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Product development is changing since its early beginnings. Especially since 
the time of industrialization the speed of this change has constantly grown. 
The 1960 saw the introduction of computers into product development. The 
development of computers and software are amazing artefacts. Product de-
velopment methods have been generated for the use in teaching as well as 
for the use in industrial processes. Most of the methods have been created 
without the usage of computers. That means that even today conventional 
methods are still dominating and large numbers of tools and systems are 
used for the support of product development processes. However, still miss-
ing are methods of computer integrated product development.

»The Future of Product Development« comprises 68 papers from more 
than 20 countries. It is a collection of current industrial views and of re-
search results. Three major industrial companies outline their demand for 

-
ing their reply. The remainder are papers on current RTD.

The conference can be seen as a mirror of international tendencies in 
product development in the year 2007. It shows the urgent need for change 
in product development and for new solutions. The presentations in this 
conference are therefore of direct help for the industry and stimuli for ongo-
ing discussions on enhanced product development. In this sense the presen-
tations and the connected discussions are in turn initiating new research.

Despite its complexity the program is very much focused. Without the ac-
tivity of the international program committee the conference program never 
could have been assembled. The merits for content and quality of the papers 
belong to them only. 

Without the sponsors the whole approach, including the industrial and 

CIRP, the International Academy of Production Engineering has a long tra-
dition in conducting Design Conferences. It is a great pleasure and obligation 

time the conference was jointly promoted by CIRP and the Berliner Kreis 

Preface
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exchange experiences and ideas between industry and academia.
The proceedings give a very precise overview about the state of the art 

and ongoing changes in product development. We hope that they are of help 
for the industry as well as for research and teaching.

chief engineers Helmut Jansen, Christian Kind and Uwe Rothenburg and the 
members of my group.

their creative support in preparing the proceedings for print.

Berlin, March 2007
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PDM/ EDM as Integration Layer for Continous 

industry. The car manufacturers demonstrate quite different technological 

year a start was made with the complete conceptual planning of a Group-wide 
implementation of a PDM/EDM program. The growing demands in regard to 

-
cessful restructuring of the organisation including the introduction of vehicle-

had to be further adapted from a vertical to a horizontal structure. This is 
possible only in conjunction with substantially greater digitalisation and vir-
tualisation. In order to do justice to the future demands in all segments of the 
process, it was necessary to introduce integrated Product Data Management 

entire product life cycle from design to development, production, sales, after 
sales all the way to recycling.



2 User Keynotes

The introduction of PDM resulted in three main points of implementation 

brands and model families in the Group.
2. Integration of the required product data

Adapted to the new process, the required data are made available to the 
-

IT system structures will be examined. Systems which are no longer re-
quired will be retired and the important systems will be integrated as far 
as technically possible.



DMU@Airbus – Evolution of the 
Digital Mock-up (DMU) at Airbus to the 
Centre of Aircraft Development

R. Garbade1, W. R. Dolezal2

1 Senior Manager DMU Integration, Airbus Deutschland GmbH, 
  Bremen, Germany 
2 DMU Integrator, Airbus Deutschland GmbH, Bremen, Germany 

Abstract

500/600, A380 and A400M have paved the way for integrated DMU operations 
across Airbus and its supply chain. 
One cornerstone detailed herein is the Product Structure. It is vital for concurrent 

-

Keywords

Enterprise

1 Introduction

This numbers denote that the amount of reduction in the variability of re-
sponse obtained by using regressor variables is about 97 % and it is about 

the sensitivity analysis is carried out in order to assess which input variables 
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are the important factors in affecting the variability of each response as well as 
the overall desirability function. Additionally, this information is also useful in 
understanding which inputs are the limiting factors in the response variability 
and which efforts should be carried out in reducing the variability. By carry-
ing out the t-test which compares the estimate value of each factor with its 

be determined. Those are the process lead time, the resource number and the 

used only selectively in everyday design. Stringent aerospace requirements 

time being - 3D CAD to be applied on a larger scale.

Fig. 1:

That changed in the second half of the 1990s. Feasibility studies and ear-

aircraft A400M already started in 3D. But it was the launch of the A340-

proved the advantages of a DMU for major components: it were both a 



5Garbade, Dolezal

Aircraft though, but for assembly/integration critical areas.
-

edge base tremendously on how to create, exploit and manage the DMU. 
-

tion. It laid a solid foundation for latest Aircraft programme launches such 
as the A350. 

Fig. 2:

-
trievable from the database. This is made possible by a sophisticated ef-

the basis for distributed concurrent engineering of both heavily customized 
products for the operators and parallel development of an aircraft family 

-
cally in Design-Build Teams, when a few designers started focusing more 

and visualization support during reviews. With new programmes that com-

role for enabling concurrent creation and exploitation of the CDMU the DMU 
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Integrators from all four Airbus national companies are now being bundled 
in a single transnational organization. That enables harmonizing the ways of 

and draws on synergies of core competencies beyond national borders. 
Two crucial elements of DMU helping to meet the challenging objectives 

are explained on the following pages: the Product Structure and DMU op-
erations across the Extended Enterprise. 

This paper focuses on the product DMU itself, hence the Aircraft. There 
are, of course, other DMUs as well: e.g. 3D jigs and tools, production- and 

by the Supportability community. 

2 Selective Cornerstones of DMU Development 

2.1 The Product Structure 

If the CDMU is the basis for 3D design activities, the product structure is its 

it is more than a drawing tree. In Airbus, the product structure is an organized 
collection of business and technical information related to the Aircraft. It not 

-

A400M projects. The aim was to develop and implement standardized and 
transnationally harmonized rules how to best organize data and information, 
giving different disciplines their points of view on the product they prefer 
most for design and development. Thereby the visibility of the DMU in ei-

Data and information can be accessed in several views. These views ar-
-

ties. Hence, the same item may belong to a contractual function, a design 
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Functional breakdown; this is basically the point of view Engineering 
has on the aircraft. It decomposes the aircraft functionally top-down to 
major components, sections, zones, assemblies, sub-assemblies and to the 
single parts themselves. 
Manufacturing breakdown; it is the manifestation of how the Aircraft is 
assembled, in fact the bottom-up approach, from single parts to assem-
blies, sections and further up. 

Fig. 3: Different disciplines extract their views from the Aircraft

For daily CDMU operations, three views have emerged as the most rel-

The so-called 
-

els that are necessary for design trade offs: space allocation models of 
structures, systems and equipments, interface models, master geometry 

engineers converge to the best trade-off, manufacturing engineers can start 
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Fig. 4: Most relevant product structure views of the CDMU

The As-Designed
-

Both functional views are organized in three areas:
The Upper Level; it decomposes the aircraft top-down via six levels. It 

-

The

The Design Level
Aircraft is detailed down to the very single parts. The top assembly is 

chosen as baseline solution for further detailed design. 

and As-Designed there is a so-called transition phase: it ensures that aux-
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which data are migrated to the next phase.

Fig. 5:

The very same CDMU in Development and Series Phases is shared by 
two views contemporarily: the As-Designed and the so-called As-Planned

ADAP-”
assemblies/parts, indicating their belonging to both views. The As-Planned 

is the input for the Manufacturing-, Inspection and Maintenance Dossiers 
– the documentation necessary to produce, service and operate the Aircraft. 

global CDMU and the visibility of the actual 3D design status. As both lev-
els are managed organizationally under one transnational roof has several ad-

company-wide and the CDMU is useable for all disciplines as it is based on 
agreed schemes.
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2.2 DMU Operations over the Extended Enterprise 

As it is with the aerospace business as a whole, large aircraft design and 
development too has become a very global endeavor itself.

Fig. 6:

From a DMU point of view that means that wherever and whenever de-

a near real time basis, as do their colleagues in Toulouse, Hamburg, Bremen, 

and interface models. Therefore, data exchange and data sharing have be-

The requirement calls for life cycle handling of high volumes of data, 
with considerable frequencies of exchanges and management of iterations. 
In Airbus Germany in 2005, in the A380 project alone, the average volume 
of DMU data exchanged internally with other Airbus sites ranged between 
80 and 140 GByte per month, and exchanges with suppliers ranged from 50 
to 90 GByte. Furthermore, closer and earlier integration of suppliers and 

-
ity of tools and systems. Once these new participants are on board design 
activities must see a fast ramp-up. Communicating a common DMU policy 

out to be crucial elements for success. 
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tool environment, adding further complexity to the most challenging Aircraft 
development project in the history of Airbus. 3 different 3D CAD systems, 

within Airbus alone accounted for a great deal of operational DMU shortfalls. 

considerable efforts were laid in solving those issues and ensuring regular 

At the end of Concept Phase the Airbus partners in the A400M pro-
gramme switched to a new and common 3D CAD tool and a single new 
web-based PDM system. It eliminated many of the issues A380 had to face. 

Also the architectural set up with four separate PDM instances resulted in 
synchronization problems among them. It forces to remedy a temporarily 
inconsistent CDMU while still having to handle a considerable number of 
data exchange transactions. 

It uses the same CAD/PDM tool set as A400M as well as most of its meth-

single-instance architecture and the strategic approach of ensuring smooth 

Some of the lessons learned for DMU operations point right to be beginning 
of partnership: during the bidding process it is important to evaluate the best 

-
chronization with internal processes. This can best be done by going from 
classical data exchange to data sharing. 

The transnational DMU organization has been established to be both the 

as its enabler for the multitude of departments over the entire Extended 
Enterprise. In the end, everybody is a little bit more interwoven with each 

does pay off, for both sides. 
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3 Steps into the Future

the A380 and A400M. The DMU remains to be one of the crucial elements 
for dealing with development, customization and integration complexities 
in these two major programmes. 

-

-

across the entire Extended Enterprise. This underlines the strategic impor-

Another project is to prepare for pure digital 3D development. It aims at 
eliminating – as much as possible – 2D drawings from the design and manu-
facturing processes. This will further enhance reactivity and cut costs and 
time. It shall, in the end, close the remaining gaps between Engineering and 
Manufacturing and unite their distinctive 3D worlds to a common virtual 
development space. 

4 Conclusion

The last years have seen four major Airbus programmes being launched in 
relatively short sequence. Given the long development cycles of large trans-

apply lessons learned of the new DMU discipline from one programme to 
the next almost without delay. The frontiers of DMU operations were pushed 

came not for free, let alone guaranteed success, just by going 3D. It was the 
cumulated effort of a great many people that placed it in the centre of devel-

as one of Airbus’ core competencies for successful Aircraft development. 

even higher levels along the way.



An Integrated Approach

A. Katzenbach1 , W. Bergholz2, A. Rolinger3

1

2 DaimlerChrysler, Division of Data and Process Management, 
  Ulm, Germany 
3 protics GmbH, subsidiary of DaimlerChrysler, Division of Product Data  
  Management, Stuttgart, Germany 

Abstract
The dependency between products and processes in today’s high-tech domains is 

-

standardizes the design process and its downstream processes. The results of an ac-
companying psychological user acceptance study are also presented and discussed.

Keywords
Design of Experiment, Product Development Process, Process Analysis, Process 
Optimization

1 Introduction

-
ences are decreasing between the various automotive companies. Especially 

distinguish new innovation from the other automotive competitors. For this 
reason, the Mercedes Group formulated a strategy in the 1990s to rapidly ex-
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pand its model range.  In 1983, the C-Class had one car body, four engines, 
and one factory. In 1993, the range increased to four car bodies, seven engines, 

-
ies, seven engines, three design lines and four factories.

Fig. 1:

The increase of model range required worldwide production in collabora-
tion with other companies. The international merger is one way to generate 

The features of the car changed dramatically, too. Electric, electronics, and 
-

tive world. The result today is a higher degree of complexity in product, as 
well as in design and engineering processes. To handle the increasing com-
plexity, the automotive companies implemented the digitalization of prod-
uct development and the optimization of processes in the mid-1980s.

The investment in engineering increased proportionally with the extent 
of model range, whereas the amount of employees per model decreased. 

processes made this possible. One example of automation is the introduc-
tion of CAD systems, which were implemented to increase productivity and 
product quality, while reducing developmental effort. [1]

-
creased quality problems at the beginning of this millennium. Entire indus-
tries moved into a period of consolidation that was characterized by high 
discipline of cost and process. Rapid innovations supported these bench-
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-
gree and processes of immanent quality, digital prototypes, frontloading, 
digital factories, and integrated product data management. 

To understand this trend, it is essential to realize that innovative prod-
ucts need innovative product development processes. These process innova-
tions are often IT-driven. An important innovation is the topic of this paper, 

-
proach for archiving and managing all essential information in a standard-
ized product and process description. 

The future of the automobile industry will bring new challenges that re-
quire such solutions. The results of a comprehensive study [2] predict for the 
automotive industry that three things will characterize the future:
1. A gap between high expectations and low prices.

have a gap between the high expectations of customers regarding innova-
tion and the reluctance to pay corresponding prices.

Fig. 2: Future trends in the automobile industry

This combination of trends increases cost and process pressures and inten-
-

nents in the automobile will continue to increase. The classic competence that 
OEMs enjoyed during the previous century will decrease, and consequently 
the OEMs’ portion of the creation of value will decrease. OEMs will have to 
integrate many suppliers. The structure of the industry will change and per-
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Several solutions have emerged to meet these challenges. The automobile 
-

chanical, electric, electronic, and software, as well as on the down stream of 
process chain, inclusive companies of partner integration, global collabora-

-
velopment is an important approach for handling the challenges. 

But the technical side of templates is not the only important factor for suc-

well as issues about their cultural differences, are frequently forgotten. This 

motivation but also helps to anticipate and reduce potential barriers.

2 Engineering Templates

for archiving and managing all essential information in a standardized prod-
uct and process description. 

Each car line, each assembly, each component contains various and nu-
merous characteristics that require dedicated development steps. From con-
ceptual design, through all design stages to data archiving, sophisticated 
development methods and IT solutions must be employed. Seamless and 
just-in-time information for all downstream processes and an unambigu-

system. The schema in Figure 3 shows the correspondence between exter-

within the four template extensions can be distinguished. The level of detail 
increases as it moves from the outer shell to the centre. Function templates
contain only rough geometrical information and are mainly used for provid-

concept
templates

-
tice design concepts.  The digital validation of functional principles is the 
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 study templates. The detailing of such a validated concept leading 
to a full geometrical description of parts, including relevant information for 

part templates. Within 

modules of a vehicle.

Fig. 3: Requirements for a template-based product description

A tight collaboration between DaimlerChrysler Group Research and 
Mercedes Car Group Development facilitated the development of the me-

chassis design domains. The outcome of this study was published at the 
2005 DaimlerChrysler EDM Forum in Stuttgart [3].

2.2 Link Management

To provide the opportunity to include all geometrical and non-geometrical 
-

cept was developed. It enables data retrieval with different points of view. A 
generic information structure, independent of the level of detail, is the basis 
for the archiving of all templates. 

This structure is a summary of different information aspects of a compre-
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the necessary information is activated and shown in the expected context. 
The structure distinguishes between parts with product part number and so-

datasets existing in the PDM database to the part description. 

Fig. 4: Concept template technology at DaimlerChrysler

Only a suitable PDM solution can ensure such a dynamic information 

-

essential. This means especially the constraints between geometrical ele-
ments and parameters within parts as well as constraints between parts and 

generates the capability of dividing complex structures into template-based 
and usable part structures.  Without this capability, it would be impossible 

among numerous design engineers. 
The mandatory use of template-based design processes leads to a con-

tinuous improvement of the design maturity, from the early phase down to 
detail design, and prevents endless iteration. The reuse of these approach-
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features, facilitates this reusability. These feature applications are not only 

through an internal protection structure.
-

grating proven concepts or systems into a new product design. They contain 

context. The disadvantage of this approach is obviously the intensive effort 

potential variants of future design instances.
To succeed in the development and deployment of such a sophisticated 

concept, technical and conceptual aspects must be considered. The most 
important part of the game is the human being – the engineers and designers 
who have to perform this new process and methods. 

3 Psychological Aspects of Template  
based Engineering

-
cial and technical substructures. Humans, technology, and organization are in-

system [4]. The interaction between the substructures has also been described 

The previous discussion of the templates focused mainly on technical 
design with the purpose of process optimization.  However, human, orga-
nizational, and cultural factors should also be considered. In the following, 
human factors are considered to ensure a successful introduction of tem-
plates and, therefore, a standardization of the process. The cultural aspects 

systems, are only mentioned in this context. 
Early integration of the user is the best way to consider human require-

ments in time. Disadvantages of the previous process and aims of the new pro-
cess have to be presented. When developing templates the integration of the 
user supports the acceptance of the new technology and prevents un-necessary 
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penalties. Therefore, a cognitive ergonomic design of templates is also im-

At DaimlerChrysler AG, a study was conducted to analyze critical in-
cidents when using templates. Based on the results of this study, improve-
ments for the design of templates were conducted. In the study, two different 
construction elements were compared. One construction element was com-
posed without features and then was composed with features. In total, six 
designers participated in the study and were subjected to the experimental 
conditions. For reasons of comparability, participants were constrained by 

-
-

-

that the construction element with features was estimated differently de-

Engineering expertise considered the implementation of a construction ele-
ment with features as less effective. The shorter design time and the faster 
creation of geometries were seen as an advantage whereas the loss of the 
overview and the complexity of the design element because of the strong 
structure were seen as a disadvantage. The design time was different de-

used the construction element with features solved the more complex design 

analysis of the videotaped design process will provide further information 
about critical incidents and their solutions. Additionally, in the second part 

-

-
ing coherences. Considering that the body shell model has more than 2,500 

thought must be given to alternative solutions. The degree of complexity 
increases because of the non-transparent presentation of the multi-model 

-
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-

Therefore, information about the interdependency of the construction ele-

should be given to the development of a user friendly information system 

4 Summary

The dynamics of today’s business requires comprehensive, optimized pro-
cesses that can be reliably performed only through the use of standards. The 
template methodology described in this paper is an example for process 
standardization extending the usage of CAD systems. Template technology 
provides all relevant process information directly from the CAD system. 
Each design stage can be performed by a template extension. The challenge 
for a suitable template concept is achieving balance between standardization 

of the user who has to realize  the concept’s succeed. Only a comprehensive 
approach to the development process, template methodology, and human 
behavior can implement this new technology successfully.
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Cross Disciplinary Methods for 
Accelerated Product Delivery

C. Grindstaff

Abstract
Consumer requirements for product convenience, functionality and quality have 

enterprises must use sophisticated and highly optimized engineering and manufac-

-
els. These rapid innovation cycles must be executed with lean processes that are 
continuously improved and optimized yielding reduced costs.

Keywords
Knowledge Based Engineering, Product Development Process, Process Analysis, 
Process Optimisation

To help enterprises cope with these pressures, IT vendors are delivering soft-

business processes. This has often been accomplished by developing tools 
that mimic physical processes, extending these software tools’ functionality, 
improving their performance and expanding their scalability to meet rising 
enterprises’ needs.  However, the weight of global competitive pressures is 

processes. Today’s design, engineering and manufacturing processes must 
be distributed, multidisciplinary and highly automated.

Supply chains continue to lengthen globally. Organizations must have 
ways to utilize insight from experts wherever they are in the world and 
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must have reliable collaboration tools to supply them accurate information, 
to evaluate alternatives and to communicate their decisions.

The rapid innovation cycles demand reduced decision time. Practitioners 
from all disciplines must coordinate their decisions early and concurrent-
ly. Considerations from requirements, aesthetics, engineering as well as 
manufacturing must be balanced and reconciled as early and accurately as 

product development environment is now routinely employed to augment 

IT systems, which are intended to support the digital product develop-

structure editing.

Fig. 1: Roadmap of Digital Product Development support

-
erating variations of engineering solutions. Requirements can drive design 
parameters and initiate virtual validation procedures. Integrating business 
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in information allocation and re-use. Harmonizing the design intent with 

assembly, maintenance and disassembly will eliminate complete loops of 

for Manufacturing, Design for Assembly and Design for Maintenance are 
being supported by today’s state-of-the-art systems providing the incorpora-
tion of technology relevant information into the design environment.

Time spent iterating product engineering results until the released design 
is reached, can be shortened by corporate-wide integrated visualization tech-

-
resentations can be utilized to support engineering review processes during 
multiple phases of the product development process. However, the shape 

complete model of a product goes beyond its shape to include functional be-

-

-

this broad range of information, IT systems typically need to combine cross 

phases of the production process, however, can be achieved by an end-to-end 
vertical integration between all the stages of the production ranging from vir-

degree of integration will introduce new possibilities of simultaneous product 
-

mation systems. Users of these combined technologies will achieve the high-
est quality, adaptability and fastest production processes. 

in an engineering environment, collaboration strategies for IT systems need 

relevant information of a globally distributed production enterprise need to 
be available at any location, at any time, concurrently. This is achieved by 
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and their suppliers.

in multi-system environments. The simultaneous availability of manufactur-
ing related rules and information during the design phases and the incorpo-
ration of these into the product and process models provide the necessary as-
sociativity between the product design and manufacturing processes as well 

decisions need to be made in the early stages of product development, the 
available cost data is usually imprecise. Practicing design for manufactur-
ability with reusability considerations on processes and plants can minimize 

of cost estimations for the production of developed goods.

Fig. 2: Cross Disciplinary collaboration in an integrated Product Development 
and Manufacturing Environment

Given the economical challenges the industries face today, global out-
sourcing becomes a part of any production, introducing additional aspects of 
supplier integration. Issues of compliancy, IP-Protection needs, and fast de-
livery requirements need to be considered to streamline this major process. 
Multi-site capabilities of product, process, plant and resource information 
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management is required with higher emphasis in these customer-supplier 

functionalities need to consider IP-protection issues in these scenarios but 
also multi-system architectures need to introduce methods of controlled in-
formation reduction for the exchanged models.

