ways depending on project situation. 

This suggests that tools for knowledge and experience 

dissemination should be designed to support these different 

categories and also that tools that are created should support 

seeing- and doing first in addition to current thinking first.

FUTURE WORK
It would be interesting to investigate how lesson reuse and 

EF or actually the learning process would be affected if seeing-

first and doing-first would be more integrated in the way 

lessons are created and assessed.
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