Fig. 3: Knowledge Driven Automation Strategy

The comprehension of the business processes in the target industries help 
the IT product and service providers to create process dedicated software 
solutions. The process awareness while designing IT tools opens the pos-

achievable automation and the degree of engineering support is provided by 
the diverse capabilities implemented for the specialized applications. The 

-
-

vation in the processes. The path to creating innovation leads to cooperation 
between its creators, providers and users. Academic research, a responsive 

-
esses are therefore prerequisites for new successful practices.



Advances in PLM Methodologies Driving 

X. Fouger

Abstract
-

ologies implemented by industrial companies as increments in their way to manage 

full scale implementation in business environments, as opposed to academic institu-
tions. It becomes then a challenge for educational designers to develop the learning 

operate, drive and evolve new practices in product creation. For technology provid-
ers, who contribute to the concurrent invention of new methods and new enabling 
tools, there are several ways to contribute to accelerate the transfer of their generic 
aspects from industry to education environment.

Keywords
Engineering education, Product Development Process, Process Innovation, Best 
Practices, global engineer, design in context, digital manufacturing

1 Introduction

processes for industrial companies. Beyond this natural destination of their 
innovation effort, their potential contribution in helping educational institu-
tions to increase their responsiveness in producing appropriate competen-
cies is often underexploited.

This paper examines a selection of engineering activities that underwent 
-
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production engineering.

2 The Accelerated Use of Composite Technologies in 
Large Aircrafts

-
celerated the use of composite material in a large aircraft. This evolution 
is clearly driven by a competitive objective of reducing cost of ownership 

all the primary structure, including the fuselage, wing box, and empennage 

also carbon laminates, instead of the more traditional carbon sandwich. 
-

Many aspects of engineering required to design appropriate curricula, in-
cluding the design of new types of shapes for structure parts, dynamic analy-

autoclaves capable to contain complete sections of fuselages.
Among this population, were several thousands of engineers using digital 

-

the manufacturer with the help of involved vendors had to target at the same 
-

tions. A vast training program was deployed for Boeing’s employees and 
their program partners. This program also reached initial education curricula 
in numerous higher education institutions within an extended ecosystem in-
terested in aerospace education.

-
eral paths including some exemplary active learning [4] based projects as 

Boeing Commercial Aircraft Group.
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3 Generative Design Practices 

computer aided derivation of similar parts from a generic instance through 
simple mechanisms such as parametric dimensional variations. This version 
of generative design, while interesting for accelerating routine or standard 

-
velopment organizations. 

The extended understanding of the practice has been formulated in the 

-

-
sible in the development schedule is a factor of competitiveness since it 

-

in the outer shape of a car are only possible if all downstream processes can 

most costly. Therefore, the capability to automate the production of updated 
computer models of body-in-white structures that are technologically valid 

already implemented in a large scale by some automotive companies. It im-
plies deep transformation forces towards more specialization between two 
classes of professionals:

-
dated generic models of body in white structures. These models become 
the generative material for the other type of professionals:

-
nitions and to instantiate them as fast as possible within the contest of the 
latest version of the outer body shape.

Smaller companies may choose to prevent specialization of engineering 
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-

Fig. 1: Generative design practices, when deployed on a larger scale, determine 

3.2 Teaching “Morphing” or Morphing Teaching?

modelling of generative objects requires students to be put in the situation of 
creating practical examples of realistic generative products. In many cases, 
it is therefore necessary to design substantial curricula evolutions. To help 

-

teaching material to be inserted in their personal courseware.
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Fig. 2: An example of morphing: the complex geometry of the hood structure 
is determined by it’s outer shape. When it changes, the new shape of the 

within the model. These rules guarantee that the geometry change of the 

3.3 Collective Innovation Practices

As soon as multiple players are simultaneously involved in developing a 
new product, typical project management issues arise, such as:

Ensuring the consistency of the complete product while not over constrai-
ning individual’s creativity,
Creating the conditions for uniform progress of all involved engineers, 

• Remove the cost of waiting for other team member’s input?
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-
tion practice that builds on the premises that all participants within a project 
publish their results daily. The technological enablers of this process include 

well as appropriate tools to perform local assembly consistency diagnosis.

3.4 Teaching the Social Aspect

needed results a any time.

Engineers must accept to publish preliminary ideas
Engineers must accept to build on preliminary results from others.

To accelerate teaching of not only the technology but also the managerial 

institutions with specialized Master level conferences resulting from actual 
implementation projects.

4 Multi-cultural Engineering Collaboration

-
ducing results in a collaborative effort that involves engineers, from one or 
several other countries or cultures. This has been recently articulated in a 
report [1] commissioned by the Continental company to several world class 

-
-

During the 2006 Global Colloquium on Engineering Education of the 
American Society of Engineering Education, around 60 students were invit-

Students forum associated to the colloquium. Most of the invited students 
had experiences of international relationships in an engineering context. 

-
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-
se them into a foreign context,

joint project.

Dassault Systemes has encouraged several international collaborative 
experiences that are characterized by the observation that was underlined 
in the survey:  to create realistic conditions for concurrently learning the 
aptitudes and the attitudes of the global engineer, curricula that lead to joint 

Fig. 3:

4.1 An Indo-French Example or Result-oriented Project

An example of interesting multi-cultural experience involved an Indian and 

executed the project in the context of distant teams and shared content, they 
-

developments.
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Fig. 4: -

Production Engineering 

Manufacturing industries invest considerable amount of investments and 
organizational efforts to establish more concurrency between product engi-
neering and manufacturing engineering. Digital Manufacturing techniques 
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are enabling and structuring these efforts [2].
However the cultural distance that tradition has established between these 

role of engineers in a collaborative mode, while teaching the practice of 
-

The underlying principle in building digital manufacturing curricula is that 
it enables to import the model of the factory and its operations in the class-
room. This provides product engineers with the factory point of view on 
the product development process and helps them conceptualize and practice 
concurrent product/process and resources design in teams that simulate the 
different involved disciplines.

6 Summary

Manufacturing industries provide the full scale test bench for new method-
-

ing practices become professional characteristics in this industrial context, 
even if their initial articulation originates in academic research. It becomes 
a frequently observed challenge for education to turn new practices into 
consistent elements of curricula.  Technology vendors can invest in helping 

-
ized educator’s education, involvement in lectures, support of educational 
experiments, etc...

This paper explores selected

can be implemented successfully in engineering curricula and it provides 
-

nology to accelerate curricula construction and to help enhance educational 
responsiveness to industry changes.
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A Systematic Approach to 
Product Development Best Practises

J. Heppelmann

-
cesses, and a globally distributed value chain.

-
ect management, global collaboration and the ability to  integrate mechani-
cal, electrical and software design disciplines into one streamlined process 

will enable corporations to:
Manage the complete product structure and product information from va-
rious sources in one integral system, leading to an optimized, lean pro-
duct development process
Enable true cross-discipline development that helps to increase product 
quality and reduce overall development costs.

through collaboration portals
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1 An Open Information Backbone for Integral 
Product Development

The development processes for most of today’s products - system de-

business systems for sourcing, manufacturing, and service. Isolated systems 

view of the entire product as it is being developed.
Providing a single, integrated product development platform, enables the 

-
-

tions.  Integrating information from various sources and disciplines creates 

2 Systems Design and Mechatronics

Product development, in the past dominated by mechanical engineering 
principles, is undergoing massive changes and Electronics and Software en-

The challenge in the system design, change management, validation, 
and quality management processes lies in the fact that the individual de-

changes being discovered late in the development process, causing unfore-
seen cost and quality problems.

This allows corporations to plan for quality through cross-discipline prod-
uct development and avoid late, expensive changes.

3 Collaboration

Product development today requires close collaboration with design part-
ners, suppliers, and manufacturing. 

-
tual property, and must ensure that up-to-date product information is being used.

-
-

prise and across the supply chain.
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4 Solution Capabilities

Documentation and Illustrations,  and Engineering Calculations - into one 
integral and open system differentiated by a broad footprint of capabilities, 
clean architecture, that is easy to use, scalable to meet the needs of a global 



SPALTEN Matrix – Product Development 
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and Systematic Problem Solving
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Abstract

combines system engineering, the phases of the product development process and a 
systematic problem solving to one successful approach to handle complex product 

-
ation, coordination and information platform for the product development process. 
This approach provides a long term planning and situation oriented problem solving 
during the product development process.

1 Introduction

Many different product lifecycle processes have been developed during the 
last years and the specialization of development processes is getting more 
and more common. Examples for this trend are the specialization of the de-
velopment processes of mechatronics and micro technology [1]. The stages 
of these product development processes can be compared but they differ 
substantially with regard to the interactions and order of the single process 

-
ences already considerably the ideas and the conceptual stage, because the 

[11]. These different technologies show that there exists no general product 
development process. Product development processes depend always based 

-
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cumstances create a demand for a reference model for the product develop-

aim is to establish a reference model that indicates and supports optimally 

product development processes that is based on a continuous systems engi-
neering approach in combination with the stage model and a team-oriented 
problem solving cycle. 

2 Product Development Processes 

Product development and innovation processes are being researched by 
several different domains. Thus, different domains propagate and develop 

-
novation- and development processes are the management and engineer-
ing sciences. Many of these approaches have a special focus on their own 
domain. This fact can be clearly seen in the case of the design-methodi-

Many business management approaches, in contrast, end with the require-

the change from the design-oriented development processes to business 
management-oriented product development processes [6]. From these two 
domains result two dimensions of a development process: design method-

manage the development project and to support the developers themselves 
during the development process. The success of a development process de-
pends on the consistency and continuity of the single dimensions and stages. 
Prasad seizes this suggestion and divides the elements of a development 
process in different hierarchy levels – organization, product, and process 
[15]. These dimensions of the product development process are character-
ized by the stage-oriented protection, the objectives, and the navigation, by 

-
opment process are connected to a problem solving process [20]. It is often 
used as the basis for the design of development processes. Gierhardt divides 
the model into process level, organization level, and product level, with a 
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2.1 Systems Engineering and Product Development

The basics of the systems engineering-oriented perspective were founded 

engineering approach to product development processes [8]. Describing a 
product, he refers to it as system of objectives, which is the sum of the 

the requirements are hierarchically structured according to their importance 
and the chronology of the sub-requirements. The result is the requirement 

developing object system and of the development- or operation process. The 

these approaches, but he did not apply them consistently in practice. In the 
-

-
tems. Steinmaier reduces this approach and combines operation system and 
process system again to one operation system [18].

Fig. 1: System of objectives, object system in the product development process

In the systems engineering approaches, similar as in the problem solving 

object system as actual state. With these systems engineering approaches, 
the product development can be described as the transfer from a system of 
objectives, being still vague at the beginning of the product development, to 
a concrete object system. I.e., the core activity of the product development 
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-

of technical systems model in seven steps [20]. The process model of Pahl 
and Beitz reduces the process to four main stages [13]. Both process mod-

-
cess. These process models are sub steps of the product creation process and 
separate the development and design from the remaining product life cycle. 
In the nineties, it was recognized that the process steps in the development 

Ehrlenspiel [8] resumes this approach and integrates the personal, informa-
tional, and organizational aspects into the product development process; he 

the complete system, e.g. customer, product, production, human resources, 
methods, etc., are examined holistically.

Fig. 2: Stages of the product lifecycle [3]

life cycle and emphasizes the overlapping and parallelization of the stages 

starting point. Albers incorporates the entire life cycle.
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Cooper describes the change of the development processes in three gen-

a supplier-to-costumer relation. The further development of the processes 
leads to the stage-gate approach of Cooper’s second generation, in which 
the single stages are separated by gates. The approach of the third generation 
is Cooper’s request to replace the gates of the single stages by fuzzy gates. 

coordination of the complex interaction of the stages and the establishment 

2.2 Problem Solving Processes

Basically, a problem can be described as delta between the target state and 

and the planning situation. In the emergency situation, the actual state de-
clines and the target state remains the same, whereas in the case of the plan-
ning situation, the target state as objective is actively changed so that the 

Fig. 3: Problem situations 

objective by changes or operations of the given actual state. This schema 
can be considered as closed loop [17]. This closed loop is repeated in it-
erative steps, until the desired state is achieved. For this purpose, a variety 
of problem solving cycles and models were developed. Here, the problem 

which is substantially adapted to the system technology or systems engi-
neering. This process represents the stage-oriented procedure of the product 
development, i.e. a macro process. Most problem solving models have not 
been established as standard process. In practice, stringent problem solv-
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ing methods for emergency situations are of a greater importance, here, the 

process for customer complaints [16].
-

procedure for the solution of problems with different boundary conditions 
and complexity degrees. With its help, an effort and time minimization 
as well as a solution optimization and safety maximization for the prob-

method are the future-oriented as well as the spontaneously occurring 

/effort relation. Here, the procedure is not to be applied dogmatically but 

-
native solutions, 4. selection of solutions, 5. analyzing the consequenc-

Fig. 4:

2.3 A Reference Model for Development Processes

In general, product development can be understood as problem solving. In 
the product development process, the problem solving has two dimensions: 

solving of the single stages from the situation analysis to the recapitulation 

product life cycle as the macro-logic and micro-logic of the product devel-
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opment [9]. Based on these different approaches, a reference model for the 
product development was created that displays the different dimensions and 
supports the different views and approaches.

Fig. 5:

The core element of this model is the holistic referencing to the system 

entire product development process. The base of the process is the system of 

-
evant objectives and their dependencies and boundary conditions that are 
relevant for the development of the right solution – from the current actual 
state to the future actual state; the solution itself is not included [12]. In 
the course of the product development process the system of objectives is 
constantly expanded and concretized. The correct, continuous and complete 
collection and adaptation of the objectives is the foundation of a successful 
product development and a decisive part of the development activity. From 
this system of objectives the socio-technical operation system is derived, it 
includes structured methods and processes, as well as the resources involved 
in the operations for the achievement of the objectives. The operation sys-
tem creates the system of objectives and the object system.

The result of the operation system is the object system, the implemented 
solution of the system of objectives. The object system is completed, when 
the planned target state corresponds with the actual state. Object systems 
are not only material systems, but also immaterial systems, e.g. in the case 
of software and services [8]. The object system comprehends the operation 
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results developed for the problem solving or the achievement of the system 

the object system are subject or result of the operation system. The prob-

system. All process steps are structured and documented according to the 

-
cessful for the implementation and documentation of problems. Especially 
the standardized procedure enables the interchange ability. The process step 
is the basis for a standard language for the dealing with problem situations 
in different domains. The interactions of the single stages of the product de-

on the system of objectives. If e.g. the problem containment of the idea stage 
-

sis of the production planning is started, the results are replaced in all stages 
of the system of objectives and made available for all stages.

3 Conclusion

This reference model creates a problem-oriented process control during the 
entire life cycle. At the same time, all process steps can be development-
methodologically supported. The continuous model enables a standard lan-
guage on the micro and macro level in the product life cycle and standardizes 
stage- and domain overlapping views of the product development process. 
With this reference model Cooper’s demand for a development process of 
the third generation is realized, stage changes and interactions are situation-

process. With the documentation of the process model, the single steps of 

also the entire life cycle. The reference model creates new possibilities in 
the methodical process support. Each step in the process, the cross point 
between micro- and macro cycle, can be provided with suitable auxiliary 

reference model offers many possibilities especially with its stringent divi-
sion between system of objectives, object-, and operation system and the 
separation of the single steps of the problem solving. 
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4 Perspectives

-

and penetration in only a short time. In a larger development project with 

platform for a product development process and tested it with regard to its 

model can be an ideal substructure. In further research projects, the refer-
ence model of the product development will be applied to an Internet-based 

controlling will be carried out for the entire development.
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Abstract
The evaluation of innovative ideas and products with regard to their success po-

challenge for research and development departments as well as for management. 
Therefore a new evaluation method was developed to quantitatively determine 
these two characteristic values. The basis of the new method is Quality Function 

Keywords
Evaluation Method, Degree of Innovation, Innovation-management

1 Introduction

-

realisation [1]. In order to successfully develop innovative products, meth-
ods are necessary which are particularly related to the innovative parameters 



54 Design Theory

A review of the literature regarding development processes for new 
products indicates that there is still no quantitative appraisal and evalua-

requirements and their conversion into product requirements is necessary. 

criterion for quality. 
A new evaluation method should be able to identify the chances of mar-

product ideas and products. The objective of this new evaluation method is 
the determination of quantitative parameters to measure these two abstract 

Conventional methods, such as selection and evaluation methods, or 

to evaluate innovative ideas and products according to the objectives of the 
new method. Even if these evaluation methods of design engineering are 

-
-

vation.

2 The Key to the Solution

not only has to be new, but also successful
-

ucts to both the customer and the manufacturer and if it is accepted on the 

A product innovation is the successful realisation of a creative new 
idea or invention with an enhanced customer and manufacturer ben-

-
es the problem of how to quantitatively determine the degree of novelty and 

Since
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customer requirements and their conversion into product requirements. To 
achieve this, the solution approach uses elements of the QFD method. Based 

-
ing steps:
1. Product survey by means of the QFD method to obtain important 

parameters from the customer and product requirements for the eva-
luation algorithm.

of the product.
-

ment by modifying the QFD matrix.
4. Creation of an evaluation algorithm to determine the success potential 

and the degree of innovation.

These solution steps are the basis for the new evaluation method which is 
described in the following [5].

Fig. 1: Solution approach for the evaluation of innovative ideas and products
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3 Evaluation Method

3.1 QFD Product Survey

-
titative rating of the central parameter of an innovation, the novelty of the 
product

integrated into the evaluation matrix. 

Fig. 2:

The procedure for drawing up the evaluation matrix is divided into the 
following steps:
1. The customer requirements are entered vertically, the product require-

ments are entered horizontally.
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2. The customer requirements are weighted according to their importance.
3. Determination of the importance of novelty of the customer and product 

requirements by using a scale from 0 to 10 points. If, e. g. for the product 

requirement is estimated to be 6/10 or 60 %.

5. Correlation between customer and product requirements.

The technical importance of a product feature according to the QFD 
-

1. For all product requirements, the correlation factor is multiplied by the 
weighting factor of the customer requirements.

-
ment. This is carried out for all product requirements.

3. In a further step, it is advisable to calibrate the calculated values by use of 
a scale from 0 to 100.

Fig. 3: Determination of technical importance
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-
gard to the  of an innovation. The individual 

effect on the product success.

The data to be entered must be assessed by comparing the objectives of 
the product under analysis with the objectives of the competitive products 

observation. High values must be entered if the product has a high per-
formance.

2. Producibility index:
-

product requirements.

-
ity of manufacturing and assembly, investment costs, etc. must be moder-
ate to ensure economic success.

5. Ideality index:
This index includes the need for additional functions to achieve the objec-

-
tion with low destructive side effects [2].

3.3 Calculation of the Success Potential and the  
Degree of Innovation

In order to determine the success potential and the degree of innovation, 

from the QFD product assessment, the technical importance of the product 
requirements and the . These indi-

and the feasibility of the product requirements including all prerequisites 
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-

Modus operandi:
-

ted versus the technical importance in the respective portfolio. Example: 
The product requirement no. 1 has a relative technical importance of 89 

I,i
 … 

E
example, the individual valuation factor is

E
II,i

I
 … E

of all individual valuation factors of one portfolio.

Fig. 4: Portfolio: Producibility index versus technical importance

I
 … 

E

an evaluated object with a high average value will most probably be suc-
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success potential

The success potential of an innovative idea or product results from 

on product success.
The success potential is calculated as follows:

-
encing variables.

E
P

E
I

E
II

E
I II

E
P
: Success potential

p
I
…p : Weighting factors

E
I
…E

The calculation of the theoretically possible maximum value of the suc-
cess potential is based on the maximum possible values of the individual 

maximum value characterises the capability of the test object, even if no 
comparable objects such as competitive products are available. 

The central parameter of an innovation is the importance of novelty of the 
product which has been determined by an estimated value of the importance 
of novelty for each customer and product requirement. By means of these 

-
-

tinuing the calculation of the degree of innovation.
The following calculation is done in the same way as the calculation of 

the individual valuation factors. The technical importance – now only the 

two-dimensional portfolios, the individual valuation factors are calculated 
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Fig. 5: Technical importance and importance of novelty of the product 
requirements

The degree of innovation of an innovative idea or a product is the 
share of novelty in the success potential.

The degree of innovation is then calculated as follows: Averaging of the 
-

ing the novelty into account.

I
G

I
I

I
II

I

I
G
: Degree of innovation  q

I
…q : Weighting factors

I
I
…I : with novelty

4 Validation of the Evaluation Method

The evaluation algorithm was tested and validated in pilot projects. On the 

the other hand, with innovative product ideas from the development and de-
sign phase. The pilot projects selected were typical projects of the consumer 
and the investment goods industry.

As an important result of the pilot project stage the following statements 
can be made. At the beginning of an evaluation, the object to be evaluated 

overestimated. On a closer examination and analysis, many innovations are 

numerical values, as expected from the previous qualitative and often general 
appraisals, result from this relatively accurate and sophisticated new evalua-
tion method.
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Tab. 1: Results of pilot projects

Project Unit Company
Success po-

tential
Degree of 
innovation

A Metabo, 81,9 % 31,2 %

B Snowblower X 75,0 % 6,4 %

C Modular multiphase 
low-cost electric drive

Y 81,0 % 38,3 %

D Miniature translation 
stage

Festo, Esslingen 83,0 % 32,6 %

E Independent steam Braun, Kronberg 85,2 % 36,6 %

5 Conclusion

The following results arose from discussions with the companies involved about 
the applied procedures and the conclusions drawn from the evaluation data:
1. It is possible to evaluate individual segments of the innovation process of 

a product as well as technical subsystems during the development phase 

in product development.
3. Ideas and products mostly arise from a combination of conventional de-

sign elements and/or partial solutions for a new purpose. Real major no-
velties are seldom.

4. The evaluation method supports an overall entrepreneurial evaluation and 
gives important advice to the management with a view to improving an 
enterprise’s innovation capability.
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Abstract
Software support for the solution generation phase of the design process did not 

between academic research and industrial application. The goal is to deliver a ge-
nerically applicable method and algorithms to develop dedicated synthesis tools for 
industrial design processes in a standardized manner. Research addresses problem 

the accessibility and applicability of synthesis technology to both the research com-
munity and industrial parties.

Keywords
Computer Aided Design, Synthesis, Design Process Model

1 Introduction

In the last decades, industry is experiencing an increasing amount of pres-
sure on time, cost and quality during the product creation and realization 

-
ess is addressed by both academics and commercial institutions. 
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This resulted in commercially available software support such as 3D 
-

nite element analysis to increase performance prediction. Software support 
for the solution generation, or synthesis, phase of the design process did 
not yet have the same industrial acceptance, a sign that there exists a gap 
between academic research and industrial application. 

The smart synthesis tools project uses existing academic synthesis tech-
niques and focuses on four research topics that are of importance during 
the development process of new tools. Guidelines and algorithms are de-

-
plex problems and mathematical search techniques in large solution spaces. 
These topics focus on design processes with quantitative analysis methods. 
The project also researches design processes where these are not available: 
how to develop support software when only qualitative physics relations are 
available? Industrial prototypes are developed using the developed method-
ologies to deliver proof of principle. 

discussed. Although synthesis tools have not yet had a similar development, 
academic research yielded several advanced techniques and methodologies, 
a short overview of which is given. Secondly, the long term view in which 
the smart synthesis tools project is placed is presented, together with the 
four year strategy. The addressed research topics conclude the paper. 

2 CAD Development

The historical development of computer aided drawing software is discussed 
-

fects.

appear, such as DUCT in 1974. The majority of the CAD development was 

by UniGraphics and the Romulus b-rep solid modeller [www.cadazz.com/

e.g. AutoCAD and CATIA. These computer aided modelling systems enable 
clear representation and communication of designs and led to 70 different 
software systems with over 2 million users in the 1990s.
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-
cialization and acceptance in industry in CAD after academic research ex-

Research in intelligent CAD systems started in the mid of the 1980s 
[5] and was noticeably intensive [1, 13] until the beginning of the 1990s. 
Certainly these research efforts formed the foundations of some crucial ele-
ments available in modern CAD systems; constraint-based problem solving 

A similar development pattern can be observed for the automation of 
analysis methods: as increasing pressure on the design process calls for less 
trial and error loops, a better prediction of product behaviour is required. 
Academic research established an analysis method that is generically ap-

they already cover such advanced problems as multi-physics, large defor-
mations and dynamic simulation in many domains and levels of detail, 

software is widely used in industry and academic research on this topic is 

generic software that supports a range of different industrial problems. 
Commercial software for the solution generation activity is less available. 

many techniques have been studied or are presently being researched and 
many prototype systems deliver proofs of principle.

One approach, typically found in the research direction of design theory 

a range of design problems. Although a reasonable amount of research effort 
has been paid, we are still not able to explain synthesis with a universal, gen-
erally applicable theory. Cagan et al. indicates that the act of formulating or 
initializing a synthesis process has not received much attention in literature, 
since most computational synthesis methods are developed to solve a par-

are listed as follows.
Simple solution generation and test

Search in a problem space
Abduction, generative rules
Case-based reasoning
Grammars
Computational models
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Although each of these models can reasonably explain synthesis in a lim-

design solutions are indexed and these indexes should cover the range of 
-

form manner. One possible reason is that no such model exists. Another 
possibility is that it does exist, but yet to be found. A good reason for the 

processes. For instance, Maimon and Braha [10] researched a formal model 
of the design process, focusing on the synthesis part. The main conclusion is 
that although high expressiveness is necessary to allow for the generation of 
a wide variety of designs, it might swamp the designer with alternatives. So, 
any increase in expressiveness must be accompanied by an increase in the 
designer’s ability to control the complexity of the design space.

Maybe it is not so important whether or not such a universal model of 
synthesis exists, or even can ever be found. Confronting such a situation, 

design as possible.
Another research direction is towards a generic development process for 

dedicated synthesis tools for individual design problems. This approach is 
being explored by the Smart Synthesis Tools project, funded by the Dutch 
Innovation Oriented Research Program ‘Integrated Product Creation and 

This paper aims to provide a baseline for the Smart Synthesis Tools 
project. The vision in which this project is placed, the mission and strategy 
of the project is discussed in more detail in the following sections. Since the 
diversity of design processes in industry is vast, a selection is made regard-
ing the type of the problems to address. 

3 Smart Synthesis Project

The project has emerged from experiences in industry that the synthesis 
phase is under increasing pressure but poorly supported, together with a 
growing awareness of the gap between academic synthesis research and 
industrial application: academic achievements are applied in industry only 
sporadically [2]. The long term view in which this project is placed is ad-

processes is given. The approach on how to reach the project goals is trans-
lated into four research topics, presented afterwards. 
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3.1 Vision and Mission

The ideal role of software support during design is that the computer will 

human designer. By doing so, synthesis is made as common as analysis 
and modelling. The role of the computer will change from machines that 

that require human intelligence. The emphasis shifts from data processing 

-

based on functional reasoning [6, 15] or the A-Design theory using collabo-
rating agents and adaptive selection [3]. 

A gap is still present between academic research and industry regarding 
synthesis support. The project aims at closing part of this gap by researching 
the possibility of a generic development process for synthesis tools, thereby 

-

for industry will increase the accessibility and applicability of synthesis 
technology to both the research community and industrial parties. 

The mission for the smart synthesis project is to demonstrate the possibil-
ity of dedicated synthesis tools, which will create solutions in shorter time, 
and to increase the accessibility and applicability of synthesis technology.

3.2 Strategy

The strategy describes how to realize the mission goals in a four year period. 
The presented project aims to reach the mission statements by developing 
the following.

Synthesis tool prototypes for several industrial cases

Methodology of the development process

This project aims to develop several prototypes using and testing a com-
mon development approach. The tool itself should be able to generate solu-

-
The methodology to develop dedicated 

synthesis tools for industrial design processes is documented. It handles the 
process from entering a new company and exploring the design processes 
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to the algorithm development itself. This translation process of an industrial 
design process into an automated synthesis tool has not received much at-
tention by academic research. Generic pieces of software will be stored in 

-
tom built synthesis support for many types of industrial design processes. 

Each topic has an industrial case attached where proof of principle is to 

3.3 Design Process

The project’s focus is on design processes that are found in industrial and for 
which analysis is available. In Fig. 1, a representation of the development of 

is depicted. 
On the qualitative side of the spectrum, the principles of physics are iden-

qualitative description of phenomena and their relations. As research ad-
vances through arrow B, relations between system parameters, interactions 

-

into an application, or product. 
In a design process, arrow B can be seen as conceptual design, where 

solution principles are combined to produce a solution structure to deliver 
the required behaviour. Arrow C is the embodiment design phase, where 
parameter values are determined that lead to a feasible solution. 

Fundamental physics research aims to gain better understanding of the 

manufacturing rules and engineering experience, is found in the right hand 
side.

Fig. 1: Knowledge development
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Arrow B starts with a functional description of the possibilities and aims 

the application area of qualitative physics to design [6, 7, 9]. Examples for 
synthesis support for activity C automate the solution generation process, 

explicitly [4, 12] or composed by the software using e.g. grammars [8].

are present explicitly as analysis methods or implicitly as experience. Only 

step towards the fundamentals of physics is made to research a new concep-

quantitative description of the product has to be made in order to predict the 
performance. Missing a quantitative relation for an important functional as-
pect means an inability to predict the products performance, something that 

Having synthesis support for activity C will result in faster product devel-

be used in a consistent manner, enabling these experts to spend more time in 
researching new and innovative concepts. The smart synthesis tools project 

relations and will also explore synthesis towards qualitative physics.

4 Research Topics

The project addresses four research topics that will increase the develop-

-

the content of the synthesis tool. The industrial case handles a design proc-

performance analysis. 
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4.2 Problem Structuring

-

structuring of the complete design into sub-designs that are less complicated 
to solve. This also aids the process of searching for strategies to develop a 
synthesis tool. The industrial case involves designs that are composed of 

paramount importance for synthesis tool development.

4.3 Large Solution Spaces

How to search and navigate through mathematically complex solution 
spaces? The case presents a design problem with a high number of param-

-
lenging area. 

4.4 Multi-Domain Integration

to handle interference in multi-domain system design? As product complex-
ity increases and spreads over multiple domains, the systems integration as-
pect becomes more important: complex multi-domain interferences have to 
be dealt with in the early stages of the design process and cannot be solved 
by mono-disciplinary systems. The case concerns system design at architec-
ture level where interference between domains occurs at seemingly unpre-

based on qualitative physics approaches [14].

5 Conclusion

The smart synthesis tools project researches the development process of 
dedicated synthesis tools in an attempt to bridge the gap between academic 
research and industrial application. It strives towards a situation where syn-
thesis tools are as common as modelling and analysis software.

-
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Industrial prototypes are developed to provide proof of principle and 
study the possibilities of synthesis support for industrial applications. 

Oriented Research Program ‘Integrated Product Creation and Realization 
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1 Introduction

The main focus of this paper is to present new concepts of supporting DfX 
-

ered are as follows:
-

-
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with respect to the design considerations of various operational and envi-
ronmental conditions.

To support these innovative processes an IT approach is required that 

technologies that have been essential in order to permit the support of DfX.

whereas even the most faithful and rigorous laboratory testing will fail to 
-

processed and analysed.

2 Capturing Field Data

This section describes an approach to capturing, aggregating and managing 

traction chain of an electric locomotive, which is one of the application sce-

-

-
lected can be grouped in the following categories:

Failure announcement; e.g. performance degradation 
Maintenance announcement; e.g. mileage in operation since overhaul

Maintenance action; e.g. repair activity
Follow up; e.g. design changes

-
ing various data on the real behaviour of the product during service:
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-
buted over the locomotive are registering real time data on conditions and 

over 70 measured characteristics and approximately 3500 malfunction 

-

FRACAS / CMMS captures every product failure reported by Operators 
and Maintenance Organizations, in which over 40 failure characteristics 
can be entered per reported failure

Event Recorder, and Inspection Information

Fig. 1: Automatic monitoring of product behavior using PEID

data is gathered from both a faulty state of the railway system, related to cor-
rective maintenance, as well as a fault-free behaviour, e.g. related to preven-

is achieved within this application scenario mainly by appropriate usage 

review for consistency and accuracy. Spurious records should be removed 
and multiple records for individual incidents consolidated. 
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Additionally it is inevitable to also consider more static product data 

3 Aggregation and Management of Field Data

-

populated by the various sources described above, currently by a manually 
triggered data transfer. The objectives of this Field Database are:

-
mation, which is currently spread across a number of systems and geo-
graphic allocations in one central and commonly accessible database

of mathematical and/or statistical methods, to reduce the huge amount of 

data caused by operational / external reasons, inappropriate product usa-

across a number of systems and geographic locations and often contains 
repeated or redundant data, and to ensure its availability in the PROMISE 

-
lowing system concept:

Fig. 2:
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product in real service through the complete life – which is for a locomotive 
more than 30 years – is the main element to capture and manage all relevant 

4.1 Information Generation

the design aspect under consideration with respect to which the performance 
of the different items will be evaluated.

The performances of the item in the different products calculated from 

are performing with respect to the parameter under consideration. To obtain 
this information the calculated performance should be compared to exist-
ing reference or predicted values of the parameter. Should these not exist 

values correspond to a satisfactory level of performance or not. Information 
generation is composed of two main steps: 

Calculation of the performances with respect to. the parameter under con-
sideration for each item and over all items, and 
Comparison of the levels of performance of the different items relevant to 
the selected parameter in order to determine whether or not the different 
levels of performance are disparate.

If the performances are disparate a factor impact analysis is pursued and if 
the performances are not disparate a Pareto analysis is considered. 

In the case of disparate performances, the disparity may be caused by one 
or more factors such as operating conditions, environmental conditions, etc. 
The objective of factor impact analysis is then to investigate whether or not 

-
mance of the different items. 

In the case of non disparate performances, the fact that different items 
-
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-

of Pareto analysis is then to determine the main categories of failures and 
investigate whether or not the design category is among the main failure 
categories and in the case where design category is among the main failure 
categories what the related causes are.

data through the consideration of the reliability aspect where MTBF is con-
sidered as the main parameter for evaluating the performance of the differ-
ent items. Factor impact analysis is composed of the following steps:

the different items with respect to the parameter under consideration will 
be investigated;

-
vant to the parameter under consideration.
Calculation of the homogeneity index that measures how much the cor-
responding values of the factor are similar within clusters and the hete-
rogeneity index that measures how much the corresponding values of the 
factor are different from one cluster to another.

Pareto analysis is composed of the following steps:
Selection of a type of categorization of failures e.g. on the basis of their 
source: design, manufacturing, operation, maintenance, etc.;
Accounting for severity of failures e.g. by considering a weighting sys-

-
ferent categories of failure. Among them, we can quote direct and indirect 
maintenance cost, availability, reliability, safety, environmental impact, 
etc. [1];

-
est to lowest;

-

Determining whether the design category is among the main failure cate-
gories and if yes what the related causes of failure are.

We can see from the example of Fig. 3, that the main categories of failures 
are random failure/component wear and design related since together they 
account for more than 80% of failures. Since the design related category of 
failures is among the main categories of failures then it is worth investigat-
ing the main causes related to the design category of failures.
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Fig. 3: Pareto analysis applied to the categories of failures

5 PLM-based Design-for-X Support

5.1 PLM Requirements for DfX Support

-
chiving, administering and providing all product or facility related informa-
tion in the required quality and at the right time and place. They can be con-
sidered as an extension to PDM systems towards a comprehensive approach 

still not consummate. Analyses have revealed that an out-of-the-box support 
for Design-for-X processes is not satisfyingly possible. Currently there is no 

-

Furthermore methodologies for transforming data into DfX characteristics 

cannot be represented to the design engineers in an optimal way [2].

5.2 Data Model for a PLM System

In order to optimally support DfX processes, a data model has been de-
signed which aims at providing product data throughout the whole product 
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-

chosen to describe the data model. It focuses on the classes building up the 
model as well as the attributes describing their main features and associa-
tions illustrating relationships between them. A certain degree of abstraction 

varying needs of different industrial sectors.

types and product instances have been introduced. Product types mainly 
-

ing bill of materials, CAD models, product variants, material etc. Product 
instances are used to model proper information on each product at the item 

terms of single values or documents – gathered during product usage can be 
attached to product instances. The data model also enables the description 
of main events occurring during a life cycle phase, including details of the 
resources involved and activities performed.

5.3 PLM System Enhancements

-

Being a central component of the overall approach, the PDKM system aims 
at systematically integrating and managing data from all lifecycle phases 
of products. The ultimate goal is to integrate product data of the entire life 
cycle from different sources and furthermore to support comprehensive 
analysis based on the integrated data and to enable the enhancement of the 
operational business with the insights obtained about the products.

the design engineers in different views, e.g. aggregated by a certain product 
type or averaged over a certain time period. Furthermore information on 
reliability indices, such as failure rates and mean time between failures of 
the systems under consideration are accessible via the PDKM system. It also 
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and interrelate them to the root causes of the faults that have been detected.
Given the capabilities of the PDKM system, design engineers are supported 

-
-

the design of new generation locomotives and close the information loop be-
tween the phases of usage and design. A further distinguishing characteristic 
of PDKM is that it allows integration of data mining tools in order to support 

management beyond the boundaries of the design and manufacturing phases. 
Design engineers are able to retrieve up-to-date information about the compo-
nents of a product and to comprehend the structure of a product at a certain point 
of time in the product lifecycle. All objects that are managed in the system can 

-

Fig. 4: PDKM Architecture 

data from PEIDs can be integrated as well as data from other systems. Generated 
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6 Conclusions

Decisions that have to be made by engineers within complex processes such 

that are already in operation and that are similar to the new product to be de-

for their evaluation.
To overcome these problems methods and tools for capturing, analysing and 

-
-

sion of a more substantiated information basis. Since the relevant data the engi-

logical integration and a single access point for the user have to be provided. In 
this paper the relevant aspects for a DfX support are described. This includes the 

-
agement and provision of all relevant information related on products.

-
ect PROMISE: PROduct lifecycle Management and Information tracking us-
ing Smart Embedded Systems th

-
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some issues important in product development/engineering design. In this contribu-
-
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1 Introduction

Theories and models of technical products and product development pro-

Today, they are increasingly relevant also in industrial application because 
they are vital elements of current strategies such as concurrent/simultaneous

DFC1 -
cerned with later phases of the product life-cycle up as early as possible 

1 DFM/DFA/DFQ/DFC – Design for Manufacturing/Assembly/Quality/Cost.
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in the process, thus generating a more steep and even gradient of product 
maturity during development. These strategies are supported by an increas-
ing number of more and more sophisticated computer models and tools 

2

mentioned serve the ultimate purpose of helping companies meet present

raising product quality.
This contribution is based on a new approach to modelling products 

-
ly – and tries to show that this new approach can shed a new light on some of 

The basic approach of CPM/PDD was explained in a couple of earlier 

Modelling: Characteristics-Properties Modelling 
(CPM) and Property-Driven Development (PDD)

2.1 Fundamentals

design theory and methodology so far. This includes concepts originating 

To integrate many existing models and strategies into a common frame-

To explain some still open theoretical and practical questions.

giving concrete hints for the further development of methods and tools.
2
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To bring design theory and methodology closer to the way practitioners

product modelling 
side of the new approach. Based on this, Property-Driven Development 

process of developing and designing products.

Merkmale Eigenschaften
The characteristics Ci

ed by the development engineer/designer.
-

not

-

To be able to handle characteristics and properties – literally thousands of 

process they have to be structured. Fig. 1 shows the basic concept as it is 
discussed in CPM/PDD: 

structuring of characteristics is given following the parts’ tree of a prod-

data structures of CAX-systems. Different criteria of structuring charact-
eristics are theoretically possible, but not discussed here. 

-
turing properties is presented which is based on criteria determined by 

discussed issues in product development/engineering design. Again, dif-

theoretically imagined, but are not discussed here.
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Fig. 1:
the two main relations between the two

Of course, also the properties should be structured more deeply by further 

that the further structuring of properties as well as the importance are always 
-

dividual companies and are even time-dependent. In this relatively short 
paper it is not possible to go into further details.

Dx

ment engineer/designer is very familiar with these dependencies, e.g. geo-

material pairings, even conditions of existence.

and properties:
Analysis:

– if the product does not yet exist in reality – predicted. Analyses can, in 
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-

Synthesis: Based on given, i.e. required, properties the product’s char-
acteristics are established and appropriate values assigned. Synthesis is 
the main activity in product development: The requirements list is in 

of characteristics to meet the requirements to the customer’s satisfaction.
Of course, the requirements list may already contain characteristics, but 

-

Fig. 2: Basic model of analysis

-
thesis as the two main relations between characteristics and properties are 

Ci Pj or PRj
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Fig. 3: Basic model of synthesis

the following meaning:
Ci: Characte ristics 

Merkmale
Rj, Rj

-1: Relations between characteristics 
and properties

Pj: Eigenschaften
PRj: Required Properties Dx: -

tween characteristicsECj: External conditions

2.2 Analysis

Rj

-
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Experience

Physical tests/experiments Computer tools

Ci are 

Pj

Rj

product, its properties can only be analysed by means of appropriate meth-

Rj

Ci

Pj predicting the properties given at that moment. 
Using computer models and tools to model a product and analyse its 

completely virtual 
product (model)
are used to determine/predict all relevant properties of a product which, 

more element which is particularly important here: The determination/ pre-
diction of every product property via an appropriate model, method and tool 

ECj

-

2.3 Synthesis

required
properties PRj Ci

or assigned. In engineering, the only way to do synthesis is to use appropri-
Rj

-1
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Human genius3

Association – technical or bio-

Catalogues, stand. Solutions

Collection of rules
Methodical/systematic approaches 

-
culations
Computer tools

-

acteristics to be determined differently.3

Fig. 4:
characteristics differently

2.4 Solution Elements, Solution Patterns

very important in practical product development/design, because it enables 

from the perspective of the CPM approach introduced here, a solution pat-
Ci

Pj Rj

The use of solution elements/patterns does not only enhance standardi-
Ci

3
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Pj Rj -
both directions, i.e. for analysis as well as for synthesis

representations of solution elements/patterns as introduced here.

Fig. 5: Schematic representation of a solution element/pattern

2.5 Property-Driven Development (PDD)

Based on the considerations on the new approach to modelling products 

uct development processes are presented. 
The product development process can be seen as an activity which, in 
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1 Synthesis

2 Analysis

- Always all properties are
analysed – including those that
did not stimulate the initial

- In early stages, however, it
may not yet be possible to
determine all of them.

3 Individual deviations

be necessary to modify the
RPj

order to consider additional
properties that only come
up later.

4 Overall evaluation

evaluation are actual driver
of the process.

Fig. 6:
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During the process – in every synthesis step – ever more characteristics of 
the product are established and their values assigned, in parallel – by means 
of the analysis steps – ever more and ever more precise information of the 
product’s properties/behaviour is generated. 

1. The product development process starts with a list of requirements. This list 

step 1 the development engineer/designer starts from some of the proper-

state are analysed, based on the characteristics currently established. In 

-

-

current design.
4. The development engineer/designer now has to run an overall evaluation 

-
thods and tools for the subsequent synthesis-analysis-evaluation cycle. 

a result of each synthesis step ever more characteristics are established and 
their values assigned, i.e. the structural description of the solution gets more 
and more detailed. The analysis steps of all cycles basically all deal with the 

set of characteristics. In consequence, the analysis methods and tools have 
to switch from rough to ever more exact ones enabling an ever more precise 
determination/prediction of properties along the process. The product devel-

Soll- and Ist-properties at the end of each cycle.
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In a strongly abstracted representation, the product development process 

PRj

Pj

j -

Ci

ECj

In terms of the structure of the control circuit
Rj

-1

Rj

the overall evaluation of current deviations between required and as-is 

Fig. 7: Abstract representation of product developmentas a control circuit

2.6 Termination of the Product Development Process

The product development/design process terminates if and when
all characteristics needed for manufacturing and assembly of the product 

Ci

Pj

all determined/predicted properties are close enough to the required prop-

j Ë 0

3 Design  X (DFX) and Design  X

-
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really embedded in design methodology. 
-

ods and tools, based on the CPM/PDD product and process modelling 
approach explained in the previous section, building upon but also extend-

methods and tools into design theory and methodology and to generate 
new ideas for their further development. Additionally, it will be shown that 

for
of

The core of considerations is that any DFX method is a concretisation 
Rj, Rj

-1 -

Rj

product characteristics and will eventually lead to a comparison with the 

Rj
-1

establish, assign or modify characteristics of the product in accordance with 

As was already pointed out at the end of section 2.2, the determination/
prediction of a product property via an appropriate analysis method/ tool 
and also the establishing/assigning/modifying of product characteristics 
from required properties via a synthesis method/tool must be performed 

ECj

ECj

PX

to analyse or synthesise good manufacturing properties of the product are 
related to the properties of the manufacturing system. 

This idea is very closely related to the concept of so-called relational 
properties introduced in [9]; the main difference is that the model present-
ed here can be more strictly formalised and that it is derived in a relatively 
systematic way from the basic CPM/PDD approach.

ECj -
PX -

come of a separate product model, which describes the behaviour of the 

CX

determine those very same properties.
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These considerations lead to the extended DFX concept shown in 
top row

characteristics-properties structure as the product to be developed/ designed 
with regard to the properties of the X-system. 

models of the product being developed/designed and of the several X-sys-
tems which have to be considered in DFX.

Analysis of product Synthesis of product

A
n

al
ys

is
 o

f 
X

D
es

ig
n

 X

1.1 1.2

S
yn

th
es

is
 o

f 
X

D
es

ig
n

 X

2.1 2.2

for of

ECj -
PX

which can be determined by analysing the X-system. 
-

el which would lead to synthesising the X-system, . This 
for of -

In summary, the CPM/PDD approach systematically leads to four cases 
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Ci

Pj ECj -
PX

classical analytical
PRj

Ci

ECj PX

This is the classical synthetical
Ci

Pj ECj

PRX -
lised by establishing/assigning/modifying the characteristics of the X-

CX of

example would be to introduce a new technology and a new manufac-

PRj

Ci

ECj PRX

which have to be realised by establishing/assigning the characteri-
CX

of
X-system dom ain. An example would be developing/designing a new 
product and a new technology/manufacturing system simultaneously.

-

presented in [10]; it is quite closely related to propositions made by Ueda in 
[11] for layout planning of manufacturing systems.

4 Measuring the (Degree of) Product Maturity

in industrial practice as well as in academia. In most cases the maturity of 
processes

-
ing-related approach is presented which deals with product maturity. The 

overall evaluation of current product properties was introduced as the main 
control unit of the whole product development/design process.
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given time t in the product development process via two components: 
MC

MP

The following explanations use the formal expressions:
Pj: Ist
PRj: Soll
NCi:
NCm:
MC: Characteristics-related maturity
MPj:
MP:

j: j

M:

MC measures the number of product characteristics already established/as-
signed in relation to the total number of characteristics necessary to build 

-
ished, it is, of course, not possible to do an exact determination of the total num-

NCm

will, however, have quite some experiences from past projects that would allow 

structure which usually is given right from the start of the project.

MP measures the current state of one or more/all product properties in rela-

For one single property Pj:
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Pj

this case will result in MPj > 1.

-
tions have to be substituted which shall not be explained in detail here.

j.
The basic idea is to assign j to the method/tool used to determine the prop-
erty in question with values of j between 0 and 1: 

In early phases of product development, where still only few characteri-
stics are established/assigned, relatively simple and less accurate analysis 
methods/tools have to be used; these would have low values of j.
In later phases, where most or all of the details are available, quite elabo-
rate and accurate analysis methods can be implied that deliver highly ex-
act results and, therefore, can be assigned with high values of j

up to j

-
sure the overall properties-related maturity some sort of superimposing all 
the individual MPj values must be implied. 

The most simple approach to calculate the properties-related maturity 
MP

requirements in a requirements management system which may exist any-
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-
ment/design process is now calculated via the characteristics-related matu-

MC MP

-

Fig. 9:
CPM/PDD
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5 Conclusions

-
uct development/engineering design. 

Even if the approaches and conclusions presented in this paper may be 
regarded as a very particular view and if results still have to be discussed, 

One important part of the future of product development in research and 
-

to one another in order to provide scientists and practitioners with a consoli-
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Support of Design Engineering Activity for 
a Systematic Improvement of Products

IPEK – Institute of Product Development Karlsruhe, University of 

Abstract

design methodologies. The predominantly systematic-analytic, on deductive proce-
dure based design methodologies are still basis for research and education but are 
judged to be little applicable in a real designing environment [4, 5]. Hence, the trend 
of design research has put the engineer in the middle of focus as a problem-solving 
individual. This paper introduces an approach for a successful proceeding in solv-
ing complex engineering problems based on the established Contact and Channel 

providing the information needed for understanding the relations between form and 
function on the adequate level of abstraction. Through a widespread understanding, 

Keywords
Problem Solving, Product Development Process, Design Model

1 Introduction

The industry needs to improve the design process due to the drastic reduc-
tion of product development time. Increasingly shorter product life cycles 

of constructive problems. The call for a target-oriented and reliable solution 
of problems which includes the troubleshooting of errors as well as and 
the planning of development activity itself is in the focus of design process 
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2221 [17]. These methodologies are still basis for research in design engi-
neering and are the basis for design education. 

Engineering is a highly complex activity that is based on many cognitive-
ly and psychologically founded mental processes. In addition, the complex 

-
search domains of design are faced for example through the introduction of 
the idea of systems engineering into design methodology by e.g. Ehrlenspiel 
[8]. The approach aims at the reduction of complexity by means of transfer-
ring the problem onto a more general and abstract level. On the other side, 
big research effort is heading on improvement and support of the human 
problem solving activity which has become the central aspect of design en-
gineering methodology [4, 5, 8, 9, 11]. Abstraction is a core competence for 
a successful problem solving ability of any engineer and is basis for many 
methods in design engineering. E.g. TRIZ abstract the solution of many 

This paper explores a new strategy to support engineers in their problem 

-
sign methodology concerning the human problem solving activity. 

and explained by means of an example out of a current industry project 
conducted at the Institute for Product Development IPEK at University 

-

a systematic problem solving process and the model of the product life cycle 

product model provides a systematic to describe the objects of the product 
development process.

Objective of the research effort is the support of engineers in the creative 
phase of the constructive problem solving process. The goal is to improve   
solution quality within lean time due to requirements of the highly dynamic 
world of innovation.
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2 Method

2.1 Contact and Channel Model

is a vital means for engineers to reduce the complexity of design problems. 
Models provide the intrinsic information necessary for the solution of the 
problem and omit the information dispensable. The act of building up a 
model of the problem is thus basic for design engineering. How engineers 
formulate their problem strongly determines how they search for solutions 

-
nal and external problem modelling. The visualisation of functions through 
their allocation on the visible shape helps building up an abstracted model. 

-
signers and also mechanics have the ability to understand the functionality 

successful designers have an excellent internal problem representation. 

Fig. 1:

Their mental model building process is based on their experience. 
However, experience also may attract them to limit the search for solution 

-
sign should do and depart from physical embodiment [6]. In the core of the 
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-
stract level of functions as well as on the concrete level of components. 

contact with another WS and thereby creates a WSP. If this idea is system-
atized it becomes clear that a technical function requires a further WSP and 

and information [12]. A whole system is completely describable through a 

determined by the properties of the WSP and CSS.

2.2 Example

The gear unit shown in Figure 1 is meant to

-

are located on the single parts of the gearwheels and contribute to the prin-
cipal function. If e.g. the WSP2 that represents the drive is not established 

-
rial and information that characterize the function of any technical system 
can be visualized on the physical embodiment through the allocation of the 

2.3 Proposed Procedure

-
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Fig. 2:

-
ration that serves the situation analysis and the problem containment. The 
target is to generate a full understanding of the situation and therewith reveal 

-

elements within a product. 
Any product consists of functional elements that are implemented on physi-

the product architecture. For a systematic improvement, these relations must 

The model preparation process is executed as follows: We start by naming the 

-

-

The further steps are accomplished starting from the physical description 

in function hierarchy we switch the starting point. We locate a WSP where an 
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effect happens. We systematically go through the geometric features, identify 
the WSP and CSS and then name the function for which the elements are 
responsible. 

-
-

-
tions.

Fig. 3: Model elicitation can start from abstract or concrete 

-

changing systematically between functional view and componential view 
is not suggested. In fact, we propose a free way of changing the point of 
questions. That is also supported by recent research results on design meth-
odology. An opportunistic-associative procedure that allows the grabbing of 
sudden opportunities is often more effective than the deductive sequential 
procedure when solving problems [4]. For the designer it is important to 

In the problem containment step the core of the problem is revealed. For 

elements WSP or CSS does not exist the intended way. This means that the 
structure elicited in the product model needs to be proven in three ways.
1. Is any WSP and CSS build up correctly?
2. Is any WSP connected correctly trough a CSS to at least one other WSP?
3. Is there an interfering function that is connected with the intended function?
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Thus, function failure can stem from the functional elements, the WSP or 
CSS; from the incorrect implementation of an intended function, the incor-
rect coaction of two WSP and a connecting CSS; and from the coaction of 
wanted and unwanted functions, i.e. the system behaviour.

3 Applying the C&CM Method

The developed procedure was applied in an industry project concerning the 

of the bearings and to propose solutions for the improvement of the system 
with a strict requirement to change nearly no component.

Fig. 4: Assembly of an engine support drive train

With the clearance of the boundary conditions situation analyses began. 

of the accordant WSP. Sub functions were named and the accordant WSP and 

rear side plug was used to mount the motor to the casing. 
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The effect of the failure was already named. The unwanted function is 
-

wanted function places its WSP and CSS . The rear end of the shaft is piv-

the bearing itself. The assembly of the distance ring between motor and 
casing system causes a huge deformation in the range of the bearing seat. 
This deformation is caused because the function of the tolerance ring is not 

failure could be detected because prints on the rear plug of the motor casing 

of distance ring was malformed during assembly. This resulted in a displace-
ment of the WSP 2, WSP 1, CSS 12 and CSS 23, which are responsible for 

the WSP 1 and WSP2 became smaller, CSS 12 and CSS 23 were deformed 

surface pressure in WSP 1.

Fig. 5: The intended design and the failure design 

4 Conclusion

The problem was handled successfully. The project partner out of the auto-

-
-

ated view on the product. And that is also the reason why an enterprise 
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focuses on what design should do apparently is attractive if development 
processes stumble in their usual ways. This supports our effort to advance 

-

are empirically gained out of the experiences, which numerous users of the 
-

enough. More case studies, which connect research and industry application, 
will contribute to a further improvement and acceptance of the method.
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The STEP Standards in Semantic Web – A Way 
to Integrate the Product Development Chain
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Abstract
-

-
mands, the integration problem extends beyond the limits of the system and com-
pany. A new approach to this problem is the Semantic Web, an emerging area of re-
search that purposes to guarantee interaction among information systems, to permit 
a variety of complex applications through the characteristics of semantic descrip-

Keywords
STEP Standards, Semantic Web, Product Development Process, Data exchange

1 Product Development Chain

The product development chain starts with an idea that came from a need 
-

structed from this idea and its objective is to start a process which will end 
with the material execution of the product.

In the process of producing a mechanical product through machining, the 
development cycle is well established and is followed by computer aided 
systems.
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The digital integration of the phases of the product development chain is 
one of the objectives of the modeling systems. To achieve this objective it is 
necessary to permit that the specialist in charge of any development phase 
be focused on the information that is relevant to this phase, without losing 
the overall view of development [1].

The adoption of a friendly system, without restrictions to data exchange 
among different systems, will allow new levels of interaction in product 

data do not need to be mapped or translated.
In a heterogeneous scenario the initiative of the ISO 10303 or STEP 

has provided a neutral means for the exchange of data about the product 
model [4]. However, it can be argued that the use of standards per se cannot 
solve the problem of integrating the product development chain.

2 Conception of the Product Data

Due to the fact that each activity of the product cycle may generate a com-
ponent of the product data model independently and with no concern for the 
subsequent phase and its integration, the product data model may be charac-
terized by a heterogeneous database system [5].

or just be an interpretation matter. The integration of different database may 
diminish the capacity of each component to manage its own data without 
general interference by the heterogeneous database system [5].

-
geneity and the transformation of data sources into an integrated whole [6].

Among the ideas developed for the integration of heterogeneous data, the 
one that offers the widest range is the establishment of standards for data mod-

success. The use of semi-structured data gives versatility to data representa-
tion, allowing data transformation and mapping of irregular structures.

with it, information may be lost in the conversion of data from a data model 
into semi-structured data. This problem may be managed by the maintenance 
of a metadata set associated to converted semi-structured data. Therefore the 
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terminology and in the structuring of the data source. This has been achieved 
by STEP standards, which enriches the metadata to support the investigation 
of the semantic adjustment among data values of different data sets.

3 STEP Standards

of the STEP standards. The present structure of the STEP standards is a con-
sequence of a great number of contributions.

With the aim of achieving the proposed objectives, the STEP standards 

The various modules are documented in separate parts in the ISO 10303 

be supported by STEP is subdivided into a number of independent modules 

Since it is not possible to have all the possible applications in a single data 
group, or offer a concrete context for the data, the STEP standards use Application 
Protocols, which describe the utilization of data exchange for a particular appli-
cation, thus reducing the scope of each protocol to a business area. Although the 

-
selves the guarantee to this success [1].

4 Semantic Web

The Semantic Web is an emerging research area, whose objective is to guar-
antee integration among information systems and to permit a variety of 

developed. Another proposal is to increase the present Web with the formal-

share and process [8].
-

data must correspond to consensual formats and concepts to enable sharing 
and processing. Figure 1 shows the layers of standards and technologies of 
Semantic Web.
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Fig. 1: Infrastructure of the Semantic Web

The bottom layer, Character Encoding and URI, establishes an interna-

is constituted by a standard syntax, which gives the basis for data model 
description in such a way that the exchange of information and schemas 
may become possible.

which they are published. These vocabularies may be used to associate types 
to resources and properties.

The ontology layer enriches the vocabulary and permits its evolution, 
extending the repertory of concepts and semantic relations among words.

The proposed solutions to data integration come from common pretexts and 

Web proposals. Since a wider amplitude is their initial objective, they also 
present a wider solution. In the next part, the existing correlations between 
the two solutions will be presented.
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5.1 First Layer: Unicode and URI

The use of an international standard for the characters used in the whole 
Semantic Web is the minimum requirement for subsequent phases to be able 

Fig. 2:

implicitly the whole standard is structured according to this international 
standard, though just a part of it is used.

the product in an extensible way.

5.2 Second Layer: XML and XML Schema – AAM

-

-
ed structure of compounded elements.

Schema for a document of a mechanical part with the following structure: 
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store the essential information of each one of the manufacturing features.

Fig. 3:

their integration. For example, there is no indication of the measurement 
units and of the co-ordinate system used. This example shows the need for 

use of schema and standardized metadata, once well documented and with 
common meanings, may reduce this problem [10].

of a STEP application protocol [7] that describes the business process that sup-

EXPRESS/ESPRESS-G, the characteristics of object orientation are present 
in both languages and there are no barriers to a direct translation [9].

5.3 Third Layer: RDF and RDFS-ARM

-
puter processing of metadata in Semantic Web. RDF is based on the repre-

-
sic building of a RDF model is an assertion, a triple in the form of a ‘subject 
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properties and sub-classes for a particular domain or application, similar to 
a category diagram of an object oriented model [10].

Figure 4 shows the use of RDF and RDFS for the description of Web 
resources. At the upper part, two different schemas, describe resources to 

-

the system on the right collects the product data for the process and carries 
out process planning services. 

in the upper part. For example, the slot is an instance of a prism in the 
schema on the left and an instance in the machining operation on the right. 

-
tions of the RDFS level.

Besides providing different views for the same resources, RDF/RDFS 

a slot has a geometric interest in modeling, while for the process this same 

different consequences in machining and measurement. The different com-

problem is the different ways of describing an entity among different sys-

-
lowing aspects of Semantic Web:

State the relations involving resources and resource description;
Allow different views of the same resources, adjusted to their different 

-
tions among these concepts.
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Fig. 4: RDF and RDFS for a mechanical part

5.4 Fourth Layer – Ontology – AIM

and determine the consistence of things. A consequence of ontology is the 

the meaning of class and instances in a speech universe by the arrangement 

relations [11].

consultation and the correct answer, even in open environments. Ontologies 
also help in data integration, particularly in the investigation of correspon-
dence among data elements that come from heterogeneous sources [12].

The basis for the implementation of the STEP standards within an appli-



123Schützer, Moura

which is based on STEP integrated resources. This mode is described in 
-

logical languages expected by the Semantic Web, but since the concepts are 
the same, this obstacle is easily overcome [13].

6 Conclusions

The Semantic Web is a vision for the future of the web in which information 
is given explicitly, facilitating the automatic processing and integration of the 

The Semantic Web requires a layer of ontology on RDF, which can de-
scribe the meaning of the terminology used in Web documents formally. 

is previewed by the STEP standards and Semantic Web.

most important step to the integration of the whole product development 

for the future.
-

cesses: the data product model may be viewed in a simple browser, the ad-
ditional attributes are not lost in the model and the sequence of model con-
struction may be maintained.

This study was done with the support of CAPES, a Brazilian federal agency 
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using Reference Product Structures

Chair and Institute for Engineering Design, RWTH Aachen University, 
Germany

Abstract
A variant management has the goal to offer as many product variants as possible to 

same time. Inevitable creation of new parts or subassemblies has to be controlled in 
a standardized process of variant creation. To provide sustainability the new product 
data has to be integrated into the existing product data model in order to support the 
creation of a new product variant. This paper discusses the management of product 
data using reference product structures as well as reference products, and the sup-

Keywords

1 Introduction

companies with high product variety must also optimize the creation process of 
its products. As customers expect individual products, a company must be able 
to handle the internal variety resulting from highly customized products. Due 

-
-

ment, using as less effort as possible not only concerning of the design process 
but also paying heed to neighboring processes as manufacturing and assembly.
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This problem grows with the product complexity and the number of en-
gineering designers involved as well as the complexity in the organization, 
which induces department boundaries. An engineering designer is not able 

order/requirement in a proper time. Surely there are many  rules of stan-

But due to time consuming search processes, the engineering designer often 
doesn’t consider this standardization. It is much easier for him to create a 
new component or new assembly rather than using any existing ones. On 
this account the internal complexity will rise rapidly.

This problem should be handled at least by accounting the two aspects   
product data and process. Both are interrelated, affect each other and will 
be considered in the frame of a PDMS application as product data model 
and process model [1]. The third aspect in this context, the role model as a 
transformation of the organization within the PDMS, will not be discussed 
in this paper. This paper describes a management of product data using a ref-
erence product and its structure, which can be utilized as a storage platform 
for parts and assemblies within a certain product family. The product vari-
ant to be delivered to the customer is a derivation of the reference product. 

rather than to design. The reference product structure supports the engineer-

Furthermore, the necessary prerequisites for implementing a reference prod-

also covered by this paper.

2 Current Situation

plan their variants right from the beginning of initial product development. 
-

trieve basic information in order to set up the products. The product variety 

-
ety within their portfolio. A new product generation is developed based on a 
certain scenario of requirements. A product variant will be produced through 
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customer’s wishes as well as shortened development time, a new product 

including the newly created product variant will be stored in a product data 

Fig. 1: Common variant creation process

This proceeding induces a huge number of variants of parts and assem-
blies within a very short time, because there are lots of special customer 

parts and assemblies become unclear and forgotten. The reuse of existing 
parts and assemblies is aggravated or worse prevented.

engineering designer to gain an overview of all existing parts and subas-
semblies. Many companies will actually propose a standard regulation that 
the engineering designer is only allowed to use standardized parts and as-

the engineering designer is bound to the realization of the customer’s re-
quirements. The problem is aggravated due to the boundary in between sub 
departments within an engineering department. The experience and infor-
mation remains only within a sub department. The exchange of information 
spanning departments is merely minimal.
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Fig. 2: Random generation of new product variants from any existing variant

different data storages with data redundancy and without references to each 
other. Most companies tend to have no product data model at all.

Within a regular interval, companies run a variety cleanup. Although this 
measure is necessary, it doesn’t solve the initial problem, i.e. the creation pro-
cess of new product variants itself.

This results in a situation, that most engineering designers spend a lot of 
-

ing requirements questions, conducting data retrieval and many more. These 
activities provide no added value and should be avoided as much as possible.

Out of the current situation, the following points have to be considered:
The creation process of the product variant should be arranged in such a 
way, that usage of existing parts/subassemblies is with a high priority is 

reference into consideration.

to enable easy information retrieval.
• An appropriate IT support with accompanying tools is essential in order 
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3 Existing Approaches

A variant is regarded as an alternative solution, which differentiates from 
another solution in at least one qualitative or quantitative parameter value 
[2]. There are three aspects of reasons for variant creation [3]: 

The product structure is a model, which describes the determined interre-
lation between parts and subassemblies of the product in entirety concerning 

-
lation of products and expresses the interconnection of subassemblies and 
parts or more complex technical systems [5]. This product structure is docu-
mented by the bills of materials and sets of drawings or similar models. The 

-
ny, which usually inhibits a manufacturing or dispositional point of view.

To optimize the design process, one prerequisite is to reuse effort spent in 
the past as often as possible for a new product variant. This can be achieved 

There are several approaches of standardization in order to minimize 

design, platform and feature technology [3, 5].
-

menting high variety in a so called variant tree, in which the number of 
components on every assembly level is pointed up [6]. The method was 
developed considering the circumstances of the automobile industry.

structured representation of the variability of products and product proper-
ties independent from the complexity of the related machine or plant [7]. 
Therefore the meaningful existence of a product variant is analyzed against 

There are many approaches of variant management in literature. The com-
-

proaches. But lots of companies with high product variety deter to perform 
the approaches, because they largely demand comprehensive preparation 
and penetrative changes regarding system architecture, data migration of 

-
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Thus a practical approach, which can be implemented right away little by 
little and performed by the company itself is to be developed. This approach 
can be used as a preparation for the implementation of another approach in 

product data model using a reference product structure to support the pro-
cess of variant creation and will be introduced in the next chapter.

4 Reference Product Structure

The reference product structure can be derived using similarity analysis of 
existing products. The ideal product portfolio evolves from just one refer-

Because the ideal rarely occurs in practice, products with high relative per-
centage of same components will be grouped within a certain product fam-

certain product family.
For the similarity analysis, several typical products of the companies’ 

of these products are to be analyzed closely. Identical or similar parts or sub-
assemblies are put on the same position within the structure. Hereby it will 
be differentiated between parts and subassemblies, which are:

or at least within the product family.
Standard options and/or standard adjustment.

The result is a product structure, which contains all structural positions of 
existing parts and subassemblies. This product structure will be adopted as 
a reference product structure.

Within a reference product structure, some reference products can be 

items and can be determined on the basis of the reference product structure 
and product families. The grouping of products in product families depends 

reference products within a product family. These reference products have 
the same structure but differ in their functionalities and/or size. Since engi-
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Fig. 3: Reference products within a product data model

All variants derive from a certain reference product. Ideally, all parts or 

position within the reference product.
The interrelation between product variant, reference product and its 

structure will be determined by the description of requirements. A certain 
reference product structure represents certain product requirements. The re-
quirements of a reference product is described, using the difference to the 
requirements of its reference product structure. The same thing will be ap-
plied for the product variants, whose requirements are described as a differ-

5 Variant Creation Process Using Reference Products

In order to use the reference product and its structure, a standard process of 

of change for the initial structure must be proven by an experienced em-
ployee, who has the necessary competence. The indispensable adjustment of 
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parts or assemblies must be examined not only under the aspect of design, 
-

ation as well. Therefore it is important to name a person in charge for every 
position within the reference product structure, which has to approve the 

Furthermore, since parts and subassemblies are stored within the refer-
ence product, a product variant can be easily derived from the reference 

Fig. 4: Product variants derived from a reference product

6 PDMS Application

The entire management of the process and product data will be consoli-
dated by a company repository, which contains all process and data with 

methods in regard to product development from the product idea up to 
-

ment of the products throughout their overall life cycle. A central compo-
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requires the usage of a PDMS.

of PDMS, if not already performed yet. During a PDMS introduction the 
product data and the processes has to be adapted anyway [9]. It could be 

Fig. 5: The variant creation process and product data model as part of company 
repository

-
tion rules adverting a reference product [10]. The meta data of the parts/as-
sembly includes the description of the requirements.
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7 Conclusion

This paper introduces an approach to implement reference product structure 
supporting the variant creation process within a company with high product 
variance. A product data model containing the product data with its references 
between each other and a variant creation process will be integrated by the 
means of a company repository, which is the basis for the implementation 

-
lutions for the products.
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Implications of Complexity in Early Stages 

of Heuristic Engineering Methods

M. Weigt

Abstract
Heuristic engineering methods can provide essential support of management of in-
formational complexity in early stages of innovation processes. This paper applies 
principles from system and model theory to the development of a meta-method, i.e. 

engineering activities respectively, and provides increased understanding of funda-
mental method mechanisms with regard to informational complexity.

Keywords
Complexity management, method development, meta-method

1 Introduction

Continual shortening of innovation processes and innovation cycles char-
acterise the current competitive environment. At the same time, customer 
expectations rise concerning functionality and quality of products, and their 
costs. Thus, customer requirements and innovation necessity result in con-

of process requirements. In addition to further time or cost reduction, e.g. 
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managing complexity has become an essential challenge for enterprises in 

success of many of these processes.

2 Role of Methods in Complexity Management

2.1 Conceptual Foundation

The term system refers to entities, which are not to be considered merely 
sum of their parts, but require a holistic approach for reasons of interre-

their relations. Inputs and outputs connect a system to its environment, from 
which a system boundary separates it [1]. Systems result from determination 
by observers. The term element demonstrates this, referring to entities not 

-
termination depends on the observer’s frame of reference. For evolutionary 
reasons, it is often mapping in time and space. Therefore, observers often do 
not discriminate between systems and objects. However, a system is always 
a model made by an observer of an original, but not the original itself [6]. 

model. Its being based on originals is referred to as mapping feature of mod-
els. Other features of models are reduction feature

pragmatic feature
-

every purposeful, material or immaterial abstraction of a material or im-
material original. However, system models in a stricter sense are mental 
interpretations, and as such can only be immaterial abstractions of material 
or immaterial originals.

[13]. This applies to system models as well. Practical application of system 

means to handle complexity
refers to a property of a system model, resulting from type and number of 

property of a situation, in which complexity i.n.s. and further complicating 
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-
jective: It requires the existence of an observer, and depends on the purpose 

context of similar system models and situations [3, 6].
A method is a set of instructions, whose execution under given conditions 

process is 
an activity or set of interrelated or interacting activities using resources to 
transform inputs into outputs [8]. Methods as descriptions of recommended 
or intended activities therefore are process models, regardless their formula-
tion and concretion. Since activities can be regarded as elements of proc-
esses, and inputs and outputs provide interfaces to other processes or the 
environment, processes can be interpreted as systems, and methods, being 
procedural process models, as well.

2.2 Complexity in Early Stages of Innovation Processes

Several factors cause complexity i.b.s. in early stages of innovation processes, 
i.e. product planning and development. Important reasons are functional plu-
rality and product individualization required for competitive reasons. Requisite 

-

[4, 11]. Also related to the competitive environment is increasing interdisci-
plinarity of technical products. Mechatronics enables new functions and prin-

global competition. In return, close interrelation of components from different 

Complexity i.b.s. results from the nature of developmental activities and 
their environment. The goal of developmental activities is anticipation of 

unambiguously determine structure [7], developmental decisions include cer-

to assess in early stages of innovation processes [4]. The interconnectedness 

responsible for this. Furthermore, engineering design objectives can be un-

developmental environment is dynamic and opaque with respect to informa-
tional relations. Both design objectives and means to their achievement are 
therefore uncertain and changing [4, 5, 11].
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This complexity i.n.s. and i.b.s. is essentially informational complexity,
as it challenges engineers during problem solving, i.e. information convert-

Fig. 1: Informational relations between problem solving steps [1]

2.3 Meta-methodical Requirements

Methods can substantially contribute to ensuring and increasing quality in 
-

ganize the entirety of supporting factors [1, 9]. Even though heuristic meth-
-

tives, they are nonetheless essential for the organization of processing of 

engineering methods is essential to improve management of complexity in 
early stages of innovation processes. The term meta-method refers to such a 

Methodical support is required to support the development of good so-

ability to support the with regard to the 
management of complexity i.b.s. of engineering tasks in general an essen-
tial meta-methodical requirement. Since method development for complex 
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Fig. 2: Direct and indirect support and requirements

Application of abstract methods, i.e. implementation as processes, may 
concern process management in addition to individual engineers. For this 
reason, operative and process support is required of the meta-method. 
Heuristic methods should be suitable for implementation, even though not 
being process management methods per se.

Complexity often prevents problem awareness, which is necessary for in-
tuitive problem solving [4]. Discursive procedure therefore is more appropri-

support of discursive procedure 
is a direct and indirect meta-methodical requirement. Method development 
and operative procedures are required to be systematic and incremental. As 
discursive procedure increases method transparency, this also contributes to 
method acceptance and practicability.

A meta-method should be suitable for top-down and bottom-up approach-
es and for combinations thereof. Considering the necessity of discursive 
procedure, this requires support of incremental concretion, and abstraction 
and aggregation of procedural models. These approaches need to follow 

As system models, methods can be structured hierarchically. Using exist-

of method development. This requires support of selection and at least qual-
itative evaluation of existing methods.
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3 Systemic Approach to Method Development

-
opment, method development comprises designing of procedural structures 
of abstract system models, which cause desired behaviour when executed. 

of elements and relations of procedural process models. At the same time, 
method development is a process and a meta-method thus is a procedural 
process model as well. Consequently, and with respect to implicit self-ap-
plicability of the meta-method, consistent structuring criteria are required 
to structure both the meta-method and the resulting methods. As processes 
and methods are procedural, such structuring criteria need to comprise op-
erations and their objectives

Fig. 3: Requirement of consistent structuring of methods and meta-method

-
ential in nature: On the one hand, comprehension and description of a prob-
lem at hand requires a notion of its solution. On the other hand, problem 

development is a circular structure of interdependent problem understand-
ing and problem solution: Methods support activities, which are accessible 

-

process model. However, to develop such a model is the objective of method 
development. Because of this circularity, abstraction from activity context
can facilitate method development.

System and model theoretic interpretation of method development en-

suitable for use as structuring criteria and abstract from concrete application 



141Weigt

context. Interpretation of methods as both abstract system models and out-

Fig. 4: Context of method development and application

application
level. Method development at object level focuses generalized application 

[9]. Both method development and operative processes are problem-solving 
processes. The determining factor for operative problem solving is concrete 
information, e.g. concrete requirements in product development. To provide 
operative support, methods need to consider complexity-related properties
of the information processed at application level, e.g. dynamics or opaque-

Further abstraction from generalized application situations leads to ab-
stract problem situations, at meta-level -
mation transformation barriers, suggesting information conversion aspects
as determining factors at meta-level. Psychological, technological, and 
organizational aspects are relevant, since information conversion in prob-
lem solving depends on cognitive performances, on support by informa-
tion and communication technology and on integration in existing process 
structures. These aspects focus cognitive processing, representation/model-
ling and communication of information, and thus are referred to as content, 

serve as the objective dimension of the required abstract structuring criteria. 
Corresponding abstract information converting operations -

-
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of these operations and their objectives structure the method development 

development. With respect to method development, these operations focus 
on information conversion. During the subsequent method adaptation and 
implementation stage, their focus is on corporate resources, shifting from 

Fig. 5:

Top-down application of this meta-methodical procedure starts with anal-
-

determination of output properties relevant for goal-oriented execution of 

of further input acquisition and input pre-processing steps, which allows 
outlining synthesis activities and output pre-processing steps. The result is a 
conceptual method schema, i.e. a schematic sequence of abstract operations 
to transform informational inputs into outputs. Conceptual method sche-

of and measures to manage informational complexity.
Abstract conceptual method schemata facilitate application of Systems 
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information conversion become transparent. This facilitates context-inde-
pendent selection of existing methods and evaluation of their applicability, 
and therefore provides an effective interface for their integration into the 
method development procedure.

-
tegration into early stages of innovation processes. Such integration is a 

subjective in nature and depend on a multitude of interrelated factors, many 

Fig. 6:

In this case, based on process interfaces and causes of informational com-
plexity, the conceptual method schema in Fig. 6b outlines a procedure for 
contextual and function-oriented analysis of customer reactions, and cus-
tomer perspective integration into early stages of innovation processes.

4 Summary and Conclusion

Management of complexity has become an essential challenge in the current 
competitive environment. Complexity in the context of the early stages of in-
novation processes is closely related to properties of the information processed 
at these stages. Heuristic methodical support of problem solving activities, i.e. 
information converting activities, can therefore substantially contribute to en-

meta-methodical support, i.e. a method for the development of methods, are 
derived in this paper. Two aspects are particularly relevant in this context: 

-
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constitutes a planning problem and as such circular structure of interdepend-
ent problem understanding and problem solution. 

Consequently, system and model theoretic principles are applied, inter-
preting methods as both abstract system models and process outputs. This 

-
ing operations to structure the method development process, and to provide 

explicit fundamental method mechanisms with regard to informational com-

-
ation of existing methods with regard to their integration into future heuris-
tic procedures. 

The systemic approach facilitates discursive procedure in method devel-
opment and operative activities respectively. General validity of this con-
ceptual foundation allows the heuristic methods to consider informational 
complexity in general, without narrowing their scope from the outset.
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Trends of Evolutions and Patent Analysis: 
An Application in the Household Appliances Field

A. Crotti, M. Ghitti, D. Regazzoni, C. Rizzi 

Industrial Engineering Department, University of Bergamo, 

Abstract
-

atic innovation. Its main goal has been to verify the validity of evolutionary laws 
introduced by TRIZ theory applying them to a complex industrial product. The 
product considered is a washing machine and particular attention has been focused 

patent search activity carried out for both the whole washing machine and the spe-

Keywords
Intellectual Property Management, TRIZ, Trend of Evolutions

1 Introduction

The capability to manage Intellectual Property is becoming essential in 
companies that actively try to face competition of emerging countries and 

such as the importance of patents, not only as a legal protection from un-
authorised copying of solutions, but as a tool for systematic innovation of 
products and processes, along with problem solving tools.

The worldwide patents database is the widest collection of technical 
-

odology was developed. Actually, the pillars of TRIZ were stated after a 
-
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used to speed up product/process innovation activities and patents represent 

of Bergamo and Engineering Center of Whirlpool Europe on the theme of 

TRIZ. Anyway, some issues are still to be solved, especially those regarding 

lines of evolution obtained from a proper patent search. 

form the very early prototypes to the latest innovations published. Thus, the 

of TRIZ to search for analogies and differences. The aim of this activities is 

studies are not based on such a wide patent search, and are not focused to the 
evaluation of applicability of laws of evolution to an industrial system, and 

-
tion gives a sharp idea of the challenges to face for wide-ranging further 
enhancement or to improve modularity.

2 TRIZ and Trends of Evolutions

TRIZ is mainly a methodology for systematic innovation and problem 
solving. Its underlying idea is that invention has logical rules and prin-
ciples that lead from problem to solution, i.e., there are common patterns 
in ways of solving problems that, extracted and coded, technologists and 
researchers can use to obtain the capability to solve problems creatively. 
TRIZ has built a system made of abstract principles and laws, together 
with a huge collection of facts and applications examples in a readably 
applicable manner [5, 6]. Research in various areas of science and engi-
neering has shown that the general character of system development is 
essentially the same for any system. While research on the evolution in 
biology and in economical systems is well established, similar studies on 
techniques are only now beginning.
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-

objectively laws. These laws can be recognized, revealed and then re-used 

determinate the most promising characteristics of the next generation of 
technology and solutions for this system.

product/process/system will be addressed as technique. This formulation 
is based on two postulates for technique evolution: direction postulate and 
time postulate.

For the Direction postulate, a multidimensional space can be used to study 
a technique, whose position can be presented through a set of characteris-
tics and parameters of different functions. Position in the parametric space 
characterizes the state of the art for the technique at each moment of its life. 
The Time postulate for a technique evolution is formulated as follows: each
technique and each subsystem has its own representative time of evolution.
This predicate about non uniform evolution of technical system and techno-
logical process is widely used in TRIZ. Actually, it is well established that 

for the system that TRIZ can address with proper tools.
paths of evolution

solutions of technical problems. The most important of these are single-di-
rectional, bi-directional and adverse paths. For further detail see [13].

3 The Case Study: Washing Machine

is generally applied only to machines that use water as the primary cleaning 
solution, as opposed to dry cleaning or even ultrasonic cleaners. Contemporary 

top loading and 
front loading -
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Fig. 1:
It is composed by six main sub-systems: the washing unit, the hydraulic
system, the engine unit, the control unit, the case, and the opening system.

For our purposes we decided to focus the attention on two subsystems:
the tub
element of the system. It performs the most important functions of the 
washing machine, e.g., containing water and cleaning clothes;
the detergent dispenser be-
cause it performs different functions considered critical by company’s 
technical staff.

4 Patent Search and S-curve

The purpose is to analyze the patents relative to some subsystems of the 
washing machine system with the aim to single out their evolution and to 
compare it with the evolution patterns. 

mainly used Esp@cenet
-

ferred to use Uspto
Uspto database includes patents published in the United States from 1790. 
We used also Delphion PatBase
and
has been considered since it is one of tool based on TRIZ methodology.
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On the basis of the patent search results the stages of the product life cy-
cle have pointed out. Graphs have been drawn on the base of the number of 
patents published every year from 1900 to 2005 for washing machine and 

-
ures obtained for the whole system, plotted in Fig. 2, it can be deduced that 
since the S-curve obtained is complete product development has reached 
maturity. In particular, the stages of birth and childhood go from 1900 to 
1940, the growth one continues since 1980s when maturity begins. 

Fig. 2:

The S-curves drawn for tub and detergent dispenser sub-systems are very 
similar. The increasing number of patents could suggest that the subsystems 
are still in the growing stage; however, further investigations pointed out that 
the increased number of patents were characterised by a lower level of innova-
tion, typical of mature products. Therefore as in the case of whole system, we 
could proceed to a complete analysis of the evolution of the product.

5.1 Tub Trends of Evolutions

With regard to the Tub
variants and chronological order of patents publication has been drawn. 
Then, on this basis, we started to analyse and single out evolutionary trends. 

us to better understand which were the trends followed by the subsystem 
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because it is the base of modern washing machines, was the subdivision of 

inside the tub; thus we singled out a trend of expansion. In other words the 
number of useful functions increase with the number of the subsystems. 
Afterwards the tub had a different evolution with regards to materials adopt-

-
cording to the second group of the Direction Postulate; in particular to the 

useful functions.
As an example, the ceramic materials led to the reduction of the noises and to 

smaller heat dispersion, diminishing the warm up times of the washing water and 
the use of energy. The use of the steel allowed greater resistance but it worsened 

characterized by the presence of numerous weldments.

represent another example of expansion trend. The new element allowed to 
manufacture thinner stainless steel tubs and to reduce weldings.

The main trend that emerged is the expansion-convolution one 

wooden tub; then the drum was introduced; subsequently new elements 

and the reinforcing metal ring.

device, but much more complex then the starting one. The second part of the 
trend is represented by a phase in which the number of elements and subsys-
tems decreases. As an example, the introduction of plastic allowed to elimi-
nate the weldments and, consequently, the supports for the suspensions. In 
the last stage of this evolutionary pattern we found the attempt to merge 
two subsystems into a single one carrying out the same functions. A wash-
ing machine with the tub joined to the external structure would increase the 
load factor maintaining constant the external dimensions. The most recent 
and extreme solution propose a tub integrated in the external case and a new 
technique of active balancing of the load.
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Fig. 3: Tub Trends of Evolutions

This solution starts another branch, characterized by the trend of dynam-
ization. Finally, it has been observed how the process of convolution has 
lead to an increase of the ideality through the reduction of the number of 
auxiliary subsystems and elements. 

-
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man involvement. In other words the subsystem increased its own ideality 

up and emptied manually; with the introduction of the drain valve, the phase 
of emptying became very simpler and automated. At last with the introduc-
tion of the pump, all the process became automatic. The second branch is 

steel, which is not sensible to thermal stress due to washing cycles. By the 
way, with the introduction of plastic it became necessary to add reinforces 

-
tions. Then the surface pattern became more and more complex, improving 
the performances of the demanded function. 

shaft. This innovation leaded to an improvement in terms of space and ease 
of manufacturing. The second is about to the hub subsystem, that it has the 

tub. The last trend of trimming refers to an innovative method of joining the 
plastic parts eliminating the use of metal clips. 

-

the subsystem to mechanical stress. The second one is about a new type of 
tub where the ballast is constituted by powder or iron scraps. In this way 
empty spaces between the particles are created with the aim to increase 
thermal insulation.

5.2 Detergent Dispenser Trends of Evolution

For the entire detergent dispenser it was not possible to determine general 
trends. This is due to the fact that this subsystem provides several different 
functions and the development of the devices composing it is not equal. By 
the way a further decomposition of the detergent dispenser into functional 
groups allowed us to detect branches following TRIZ trends.

The functional groups chosen are: reservoir, selection of the compart-
ments, detergent measurement, storage and conservation of the detergent, 
rinsing of the compartments, independent devices for detergent dispensing 
and devices for water recycling. As an example we will describe the evolu-
tion of the reservoir.
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The main evolution trend emerged is mono-bi-poly. As we can see in 

compartment; later the compartment was divided into two, three and four 

branch. The two main patents that characterize this branch describe inven-
tions whose aim is to use the same chamber for detergent in either powder or 
liquid form. The trend, on the basis of this evolution is dynamization. As an 
example patent IT1204920 presents a chamber with a movable wall. 

Fig. 4: Trends of Evolutions for Reservoir geometry

6 Conclusions

Evolution to a one hundred years patent-driven model of development of a 
technical system. Synergies among TRIZ, patents and evolution of technol-

express. Actually, the capability to master problem solving tools, to manage 
intellectual property and to forecast potential future technological evolu-
tions give a dramatic competitive advantage to those companies consider-
ing innovation a must. This paper shows the way trends of evolution can 
be highlighted through a proper use of patent search tools – also available 
for free. This opens a number of possible future exploitation of the results 
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-
bution and support. 
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and Engineering in Product Design
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Abstract
Industrial design and styling is the activity associated with aesthetics and the evoca-
tion of human emotion through manufactured products. In today’s cost competitive 

-
ing products from others to potential customers. This paper investigates the current 

research also highlights the potential problems and opportunities for the integration 
of requirements, concept design, industrial design and styling via software.

Keywords
Aesthetics and Styling, Engineering Design, Product Design and Computer Aided 

1 Introduction

The aim of this research is to investigate the relationship between the inter-
ests of aesthetics and engineering during the design process and the tools po-

through the three objectives of:
primary research of industrial visits and interviews with practitioners
secondary research by means of a literature review
a case study utilising two Industrial Design and Styling software tools in 
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-

one aim. Such an aim becomes a single methodology which is not dissected 
into one or the other during design decisions.

It is often essential for companies today to deliver more customised 
products with shorter lead times, perfect quality and reliability and at 
lesser prices in order to maintain Competitive Design. A typical design 

provided by the customer, to produce a set of embodiment designs ca-

effectively accomplished by focussing upon maintenance of the aesthetic 
characteristics of the product.

The concept design stage potentially provides the most opportunities for 
-

dition it has been indicated from a variety of studies that over 70% of the 
manufacturing cost of a product is determined during the conceptual design 

phase itself accounts for only 6% of the whole product lifecycle develop-

new value based designs; by this the manufacturers are attempting to provide 

2 Capturing the Aesthetics: Results of a Questionnaire

The research methodology focussed on a number of companies via a semi-
structured questionnaire. In addition several case studies were presented 
by industry through industry events or industrial visits. Table 1 provides 
example questions and responses from the questionnaire. It is found by 
this research that the aesthetic input is an increasingly important aspect 

by requirement lists from the company, magazines and design shows. It 
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for such awareness. The aesthetics become iteratively developed as the 

development of a desirable product.

appeal could possibly come from another product or designer in a cross 
fertilization process. This was useful because it allowed the incorpora-
tion of the latest technologies and materials in all of the design projects. 
However there is always a lot of aesthetic input from past experience, 

-
signer towards preferring one design decision to another.

 Design processes are different between companies and also projects. 
-

mote the brand of the product as their identity. In such an instance the 
-

nent on the shelf in comparison its competitors.
Manufacturing of today’s products is increasingly based offshore result-

ing in several communication challenges between both the design compa-
nies and the manufacturers. This is often because the manufacturers are 
required to adapt the products for safety reasons or because some manu-
facturing processes produce associated changes which are often not aes-
thetically pleasing. Manufacturers often do not approach the product from 
the same direction as the designers. 

Sometimes it was observed that engineering analysis activity provided 
several alternatives for material weight reduction or redistribution. In this 

A problem found was that it is not easy to demonstrate the immediate 
advantages of the aesthetics for the product as a total when faced with the 
resulting engineering changes they cause. Problems can be caused because 
the engineers are often not open to the new techniques and ideas presented 

therefore product development. This is a potentially important area which 
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Tab. 1: Example questions and responses to the questionnaire

Example Questions Example Responses

What do you believe is the difference 
between aesthetics and engineering 
design?

but they are different goals for each 
-

ing as much as engineering comes from 

-
thetic design or product? -

-
ment rather than being a lifeless lump 

through the design life cycle? -

to maintain the aesthetics of the product throughout the development life-

considering the previous discussion.
It was found in the research that one way to capture and present the prod-

-

scale and the properties of the product.
For two of the companies, direct contact with the buyer is a vital tool dur-

ing design development. The buyers are aware of the requirements of the 
-

ing. It is important for the designers to approve and justify their decisions 
to the customer allowing the development of the product. This was best 

with software tools.
For the companies that actually used software they felt it was merely a 

presentation tool and did not help design or capture the aesthetics of the 
product. This was because software was described as being too slow and 
limiting of the designer’s creative ability.
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3 Validating the Design

-
panies contacted use different methods to validate their designs. For exam-

A fundamental question uncovered which the designers felt that they must 

Past experience of manufacturing techniques and materials plays a large 
part in the validation and can easily be applied to new products. For one 

-
ing for the product. This can cause problems as they often do not have the 
same idea for a product as the designer. The designer must prove his process 
and design in a series of meetings and presentations.

-

-

Engineering Design

-
quirements with a degree of style, so that appropriate emotions can be 
generated in the user. It can be contended that one of the most important 
realisations is that a preferred product must push design forward and chal-
lenge the industry, not just accept the boundaries.

areas of aesthetics and engineering design in the product development life 
cycle.

It has been found that aesthetics is an integral part of the process of de-
signing a product. In order to design a competitive product it is necessary 
to have a familiarity with the engineering and complexities it involves. 
Once these complexities are understood it is possible for the designer to 
challenge them and so to improve the aesthetics.

The aesthetics are informed by the technical aspects of the product and 
in some situations this can be vice versa. It is important to remember that 
the function and aesthetics of the product are paramount; resulting in some 
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Aesthetics and engineering have the same ultimate goal of succeeding; how-
ever there may be different sub-goals for each in the same product. Ultimately 

The engineers need the support of the design engineers and the design 
engineers must be aware of the engineering limitations. Product designers of 

aiming to produce a desirable functional product.
Finally some example generic responses from the interviews are found below:

-

5 Case Study – Design of a Domestic Kettle

In order to further understand as much as possible the product design life-

latter prototyping stages whilst aiming to maintain the aesthetics initially 

to be important since this was highlighted by the company interviews. For 
example as the product passes along its design lifecycle it is adjusted and 
changed for numerous reasons. These adjustments are not always sensitive 

-
ferent form from that of the initial concept.

to identify the role software can play by being used to display and highlight 
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-
egories for the product design requirements were: functional, usability, tech-

creativity of the designer is found in this example.

Tab. 2: Excerpt of Design Weighted Matrix

Criteria Importance 
Rating

Concept 1 Concept 2 Concept 3

Response to 
PDS

5

Aesthetics 5

Wireless 5 # #

Material 2 # # #

Safety to user 5 /

Ergonomics 3 / / /

Performance
1 2 3

DSW is shown in Table 2.
The DSM is a simple but systematic method which precludes a designer 

the questionnaire earlier employed. It was found that aesthetics and function 
were concurrent considerations. The rating of aesthetics was found to be 
highly subjective and in need of a systematic approach to preclude the effect 
of personal preferences.

software. Respondents to the questionnaire highlighted the problem of de-

software. The software used was an existing typical Computer Aided Design 
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being aesthetics creation. Different in that it used virtual clay modelling fa-

Fig. 1:

several ways. The virtual clay modelling tool allowed rapid development 
of product concepts but precluded engineering analysis methods. The CAD 

-
-

to aesthetics. The virtual clay modelling tool was potentially more intuitive 
in model development through the analogy with sculpture and use of the 
haptic device.

6 Discussion

interviews with industry, a literature review and a case study can be made. 
It is found that in practice aesthetics and engineering are not considered 
together. Aesthetics are a challenge to maintain during engineering design. 
Even so aesthetics can be the main differentiator between products when 
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-

in software and involving a universal method of communication between all 
-

through the timing of the design development stages, leading to terms such 

materials, through the education of the design team, or through the process 
-

balance, simplicity, for example through reductionism, and tactile feel. The 

this area. Finally aesthetics are a source of progress and innovation.

7 Conclusion

-
ics and engineering design. Activities such as structural analysis and develop-

appreciation of the product. Several concerns have been raised through com-
ments from industry, the literature and a practical case study with Computer 
Aided Design software. Practical concerns such as offshore development, ma-
terials and manufacturing processes have been highlighted. But also optimisa-
tion, design activity issues and human factors in conducting design explored. 

-
ing for products and is also motivated through philosophical debate.
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Preliminary Study of Cognitive Model of 
Designer’s Creativity by Using 
Formal Protocol Analysis

S. Yao, Y. Zeng

Concordia Institute for Information Systems Engineering, Concordia 
University, Montreal, Canada 

Abstract

and problem-solving behaviours. Although protocol analysis has been used in a lot 
of research to understand designer’s cognitive activities in the design process, a 
systematic procedure is needed that can be used across different experiments. This 
paper proposes a protocol analysis study based on the concept of design state. A de-
sign process is composed of a series of design states. An experiment is conducted to 
collect protocol data about a product design, from which design states are extracted. 
The preliminary analysis of the protocol data shows that a designer generally con-
siders more environment components and their deeper relationships in delivering a 

Keywords
Protocol analysis, cognitive model, environment-based design, design creativity

1 Introduction

Since the 1960’s, research activities in design theory and methodology have at-
tracted a lot of attentions from different areas including engineering, computer 
science, philosophy, and psychology. As a result, different theories and meth-
odologies have been proposed, such as general design theory [1], systematic 
design methodology [2], axiomatic design [3], formal design theory [4], and 
axiomatic theory of design modelling [5]. However those design theories and 
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methodologies must be implemented by a designer in order to deliver a design 
solution. To follow a design methodology is a logical and rational process 

imaginative process. Those are two contrasting processes. To reduce the dis-
crepancies between traditional design methodologies and designer’s freedom 
of creation, it is critical to integrate designer’s cognitive processes into the 
design methodologies. Our ultimate goal of this research is to develop robust 
design tools, which are composed of logical procedures that may naturally as-
sist the human creative and innovative design processes. 

The development of the robust design tools mentioned above must be 

mental processes, which shall uncover what and how decisive factors af-
fect a designer’s decisions. Protocol analysis is a prevalent method in the 

the design process [6 - 9]. This method studies a subject’s mental process-

as running commentary, which will be subsequently segmented into the 
discrete atomic mental operations [10]. There are two major approaches 
in protocol analysis to collect protocol data: concurrent verbalization and 
retrospective verbal report. The method of concurrent verbalization re-

to solve various problems. In contrast, the method of retrospective verbal 
report will leave the designers alone without any interference before they 

-
call their design process and be reminded to answer some questions if they 
miss any information. Some researchers have argued the effectiveness of 
these two approaches [11, 12]. 

The studies of protocol analysis in design have been growing increas-
ingly since the 1980’s in investigating the process of designing and in un-
derstanding how designers design. Those studies have shed some lights on 
how protocol analysis method can be used to analyze designer’s cognitive 
processes and problem-solving behaviours. They have extraordinarily ad-
vanced our understanding of design. However, the experimental set-up and 

-
tocol studies. Most of the protocol analysis methods are developed based on 

is hard to compare these protocol analysis methods and to apply them into 
other practices. Therefore, it is essential to establish a systematic and more 
objective approach of protocol analysis to further study designer’s cognitive 
processes.
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The aim of this paper is to develop a novel protocol analysis approach 
based on the axiomatic theory of design modelling [5]. The approach fol-
lows the evolutionary nature of the design process and can be applied to 
the general design problems. The rest of this paper is organized as follows. 
Section 2 introduces a mathematical representation of the evolution pro-
cess of design by using the axiomatic theory of design modelling. Section 3 
proposes the protocol analysis method. Section 4 discusses our preliminary 
results of the protocol analysis. Section 5 presents a summary and the future 

2 Evolutionary Design Process and its Mathematical 
Representation

Our protocol analysis approach is developed based on axiomatic theory of 

before we discuss our protocol analysis. The axiomatic theory of design 
modelling [5] provides a formal approach that allows for the development of 
design theories following logical steps based on mathematical concepts and 
axioms. The details of axiomatic theory of design modelling can be found in 

-

Structure operation, denoted by  of an object 
O and the interaction  of the object with itself.

where O is the structure of an object O. 
In the axiomatic theory of design modelling, everything in the universe is 

an object; therefore, an object may include other objects, the relationships 
between objects are objects, and a process is also an object. The structure 
operation provides the aggregation mechanism for representing the evolu-
tion of objects in the design process.  Based on the structure operation, the 

-

where  is the object that is included in any object.
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where E and S are structures of the environment and the product, respec-
tively; E S and S E are the interactions between the environment and the 
product. A product system can be illustrated in Fig. 1. 

Fig. 1: Product system

The design process can be represented by design governing equation [13],

The design problem evolves along the evolution of the product. At each 

product system 
i
, which is called the state of the design. The components 

of product system 
i i

. This 
evolution process of design can be illustrated as in Fig. 2.

Fig. 2: Evolution of the design process

The evolution process of design can be stated in the following theo-
rem [13].

Theorem of Dynamic Structure of Design Problem. In the design pro-
cess, design solutions to a design problem may change the original design 
problem, if the design solutions are different from their precedents, either by 

proposed by Zeng and Cheng as the recursive logic of design [14]. This logic 
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indicates that design is a process recursively generating design solutions and 

-

design process and pointed out that the problem space and the solution space 
co-evolve together, with the interchange of information between the two 
spaces. Observing from some protocol data, Dorst and Cross [17]  indicated 

-

of co-evolution of the problem state and the solution state.

3 Methodology

In this section, the details of the protocol analysis method will be explained. 
An experiment is used to illustrate each step of the method. The protocol 
analysis includes the experiment set-up, transcription, segmentation and en-
coding, and the evaluation of the design solutions.

3.1 Design of Experiment

In this experiment, we have adopted the design problem used by Dorst and 
Cross [17] since we believe that this problem is feasible, realistic and chal-
lenging for the subjects. We have rephrased it so that it is more understandable 

the passenger compartment. This system should be convenient for the pas-
sengers to deposit garbage and meanwhile it is easy for the cleaners to collect 

-
man factors study, different numbers are used in different experiments. Seven 

as mechanical engineering, electrical engineering, and computer engineering. 
All the subjects have learned one or two design methodologies. 

The experiment includes design session and retrospection session. In the 
design session, subjects are left alone in a quiet room to solve the design 

experimenter can answer any direct question from subjects. In the retrospec-
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at each step of their design process by watching the videos of their actions 
and the screen activities. If the subjects miss any information, they will be 

sessions, three webcams are used to record the entire process from differ-
ent angles. The three webcams can record the audio and video information. 
The activities done on the tablet screen by subjects are recorded by the soft-

-
jects draw or write on the screen of the computer.  In this way, the subject’s 
activities can be completely and accurately recorded by the three webcams 

organized from the video and audio media and screen recording video for 
further analysis.

3.2 Transcription

After the experiment is conducted, we need to transcribe all the words 

The text documents may contain some vague and inconsistent informa-
tion. Moreover, subjects may not give enough information to explain 

transcript more consistent. Hence, we have three operators to do cross-
-

script. Finally, we get the formalized transcripts. Below is an example 
of the formalized transcript. 

“Now I consider the convenience for the cleaner to pick up the garbage 
bin. Cleaners walk along the aisle. Then I think to put the garbage bin under 
the table. It will affect the movement of the passenger’s legs if the garbage bin 
is put under the table. So the only place is under the seats. Put here (under the 
seats). These are seats, tables (point to the sketches on the screen). This place 
(under the seats) is not convenient for picking up. Here, I feel it is not good. 
So, I consider putting along the side of the seats close to the aisle.”

3.3 Segmentation and Encoding

Considering the theorem of dynamic structure of design problem, we will 
identify each design state in the design process to segment and to analyze 
the protocol data. The concept of design state will be used in our experiment 
analysis as the basic unit for the segmentation of protocol data. 
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After we get the formalized transcripts, we need to divide each subject’s 
transcript into segments and then the segments are encoded using our coding 
scheme. As mentioned above, a design process is characterized by a series 
of design states, so each transcript can be divided into separate design states. 
A design state represents a single intention of the designer. It can be identi-

 Encoding is an important and critical part to analyze subject’s protocol 
data. Design process proceeds with the evolution of design states. So we 

is represented as 
i
, which can be decomposed into the structure of the 

product, S
i
, the structure of the environment, E

i
, and their relationships, 

B
i i

S
i i

E
i

components:

can be applied to multiple object relationships. Below is an example of one 
segmented protocol. 

Protocol 1
-

e
1 2 3 4 5

E
1 1

e
2

e
3

e
4

e
5

b
1 1

, e
2

b
2 1

, e
3

b
3 1

, S
1

B
1 1

b
2

b
3

S
1

3.4 Evaluation of Design Solutions 

In this paper, environment-based design [13] is used to analyze the design 

be designed from the design problem description. There are seven major 
environment components: train, compartment, cleaner/garbage collector, 
railways/user, manufacturer, passenger, and garbage. Then we analyze all 
relationships between the environment components and the system to be 
designed. We can get the design requirements as follows: 
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R1: The system should be convenient for the passengers to deposit garbage; 
R2: The system should be easy for the cleaners to collect the garbage; 
R3:
R4: The system is used in the train and should keep static when the train is  
moving; 
R5: The system should be acceptable for the railway company;
R6:
manufacturer; 
R7: The system can contain different garbage deposited by the passenger.

Two assessors evaluated the results of the design solutions of the seven 
subjects. According to the importance of the product requirements, weight-
ing factors are given for the above requirements as 0.2, 0.2, 0.2, 0.1, 0.1, 
0.1, 0.1, respectively. The design solutions are scored by reviewing the tran-
script, segmentation and encoding, as well as any writings or drawings by 

total score is given as:

wj is the weight for the jth product requirement;S
j

i is the score of the jth

product requirement for the ith subject. The average scores from the two as-

creative to non-creative as S1, S7, S6, S3, S4, S2 and S5. The two assessors 
concur that the solution of subject 1 is a creative design. 

4 Discussions

In this experiment, the hypothesis we had was that in a creative design, 
designers consider more environment components and deeper relation-

the hypothesis is to understand what factors could stimulate designers to 
generate creative design. 

-
-

jects. Fig. 3 shows the number of environment components and the number 
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and relationships. Although subject 2 considered 5 environment components 
-

vironment components and the product. In order to deliver a good concept, a 

their relationships between environment components and the product. So from 

we get a concept, we can evaluate the concept by analyzing the relationships 
between the concept and other environment components.

Fig. 3: Comparisons of the numbers of environment components and relation-
ships between subjects

This paper proposed a protocol analysis study of investigating the cognitive 
-

col analysis includes experimental design, transcription, segmentation and 
encoding, evaluation of design solutions. Then we discussed the results of 
protocol analysis. The results show that designers should consider all related 

-
ment components and the product in order to deliver a good concept. In our 

leading to a creative design. 

assisted with data collection and analysis for this research. 
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Results of an Industry Survey on the Application 
of Dependability Oriented Design Methods 

1 Introduction

Mechatronic systems combine the advantages of mechanical engineering, 
computer science and electronics, especially with regard to the innovative 
performance of advanced functions. This leads to intelligent and frequently 

-
-

state of the application of dependability oriented design methods, an industry 
survey was made, whose results will be presented. Adapted from these results, 

Main results of the survey are presented in this paper. In particular, inves-
tigations of most practiced methods in industry and future requirements for 

80% of the companies suppose that the use of methods for dependability 
will increase. In contrast only a few companies integrate these methods into 
their design process yet.

In order to cope with this challenge it is suggested that design guidelines, 

of dependability into the aforementioned design methodology. Most impor-
tant process modules of the guideline – requirement analysis, system design, 
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The structure of the paper is as follows: We start with main results of the 

conclude the paper.

2 Results of an Industry Survey

-

dependability oriented design methods should give a better understanding of 

conclusions are discussed in this section.

-
ing groups consisting of members from industry and universities. They are 
shortly introduced in the following:

associations for German engineers and represent both, engineers within the 
profession and in the public area. The society for measurement and auto-
matic control is one in twenty technical divisions. Each consists of different 

group. Participants are companies and universities from a smaller part of 

medium-sized businesses.

The used survey method was an online-questionnaire with eleven differ-

support the survey by an email invitation. Reasons for the choice of this type 
were low costs, high number of addressees, and fast answers.
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2.2 Main Results

In the following, main results of the survey are presented. 21 companies 
participate. Their business sizes differ as well as their types of products. 
Exemplary industries are automotive, electronic or plant engineering. 
Research and development projects are in the focus of these companies as 
well as products in the production phase.

The results regarding to the present state on the application of depend-
ability oriented design methods can be structured in

types of applied methods
application time in the design process
character and reason of application

applied methods in the participating companies of the survey. All companies 
apply at least one of these methods. The detailed numbers of answers are 
shown in the following table.

Tab. 1: Types and numbers of applied methods

Method
Applying companies*

[# answers]
Percentage**

[%]

Failure mode and effect analysis 13 68

Preliminary hazard analysis 1 5

Functional hazard assessment 7 37

Hazard analysis 8 42

Fault tree analysis 6 32

Software deviation analysis 1 5

Monte Carlo simulation 1 5

13 68

* 19 of 21 companies answer this question. More than one answer is allowed.
** 19 answers are equivalent to 100%.

-
ods are the most generic, too. The failure mode and effect analysis, the 

products and processes. They could be representative for different classes of 
dependability oriented design methods.
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Other results of the survey concern the application time of these methods 

than 50% answer in this way. Only 3 of 20 companies answer that they apply 
these methods continuous to the design process. In another question, 3 of 19 
companies answer that they have an own continuous process for dependability.

-
acters of the applications and the reasons for them. More than 75% of the 

methods and more than half the companies approve the systematic way of 
these methods. The main idea of these methods, to improve the design by 
identifying poor aspects, is not chosen as much. Only one third of the com-
panies agree with this meaning.

The results regarding to the future needs on the application of depend-
ability oriented design methods can be structured in

general forecast of future applications

The general question for the prognosis of future applications shows a clear 
trend: 16 of 21 companies forecast an increasing application behavior. The 
remaining 5 companies assume that it will be constant in the future. Frequent 

-
tentials to increase the applications. To investigate these potentials the next 

2.3 Conclusion from Survey Results

The conclusion from the survey results bases on the one hand on not used 

The forecast of increasing applications of dependability oriented design 
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-
ods could be used continuously during the design process, they should be 
integrated in the design process, and they should cooperate with them-
selves in terms of an own dependability process. In spite of numerous 
existing methods, or methods that are actual in the research phase, the 
preferred methods for such a process should be general, simple to apply, 

3 Dependability Oriented Design Methodology

Adapted from aforementioned results and conclusions, the approach of a 
dependability oriented design methodology is presented in the following. 

-
ings of the survey into the design methodology for mechatronic systems. 
Most important process modules of the classical design methodology – re-

integration – are extended by dependability oriented process modules and 

will be presented in detail. Individual parts from the dependability oriented 
design methodology have been already applied on a research project called 

3.1 VDI Guideline 2206 “Design Methodology for 
Mechatronic Systems”

-

entirety. In this way it creates an essential basis for the communication 
and cooperation of experts in the disciplines involved. The guideline, pub-
lished by the association of German engineers in 2004, promotes interdis-
ciplinary cooperation, which has proven to be an outstanding factor in the 
success of the development of mechatronic systems.
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The systematic procedure for the design of mechatronic systems can be 

-

-

Fig. 1:

3.2 Design for Dependability

In detail the system design is extended by the different process modules:
requirement analysis of dependability

conceptual design for dependability
dependability analyses of cooperation and integration
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macro-cycle is on the one hand a complete dependability process for its 
own, on the other it is collaborating with the components of the classical 
design methodology.

Fig. 2:

3.3 Process Modules

-

are presented. Furthermore, their collaboration is shown with the classical 
-

terization of the process modules.

-
pendability. Typical inputs are classical requirement list, general design 

needs. These inputs have to be analyzed for requirements of dependability. 
Qualitative and quantitative requirements are possible results; e.g. a value for 
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structure are explicit connections to the classical design methodology.
In addition to the analyses of these inputs, creativity methods are recom-

mended methods to identify requirements. A proposed method to document 

product will be assessed against it and future developments can re-use it. 

as shown in the results of the survey.

Most substantial process module of the macro-cycle includes failure-, haz-

methods that should be applied in the mentioned order. Inputs of this module 
can be different levels of results from the system design phase of the clas-

-

– failure analyses
analyzing of failure; deducting and identifying of consequences
– hazard analyses
assessing of consequences

Recommended methods of these classes are the well-established failure 

they often base on the same idea.

general concepts for dependability can be structured by the alternatives to 
stop fault expansion:
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fault prevention – to prevent the real cause

counteractive measures
fault tolerance – to operate the system with all functionalities instead of 
fault/error occurrence

implemented.

During the integration phase of the classical design methodology a correct co-
operation and the prevention of incompatibilities have to be assured. Inputs of 

-
-

tion and validation are recommended for this phase as well as the application 

4 Conclusion

Increasing functionality of mechatronic systems represent both, threat and 

systems is one effect. Companies counteract differently to this challenge.
The paper presented results of an industry survey on the application of 

dependability oriented design methods. An increasing application of these 
methods is forecasted. Potentials to cope with this challenge could be iden-

-
ability analyses into account to the well-established design methodology for 
mechatronic systems.
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Holistic Methods in Product Development 

Germany

Abstract
When solving design problems a holistic view is often required, because an optimi-
zation of products depends on sets of sometimes contradictory goals and the prop-

Another important reason for a holistic view on products can be a high integration 
level: e.g. cost or weight optimization needs often the realization of many different 
functions in the same parts or components. A short insight into important historic 
roots of holistic methods is given. Some different approaches for holistic methods 
are described, discussed and evaluated. A conclusion will be given about the future 
needs for holistic methods and the future possibilities to use holistic methods.

Keywords
Design Methodology, Holistic Methods, Product Development Process

1 Introduction

The perhaps most important ancestor of the methods of problem solving was 

[Citation in 1].

decomposition of the problem, 

analyzing and evaluating, 
conclusion.



186 Design Theory

These methods were surely a counter movement to the earlier holistic design pro-

methods. Basis of earlier design methods were generally previous solutions and 
a local variation or adaption of structures and/or properties.

view was directed from the beginning of the process to the total product. For 
teaching beginners and for using computers these old methods were insuf-

development has become more and more a highly complicated process having to 
meet a large number of different goals and conditions.

Because the goals, conditions and the structural properties of the products 

-
ample shows the problem: The choice of a cheap material for a screw of the 
connecting roads of a combustion motor effects a more expensive motor, 
because the casing have to be larger and for high stiffness it has to be heavier 
and more expensive. Especially in the case of contradictory goals – always 

to optimize the solutions sometimes in a holistic way.

2 Historic Roots for Holistic Methods

important truth.
An early approach for a holistic model of the design process gave 1941 

Wögerbauer [4], see Fig. 1.

as a model of a highly complicated simultaneous equation system with the 
following features:

-

or/and time dependent values.

mathematically.
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Fig. 1:

parameters and/or structures and then to solve parts of the system, and there-
after enlarge the solving area iteratively up to a total solution.
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It follows that a good designer needs experience and heuristic strategies 
for a successful solving process.

A general attempt for a systematic way to choice the right directions for the 
solving process in Wögerbauers sy stem was made by the author in Fig. 2.

Fig. 2: Authors proposal for a general strategical order of Wögerbauers system 
for optimizing functional and economical goals under the different condi-
tions of use and production of a product

realized as will be shown later.
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3 Some Holistic Approaches to the Design Process

3.1 Catalogues

The simplest approach to a holistic design is the selection of a total product 
-

ing optimal machine elements. 

Fig. 3: Part of a systematic catalogue of parallel robots [7]

condition for such catalogues is a morphological systematized collection of 
solutions and their characteristic properties.

-
-

shows Fig. 3.
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3.2 Total Properties and Complex Principles

Many very important properties of products or components are related 
to an entire product or an entire complex component, e.g. a car body. 

reliability, safety a.s.o.

or structures. Simple examples are the selection of a radial split casing for 
high stiffness or the selection of a parallel circuit for high reliability.

Sometimes we can calculate such total properties by a general algebraic 
approach [5] based on the circuit structure. Fig. 4 shows an example for a 
specially structured circuit. By such means relatively general catalogues of 
optimal structures and circuits can be found. The circuit structures generally 

need different mathematical operations for a concrete realizing of the gen-
eral algebraic formulas.

Fig. 4: Total values of different properties can be calculated by generally alge-
braic formulas given by circuit topology

3.3 Intuitive Systems of Relations

contradictions between wanted goals and properties and given conditions 

Fig. 5 shows as an example a mind map for a personal car.

estimated by numbers [5].
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Fig. 5: Part of a mind map of the relations between important parameters of a car 

-
lations or even exact mathematical functions. So in case of a car relations 

Similar relations can be found for stiffness, handling and other param-
eters. In earlier papers the author proposed to structure such mind maps in 

-
ments are arranged at the left side, the structural and material parameters 

-
ments and the design parameters. Fig. 6 shows an example for a simple cy-
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Fig. 6:

In simple cases as shown it is possible to solve the system mathematically 

solutions. But even in this case a problem modeling in the described manner 
under contradictory 

requirements.

4 Algorithmic Holistic Solving Procedures

-
-

nition of the design parameters. A practically used example shows Fig. 7.

-
portant design parameters: Driving speed and the number of stages.

The same program is also able to optimize with regard to robustness 

The general disadvantage of such approaches is the relatively narrow va-
lidity, the high necessary expense and the necessary expertise for program-
ming, the advantage is an extremely high level of quantitative information.
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Fig. 7: Algorithmic optimization of a complete centrifugal pump related to 3 dif-

5 Constraint Systems

The modern CAD-systems have in many cases integrated constraint solvers 
and can associate physical properties with the geometry. By this means not to 

optimized solution. A constraint based system was proposed by Brey, Fig. 8. 
He validated the usefulness at the example of pressure vessels, Fig. 9.
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Architecture of a constraint based design system of Brey [8]

Fig. 9:
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The need of additional holistic methods was described. Some available meth-
ods were discussed and the advantages and disadvantages were evaluated. 

Especially the optimization of complex products needs the view on the total 
product and an early insight to possible contradictions of the different goals.

The use of computers increases the future abilities for modeling complex 
views on the total products. It remains the general problem that a total view 

complex principles ideas for solutions in early stages of design. The author 
-

search in the collaborative research centers SFB 516 and SFB 562.
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A Holistic Approach for Integrated Requirements 
Modeling in the Product Development Process

M. Maletz1, J.-G. Blouin2, H. Schnedl1, D. Brisson2, K. Zamazal1

1

2

Abstract
Product development is becoming more and more complex. As a consequence of 
the increasing product complexity and the involvement of multi-disciplinary supply 
chains in product development, the modeling of requirements has become a highly 

and limited to certain development stages. A solution is the continuous integration of 
requirements into the product development process. This paper provides a concept 
for the consistent modeling of requirements in the product development process. 

Keywords

Development Process

1 Introduction

A requirement is a statement identifying a capability, physical characteristic, 
or quality factor that bounds a product or process need for which a solu-

impact of requirements modeling on product development. The topic itself 
-

ware development. Studies have shown that requirements’ modeling is a 
major success factor in the execution of such products [2].

Today, requirements’ modeling applied to traditional product develop-
ment is in its infancy. Several software solutions are available; however 
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are mainly stand alone solutions and cannot be suitably integrated in the de-

related software is an aspect that is not in the focus of most tools. Therefore, 
only a tight integration with all disciplines of product development, the sup-
ply chain as well as the product development process guarantee a successful 
implementation of requirements modeling in product development.

2 The Requirements Modeling Process

The traditional requirements modeling process has been summarized by 

modeling from a system or software engineering point of view.

traditional process but has been adapted to match the focused approach of 
product development.

Fig. 1: Requirements Modeling Process

During the analysis phase requirements may need to be interpreted and 
translated into a form that is suitable for an engineer. This is an important 

-

Requirements change and evolve during the product development life-
-
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-

broad scope or the ability to influence all other aspects and phases of 
the product to be developed.

More emphasis needs to be put on later development phases such as e.g. 

once included in the development process, can accelerate the development 

3 Concept for Integrated Requirements Modeling

Integrated requirements’ modeling is a consistent concept allowing the con-
tinuous integration of requirements into every lifecycle phase of product 

-

Fig. 2: Integrated Requirements Modeling
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Figure 2 illustrates the concept of integrated requirements modeling with 

explained in detail in the following sections.

3.1 Ontology Based Gathering of Requirements

-
ture. For a car interior it may contain some 70 features with an average 

Axiomatic Theory of Design [7] or linguistic methods [8] are capable of 
handling the required actions.

An ontology is a formal description of objects and their properties, rela-
tionships, constraints, and behaviors [9]. The requirements types and classes 

-

types are explained. 

Fig. 3:

Product requirements are the most comprehensive requirements type. 
-

nating from many different sources. However, all these requirements are 
directly related to the product to be developed. 

Process requirements are related to manufacturing processes or to 
demands concerning business processes. Furthermore they can be re-
lated to support processes.

Organizational requirements
formal requirements. They are not directly related to the other requirement 
types; however in complex development environments such details need 
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to be integrated in the product development process as well. Examples of 
organizational requirements are related to project and data management, 
documentation, reporting etc.

is the basis for constraint solving mechanisms. A constraint is a logical rela-
tion between attributes, depending on the requirements type and class.

3.2 Changing and Evolving Requirements / Traceability

During product development, requirements are undergoing a constant evo-
-

portance to be able to follow the lifecycle of a requirement – i.e. from its 
-

options to certain development stages. 
Different requirement types have different dependencies. Through the 

-
-

Fig. 4: Requirements Traceability and Evolution

put, requirements traceability refers to the ability to describe and follow 

-
dencies can be seen as entities in their own right. As such, they may possess 
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3.3 Representation

Requirements are often decomposed into sub-requirements. Although a well 

the representation and the dependencies between requirements are still com-
DSM - Design Structure Matrix

where one may enter and process such information but, due to the large 
amount of information, the representation rapidly reaches an unmanageable 
scope. A semantic net is seen as a solution to represent requirements and 

4 Integration Model for Product Requirements

A functional requirement contains a statement on what the product to be 

properties or qualities the product must have [10]. Different customers may 
state their requirements in different ways and use different vocabularies for 
the same things. In times of technical and social changes and ever chang-

-
ly [11]. Function orientation also provides the ability for cross domain col-
laboration. Through the additional function layer the different requirements 

-
cesses and the product structure, an indirect relation between requirements, 

in the product structure and to related processes. 
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Fig. 5: Model for Integrated Functional Product Requirements

5 Process Integration Model

core and support processes which are major aspects of a holistic integrat-
ed requirements modeling concept [12]. Core processes are value adding 

-
turing processes. As a basis for program/project and resource management 
integration, they contain information about cost, time and resources.

They can also serve as a basis for the relation from requirements to the 
corresponding process steps and therefore to the project timeline or lifecycle 

product development. Thus integration with process modeling tools is an 
important issue.

Fig. 6: Integration of Requirements to Processes
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Support processes are necessary in a heterogeneous development envi-
ronment in order to provide the necessary support and infrastructure for 
the development program. Examples of support processes are change or es-
calation management. Support processes are the result of actions originat-

6 Integration of Product Structure

product into administrable objects, is mostly geometry centric in current 
applications. Product structuring describes the manner in which objects are 
arranged to form a product. These objects are managed in PDM systems, 

-
ing structures from the part level upwards. Mapping requirement structures 

-
tures such as manufacturing or functional views of a product can lead to 
an arduous manual process. A concept was introduced by Klaar [13] where 

CAD application. Since this is only possible for certain requirement types 

Figure 7 shows a model depicting the integration of requirements model-
ing into a universal product structure. The goal is to enhance this model and 
integrate it into the whole product development process.

As a result of a parallelization of activities in the product development 
process it has to be expected that, during the product structure design, not all 

Hence it is necessary to have a superior concept capable of collecting 
a variety of engineering information and providing the lifecycle processes 
with consistent product data information. The universal product structure, 
which can serve as a central information pool, is such a concept. All relevant 
structures, including the requirements net, functional net etc. are derived 

as universal carriers of information.
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Fig. 7: Product Structure Integration 

7 IT-System Integration Aspects

-

tools used in product development.
-
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Communications generated between requirements modeling and the other 

the various phases of product development in a more structured manner and 
ensure that a product is developed following fully documented state of the art 
procedures. All of this considerably accelerates development time and ensures 

9 Summary and Outlook

This paper provides a holistic approach to requirements modeling in which 
requirements are fully integrated with the product development process. 

-
ing at every stage during product development is proposed. This also allows 
an easier integration of customer and supplier processes. 

Ongoing research activities include the prototypical realization of the 
concept and the integration into a product development platform. 

- initiated and funded by the Federal Ministry of Transport, Innovation and 
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Abstract

-
cal processes into a consolidated context, the most design effort must be dedicated 
to the early evaluation of the impact of needed engineering changes to achieve the 

method and the related tools that enable designers to easily represent the product 

-

represent the product informative content at different levels of detail is presented.

Keywords
Modularity, Change Propagation, Conceptual Design

1 Introduction

The paradigm called mass customization -
braces concepts such as modularity, product family, design for commonal-
ity and design for variety. The goal of mass customisation
to adopt new product development methodologies to offer a large variety 
of customized products while maintaining low costs in production and in 
logistics. The development of modular products is one the main possible 
solutions. A well-designed modular product architecture can help the man-
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agement of product changes and upgrades, product variety and component 

be supported by conceiving product platforms. According to Simpson et al. 

and/or components that remain constant from product to product, within 
a given product family. The product platform has to provide the necessary 

-
lationships among various solutions with respect to customer requirements, 
competitive information, and related implementing processes. We believe 

schema and also to a physical schema. Several methods are reported in liter-

they involve only a formal representation neglecting the product geometric 

-
ration of the new product variant on the basis of the customer requirements 
considering both aspects. The product platform has been thought as a struc-

-

different levels give a progressively more detailed viewpoint of the solution, 

-
age modules interactions they are extended, at lower level, by horizontal 

environmental and 
implementing -

Simple geometric entities can then be used as constitutive parts for describ-



211Germani, Mengoni, Raffaeli

2 Background

-
mon architecture within the company product lines has been studied to manage 

-
ries and methods to support the modularity concretization through the product 

product platform, it is possible to accomplish a rapid and low-cost design 

The product platform can be represented, at high level, as a set of functional 
modules that are collected to achieve a generic overall function. To satisfy the 

-
essary to construct an appropriate assembly of module instances. The generic 
correspondence between modules and functions has been well established 

with the modules represented in a complex functional structure. Stone et al. 

modules. The idea has been extended to include also product family consid-

useful base to support the development of research in the product architecture 

In our opinion, however, some issues still remain open, in particular re-

geometric symbolic information of such models, with the geometric nu-
merical information required for the rough and detailed description of the 
product shape. This integration is the essential premise to perform the analy-
sis/synthesis cycle that is typical of the design process: functional and tech-
nological constraints are analyzed and then synthesized in order to identify 

-

of the product shape and dimensions.
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-

rules and shape representation. In order to validate the approach, a real in-
dustrial case has been studied.

3 The Multi-Level Product Representation

-

a product platform, our efforts have been concentrated in the creation of a 

complexity can be automatically managed only if the product model architec-

physical and geometrical characteristics of a process in order to understand 
and forecast its behavior. The product platform design is equivalent to mod-

problem is the functional abstraction

the product change propagations along the product architecture as one mod-

and geometrical/dimensional properties or its position within the model or 
the manufacturing process used to realize it.

-
tures to exact layout and geometry. 
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Fig. 1:

-

A design computation is executed with each view by switching levels of 
granularity and width of scope range. In design process, such design view is 

scope, because main layout and geometry with rough granularity restricts 

-
aging the change propagation and assures the coherence of the variations 
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can be gathered together in modules. A module aims to represent a reusable 
standard unit, which minimizes relationships with other part of a product. 

module and external when they connect different modules. In our proposed 

to manage the product design in terms of modules relationships.
-
-
-

considered independent from any physical/geometrical implementation of 
the modules themselves.

i
-

ment, of all necessary relationships between them and textual notes to com-

and second level are translated into both Environmental and Implementing
relationships. If the whole range of possible relationships is not covered by 

product architecture representation. 
The Environmental relationships transfer the modules semantics into 

i

The Implementing

among materials, raw shapes, overall dimensions, strength conditions, manu-
facturing processes and technological constraints of the product components.

Both Environmental and Implementing relationships represent the neces-
sary conditions between modules to satisfy all product-leveraging require-

i
 is represented 
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by a preliminary raw design that maps behavior model parts to the structure 

sub-functions contained into the modules and the relationships between them 

translated in term of geometrical, topological and positioning constrains and 
parameters that can be represented with numerical values or algorithms. 

At lowest level components geometry could be embodied by the digital 3D 
model of the product realized by using a Parametric/Feature-based CAD sys-

and related parameters and constraints that developed in terms of geometry 

-
-

tion and of the product architectures that differentiate themselves from the 
contents of the relationships, and of the geometric/physical level that con-

represented as a graph wherein each variation affects the overall structure.

3.2 Change Propagation Management

changes: the modules variation when a single module is replaced by another 
or some modules are aggregated and the components variation when there is 

assume that this type of change leads to a Product Family Innovation due 

product functionalities and performances. The modular variations run top-

In the second case the main goal is to identify the consequent changes on 
the other associated components and how the product family architecture is 

product variation, called Rapid Product Redesign, jumps from bottom to up 

level.
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Fig. 2 Possible change propagation mechanisms

The management of this process has been set as follows. The design pro-
cess can be seen as executing a series of design goals to achieve an accept-

in the early design phases. The goals a modular product must achieve are 

performances etc. Based on design objectives, a set of important leveraging 
product requirements are listed: 

standard normative and procedures, 

physical principles and rules, 
product performances that are about ergonomics, product components re-
cycling, assembly/disassembly, maintenance, etc. 

Our preliminary studies on modular products show the converging atti-
tude to this set of 4 recurring requirements. By observing the design process 
the requirements are often translated into relationships including constraints 
such as position and topology, geometry and the overall size, dimensions, 

-
netic compatibility between connected parts.

-
face. The direct interface appears when two modules are strictly related. It can 
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be represented by several relationships of connection and coupling that are 
embodied by coaxial constraints, reference planes coincidence, planar align-

-
ties that embody indirect interfaces are wirings, pipe systems, etc. The exter-

Fig. 3: The relationships database

-
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   leveraging requirements
-

implement the product architecture it is necessary to map the relationships 

the database for each coupe of modules. For every cell the designer can map 
-

tive example is reported in the test case section.

Fig. 4: The modules matrix
modules

4 The Test Case: the Washing Machine 

on a real test case. The project has been carried out in collaboration with an 
Italian big industry Indesit Company that produces household appliances. 

washing machines. Different product lines have been analyzed to identify a 
common platform. The analysis has been performed according to the method 

manage the design variations along the whole design process.
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The washing machine example allowed testing the theoretical ap-

reported in the following figures. 
A functional analysis of the washing machine has been performed start-

functional analysis has been considered complete in order to describe the 
washing machine functionalities, to maintain the necessary abstraction for 

-
tions gathered in the same module.

Fig. 5: The functional chain development where the modules have been 
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For instance, clothes treatment
Flow methodology where the clothes constitute the main material stream. 
The same method has been used for , electricity supplier mod-
ule, etc. Conversely, check motion parameters, dispatch signal, check unit
modules have been introduced using Branching Flow method while motion
generation module is an example of Conversion-Transmission type.

Fig. 6:
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-

modules especially where an external input or output is present.
Different product architectures have been proposed to convert modular 

functions to solution principles. For each of product architecture a modular 
matrix has been completed with Implementing and Environmental relation-

-
ing the module solution principle. 

-

R212 External structures must 
respect household appliances standardized dimensions and interfaces.

R142 Structure must geometrically 
contain all other modules.

R221 Water con-
tainer position should be as high as possible to facilitate operation.

R223 Soap container dimen-
sion should be related to desired amount of soap to store.

Fig. 7: A part of the washing machine modules matrix. A part of the mapped ma-
trix between relationships and modules
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relationships collected in the module matrix. Each module has been rep-

this elements, axis and planes.

5 Conclusions

to handle multiple views of a modular product, and on objects encapsulating 

information, which are then mapped into modules, and structured in product 
instances/architectures. This paper has emphasized how function structures 
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facilitate intelligent system decomposition and integration analysis. They 
-

phase. The multi-level product structure described in this paper demonstrates 
the effective strength of graph-based approaches: concise, visual representa-
tion of complex systems. The current design technologies have been used to 

environmental
and implementing
to illustrate how the approach could be used in practice. 

References

-
tecture.  In: Proceedings. of ASME 2000 Design Engineering Technical 
Conference DETC’00, Baltimore

In Computer Aided Design 34: 953-965

of a collaborative product development tool for plants design. In: 
Proceedings of International Conference on Engineering Design, ICED 
2005, Melbourne

-
ponents for product variant development. In: AI EDAM special issue on 

functional basis for engineering design. In: Proc. CD-ROM of ASME 2001 
Design Engineering Technical Conference DETC/DTM’01

-
ing and research roadmap. In: CD-ROM Proc of ASME 2003 DECT/CIE 
Conference, Chicago, Illinois

-
tion.  Harvard Business School Press, Boston

an information management infrastructure for product family planning 
and mass customization. In: CD-ROM Proc of ASME 2004 DECT/CIE 



224 Requirements

application. In: Research in Engineering Design, 13: 2-22

promise. In: CD-ROM Proc of ASME 2003 DECT/CIE Conference, 
Chicago, Illinois

of the 16th

-
dules from a functional description of a product. In: Proc. of ASME 1998 
Design Engineering Technical Conference DETC’98

to develop product architectures. In: Design Studies, 21: 5-31

In: Research Policy, 24: 419-440



Dependency of the Product Gestalt on 
Requirements in Industrial Design Engineering

A. Götz, T. Maier

Institute for Engineering Design and Industrial Design, Research and 
Teaching Department Industrial Design Engineering, 
University Stuttgart, Germany

Abstract
This contribution demonstrates the importance of good industrial design engineer-

industrially designed products are shown in examples [6].
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1 Introduction

Therefore, many enterprises try to acquire new customers by differentiat-
ing their products from competitive products by means of an added value. 
Among other things, this added value depends on ergonomically compatible 
and aesthetically designed products which allow an intuitive operation and 
a customer-friendly use. For this reason, the industrial design engineering, 

-
portant. In future, with regard to technical products developed in high-wage 
countries, this upward trend will allow enterprises to differ from imitators.

-
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product should have in terms of the aforementioned added value [6, 7].

2 The specialist: Who are Industrial  
Design Engineers?

Industrial Design Engineers are specially focused on enabling one or more 
-

science and psychology.
According to [6] the activities of industrial design engineers can be clas-

Operation:
Manipulation of a product. Indicators and control elements are counting 

Use:
Use of the technical function of a product. Handholds, ladder, doors etc. are 

Perception:

The operation comprises all procedures, which concern the setting-up, ad-
justing or manipulating of a product. Parameters of the technical function are 

Operation and use could occur at the same time. This happens when-
ever the user changes the technical parameters during the use of the techni-
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Fig. 1: Operation and use shown with a Panel Cutter

closely, that only the view of both sections can lead to an optimal result in 

-

-

connected with a bridge.

humans are located in the center for each product development. On the main 

considered as well.

3 The Object: General Product Structure
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The products, which this contribution is focused on, are located in the cat-
-

factured and mounted together to an assembly [9]. 
Products could be observed for different aspects. Depending on the per-

spective manufacturing, assembling, using or aesthetics can play a role. For 
the general view on a product the following product structures can be used:

assembly-oriented,
function-oriented and
characteristic-oriented.

3.1 Assembly-oriented Product Structure

-
uct. The division a product results from the parts and assemblies. The last 
ones can contain further subordinated assemblies and parts. A hierarchical 

Fig. 2: General assembly-oriented product structure

3.2 Function-oriented Product Structure

A product has an overall function, which can be divided in sub-functions. 

auxiliary functions [9].

different gestalts of a product [6], Fig. 3:
• Function gestalt:
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• Interface gestalt:

• Structure gestalt:
all elements, which are necessary for the adjustment and protection of the 

Fig. 3:

3.3 Characteristic-oriented Product Structure

The characteristic-oriented product structure, contrary to the two described 
above, contains the product characteristics which can be created. This struc-
ture builds a bridge to the concrete realisation of requirements to a product.

The product can be divided, according to the characteristic-oriented prod-
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Assembly gestalt, shape, surface, colour and graphics are according to 
[6] the partial gestalts of a product. The material has a special role with 

complete product.
The phase, when the materials are chosen, during the product develop-

correct material is determined, for which the product shape is developed, or 
material is selected according to the developed product shape. Because the 

in the following views. In the requirements the material is listed again as a 

Fig. 4:
hand grip

The characteristic-oriented product structure contains additionally to 
the structure already a given order, in which the characteristics should be 

Fig. 5: Process of the characteristic-oriented product structure
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The most abstract form of the description of a product is its assembly ge-
stalt, i.e. the arrangement of the building groups and construction units to each 

from surfaces, colour and diagram. To turn this specifcation sequence of the 

would require additional loops during the product development process.

3.4 Combined, General Product Structure

Every one of the presented product structures illustrates the product com-
plete. They could be used individually for each question aspect of the devel-
opment. The combination of the three structures, united to a general product 

Fig. 6: General product structure

Cylinder top surface:
Function-oriented product structure:

gestalt
Characteristic-oriented product structure:
forms the sub category of function gestalt, interface gestalt and structure 
gestalt, which consists in each case of the partial shapes gestalt assembly, 
shape, surface, colour and graphics.
Cylinder nappe:
Characteristic-oriented product structure:
Function gestalt, interface gestalt and structure gestalt can be seen as as-
semblies, which consist again of parts and assemblies. The assemblies and 
parts again have assembly gestalt, shape, surface, colour and graphics.
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By the creation of this general product structure the product can subdi-

whole product. That means, if each element of this general product structure 

4 Human-product Requirements

Industrial design engineers are developing under a user-centred view. 
Because of this they are interested in the human-product-requirements. The 

Design for Operation
Design for Use
Design for Perception

A complete human-product-requirements list is shown in Fig. 7.
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Fig. 7:
structure

gestalt ‡

-
emplary described in Fig. 8.

-
uct development process. As previously mentioned the characteristic-oriented 
product structure includes a process, which steps build up one on the other. 

each step until then, because there could be a effect on these following steps.
The human-product-requirements are in this context very important, be-



234 Requirements

integration of these requirements in late phases can happen only partial or at 
the expense of other requirements.
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registration of the conditions that are imposed on a new or altered product design, 
both preceding as well as during the corresponding product development cycle. 

-
-
-

straints and possibilities too early in the process. Moreover, it is recognized that 
-

-

publication focuses on the different roles, limitations and added values of the 
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based design
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1 Introduction

alternative solutions to design problems. This observation stresses the im-
-

available decision alternatives. As such they have a large impact on the 
course of development cycles.

level of detail, certainties and ambiguities. In this paper, three types are dis-

-

-
velopment cycle and prefacing subsequent development processes.

2 The Product Development Process

Product development comprises of the processes that transform the needs of 

general, it is a process conducted by designers and engineers, involving many 

the people involved. Within the context of the organisation, the customer 

Traditionally, such design methods originate from the process oriented 
description of the activities that together prospectively give an adequate 
coverage of the expected development trajectory. Whether these methods 
stem from empirical research on the activities of designers or from theoreti-
cal discourses on the nature of the development process, habitually they en-
deavour to capture the development process in a set of addressable, coherent 

product developer to reconsider earlier decisions or to revise part of the de-
velopment cycle to assess product variants. In doing this, reaching decisions 
becomes a distinct constituent of the development cycle.
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From a decision oriented point of view, the development cycle can be seen 
as a concatenation of decisions, which – because of their impact and se-

exercise in problem solving. Without canonising this statement, it does give 
a broader view on the development process: the processes as described in 
design methods are not the only driving forces in the development process. 
In order to exploit this adequately, the underlying information content of the 
development cycle has to be determined explicitly in a structured and acces-
sible manner. Consequently, the combination of processes, information and 

need no longer be the result of the initiation/revision in some of the design 
stages. Instead, it can become one of the contributing entities to facilitate 

established to state the design problem and its envisaged solution. 

the information content and the available process descriptions, much more 

need to pre-specify the entire development cycle in terms of processes. Any 
decision – based on the current information content and the current traits 

-
ments and additions in the foreseen process steps, but also in the information 

important, as they imply that both the information content and the require-

they also evolve during the entire development cycle. It is this evolvement, 
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advancements in the product development cycle to adequately resolving the 
initial .

3 References for the Design Process

When decisions are considered instigators of the development process, the 

through the entire development cycle and as such is an indispensable part of 
that context. Throughout the development cycle, the subject of the decisions 
will change with respect to level of detail, level of aggregation, considered 
domains, etc. To support a well-substantiated decision, the expression of the 

-

-

use of the different requirement types. 

-

bottle, the power to weight ratio of a motorcycle or the nominal size plus 

-
haviour. In general, they express concrete demands to abstract product mod-

of a table. The bottle is required to stay in tact after the fall. 
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the product’s environment and the interaction between product and its envi-
ronment. Product behaviour is indicated in terms of what the environment, 
e.g. the user, can do with a product and how it will interact as opposed to 

what the product will do and how it does it.

events concerning a product during a certain phase of its life cycle. This ap-

based on scenarios can as well be applied to address for example the main-
tenance or quality management of a product.

A scenario can say what happens in a particular situation without commit-
ting to details of precisely how things happen. Furthermore, a scenario can 
be deliberately incomplete to help developers cope with uncertainty.

The scope of a scenario and its form alters with the aim and stage of the 
product development process it is used in. It can range from a story about 
the problem domain as it exists prior to product introduction to a set of hy-

As an example, imagine the beer bottle now placed between people 
throwing a party. The party may in one scenario be a quiet sit-around-the-
table situation and in another case involve lots of dancing students. The beer 

can judge the relevance of the hazards incorporated by this use. 

Fig. 1:
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-
ence for decisions throughout the entire development cycle, insight in the 

-
pleteness, unambiguity and certainty of the involved information content 

-
-

design problem is constrained with unambiguous and quantitative demands. 
-
-

ity and maximum impulse resistance of a beer bottle to serve as a reference 

must also be determined with a high degree of certainty in order for the deci-
sion to be meaningful.

-
tions is experienced either positive or negative, depending on the view on 
its use. From the perspective of e.g. a quality guard, one straightforward 
interpretation of product properties is desirable. A development engineer 

afterward changes have to be implemented.

When the information content related to a decision is still relatively un-

behaviour. The realization however is still an open question. Humans are 

The description of a desired behaviour pretends to give an objective per-
-

tion is subjective and the future behaviour of products therefore cannot be 
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The use of scenarios as a frame of reference in the development process 
originates from discipline of software engineering. The advantages of speci-

Scenarios for instance can be very useful in managing the tradeoffs among 

-
ronment on the functioning of a product and visa versa in the development 
process by explicitly foreseeing the co-evolvement of the environment with 
product interactions. Scenarios therefore allow relating the requirements 
placed on the product to its environment, even if the environment is dy-

they are prescribed by external factors, these characteristics are less easily 
incorporated in a scenario. It should also be considered that the power of sce-
narios is to represent alternatives, explore boundary conditions and enable 
comparisons. Therefore always multiple scenarios from different points of 
view need to be created to obtain an accurate overview. A scenario or even a 
set of scenarios is by nature incomplete without revealing to what extent.

The solution space in which product development processes are allowed 

constituting the frame serve as an argumentation and negotiation basis for 

unambiguous. However, especially in the early stages of a development tra-
jectory, they can be uncertain, incomplete and even contradicting. In order 
not to introduce feint certainties in the process, it is important to adequately 
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-
-

levels of aggregation, instigated by different viewpoints and with respect to 

in the entire solution space, it must therefore be possible to interrelate the 

-
tion space but show considerable differences. The differences stem from 
the perspectives on that solution space. A focused perspective for example 
expresses detailed, high-certainty constraints whereas a broad perspective 
portrays a design decision in its context.

When viewed from different perspectives, the same requirement infor-
mation can be denoted in different ways. The structure of the frame of ref-

made. There are two pitfalls in doing this. In many cases, only the new de-
notation is represented, losing information from other perspectives. Such a 
translation for example is useful when presenting quality requirements to a 

are not relevant. The other pitfall is to include both broader and narrower 

presented information increase. 
When the translation of requirement information is governed by the evo-

lution of the product, the convergence in the development progress will 

development process, the frame of reference has become an inherent part of 

-

subsequent cycles.
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6 Application in Development Cycles

In development cycles, two types of phases can be distinguished: di-
verging and converging phases. Due to their different natures, the phas-
es require different support methods to establish increased process ef-
fectiveness and efficiency.

In diverging phases, adequate support facilitates the generation and evalu-

-
port by assessing a design in different contexts. These environments are called 
Synthetic Environments. In Synthetic Environments, the use of a.o. media and 

the design process, the Synthetic Environments must use an explicit, but 
-

ing new ideas within the boundaries of the stated purpose. In a Synthetic 
Environment, technical and functional requirements are not enough to at-
tain oversight in the early phases. They also do not give much insight in the 
interrelations and reasons for existence of certain requirements. Typically, 

aggregated quality of their ideas. 
In later stages of the development cycle, the divergent product information 

must be combined in one coherent product model. This process generally re-

be brought in harmony, but a change in one aspect induces consequences 
for the validity of the model with respect to another aspect. In the so-called 

consequences of a design change. A condition for this type of support to be 

changes are allowed are modelled adequately. Moreover, in order to warrant 
-

opment process, the modelling must be in harmony with the more general 
picture of the requirements as agreed upon in previous stages of the design 
process. This observation stresses the importance of a coherent frame of 
reference for the entire design process that can be viewed from different 
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7 Concluding Remarks

From a decision oriented perspective on design processes governance, re-

design decisions while their expression at the same time serves as an up-
-

velopment cycle. The three distinguished expression types, i.e. technical, 
-

ent perspectives on the solution space. Essentially, they are different denota-

of the frame of reference, translations can be made from one type to another. 
-

on the use of the frame is however necessary to uncover the possibilities for 
exploiting this advantage. Upcoming research on this topic will focus on the 
advantages of the frame of reference for the application areas of Synthetic 
Environments and What-If design.

Oriented Research Program ‘Integrated Product Creation and Realization 
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Abstract
In the past it was often adequate to assemble an overall system from separately 
developed and optimized parts. However, recent developments in engineering show 
the need to integrate mechanical, optical, electrical, electronical and software com-
ponents. This new quality of interdisciplinary collaboration requires new computer-
aided, phase- and domain-spanning tools for modeling, analysis, simulation and 
optimization of complex design objects particularly in the early phases of product 

-
search concerning a phase-overlapping design system for heterogeneous systems 
that supports the transition from the solution principle to embodiment design.

Keywords
Heterogeneous Systems, Early Phases of Product Development, Constraint-
based Modeling

1 Introduction

For computer-aided modeling and calculation of heterogeneous systems dif-
-

The following categories exist:
general simulation systems,
specialized simulation systems,
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parallel application of multiple simulation systems,
guidance and assistance systems and
integrated solutions.

For the design and particularly the simulation in early phases general
simulation systems -
eling is done by entering source/script code, equations or schematic dia-
grams that describe and simulate heterogeneous systems on a functional 
level. However, this approach leads to a number of disadvantages. It is often 

-

the transition from the functional description to the embodiment.
Specialized simulation systems are usually not suitable for holistic mod-

eling and simulation of heterogeneous systems. For instance, the modeling 
system for electronic circuits SPICE allows limited handling of non-elec-
tronic components that have to be transformed into equivalent electronic or 

systems [4]. Serious limitations concerning a uniform equivalent description 

solution principle and the embodiment with focus on the transition between 
the two representations.

The parallel application of multiple simulation systems considers the 
necessary multidisciplinarity of the design of heterogeneous systems as the 

modeling, analysis/simulation and evaluation/optimization. This approach 
demands a high degree of design experience and the mastery of many soft-
ware products. Also, redundancies and loss of information are inevitable in 
such a process. To avoid the resulting additional expenses, it is reasonable 

calculation, simulation  and optimization. 
One possible approach for this are guidance and assistance systems [1].

of a design object in a uniform repository of data. The core of such systems 

design of certain products or product groups.
Also, modern CAD systems are able to provide integrated solutions

for several problems concerning the design of heterogeneous products. 
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Typically, this is done by adding customized add-on modules for certain 
scopes of problems offered by various vendors. Examples are add-ons for 

controllers. However, there is no CAD system that covers the whole spec-
trum of requirements for the design of heterogeneous systems.

-
ing the domain-overlapping description of heterogeneous systems and the 
phase-overlapping modeling from the functional description to the embodi-
ment design. 

2 Constraint based Modeling

Models of heterogeneous systems can be seen as a set of components and a 
set of relationships between these components. In the following text these 
relationships are referred to as constraints.

-

-

-
tence of such elements or components. This includes the existence of the 
single parameters as well as according constraints referencing the parameter 

ways [6], e.g.:
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Fig. 1:

different strategies can be used, e.g. restoring the last consistent state, 

as equations and inequalities too. During such a transformation domain spe-

then appropriate calculation modules can be chosen and the handling of 

-

-
ritated by the presentation of solutions which are formally correct but totally 
unexpected. A very simple example is shown in Fig. 2.

This shows that the heterogeneous formulation of heterogeneous systems is 

The choice how relationships are to be expressed should be made 

in the constraint solving application the model representation may be 
transformed with respect to available calculation modules. Quite simple 
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is for instance the transformation of geometric constraints into equa-

-
tance constraint between two points may be used. For its detection the 

be identified as the distance. The quadratic equation which references 
these parameters is a strong hint that the engineer had the intension to 
model a distance relation but in general that is not sure.

Fig. 2: -

expected by the user. The calculations ensure that the point stays near to 

point at position P and an alternative position P’ which is even nearer to 
the cursor but the user would not expect this solution because the accord-

3 Integration of Calculation Modules

A main problem concerning the calculation to achieve model consistency 
is the choice and coordination of the calculation modules. This is done by 

based on one of the following options:
-

All dependencies are compatible to a single calculation module, i.e. such 
a module can handle them directly or a transformed version of them. In 
this case that module alone can generate a consistent model state.
The model is divided into parts that can be handled by a set of specialized 
calculation modules.
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Fig. 3: Specialized calculation modules/solvers handle parts of the model. In 
some cases a model part can be calculated by more than one module. 
Then, the module manager decides which module handles this part de-

need to be solved:

One aspect is the intention to solve constraints at a high level of abstraction 

other hand, in order to limit the complexity of the coordination of the solver 
modules a few large model segments are easier to handle than many small 

Other aspects are the complexity and solvability of the model segments 
[2, 3]. Particularly important is the avoidance of over-determination.

For the calculation methods in each module exist input and output param-
eters. Input parameters can be constants, output values of other modules 
or user inputs. The module manager needs to coordinate the modules in a 
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way that ensures a global solution progress, i.e. that calculated parameters 

-
plication of solvers can be necessary. Fig. 4 shows an example for the alter-
nate application of calculation modules. The symbolic representation of the 

Fig. 4

For calculations the symbolic representation needs to be transformed 

On the other hand, a conversion for a multi-body simulation is described 

the geometric constraint description is favorable for an interactive modeling 
process, the multi-body representation allows calculations concerning the 
dynamics of the model.

The described constraint-based modeling approach allows a phase-over-
lapping description of heterogeneous systems since the generic model repre-
sentation is independent from visualization and calculation [5].
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4 Application Example

As an example for the modeling of a heterogeneous system a micrometer is 
used. The micrometer is based on a revolvable/pivoted parallel glass plate. 

The idea is the generation of a parallel offset from the principal axis by tilt-

With this parallel offset, deviations of objects can be measured in the 

Fig. 5: Parallel offset of the main beam by a coplanar glass plate

-
tional interrelations between the tilting angle  of the glass plate and the 

the law of refraction is necessary. After some transformations the following 
equation results:

-
tions can be found by assuming the tilting angle  to be small.
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Tab. 1: -
tween input parameter s and tilting angle 

Approximation Solution principle

sine mechanism

tangent mechanism

-mechanism

approx
 of the approximations 
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Fig. 6: Difference v between v
approx

 of the approximations from Table 1 and v of 
-

As the next step in the design process the adjustment mechanism with the 
-

erance for errors caused by manufacturing and usage. The selected mechanism 

Fig. 7: Solution principle of a micrometer modeled in the design system

-

The interdependencies between all parameters are handled automatically. 
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-

-

-
ation of the parallel offset with immovable adjustment mechanisms and 

In this way a solution principle can be adapted to the required function 

usability a catalog-oriented design is used in MASP. It supports the user in 
-

elements in combination with invariant information in the solution principle 

-
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ment design are added automatically during the generation. This allows it-
erations during the design process without losing the consistency between 
the model parts that describe the solution principle and the embodiment.

5 Summary

aims to increase the effectivity of the embodiment design process for hetero-
geneous products. The concept integrates phase-overlapping as well as do-
main-overlapping design approaches into a computer-aided modeling sys-
tem aimed at the early phases of product design. The basis for the presented 

regarding different function-related aspects. The constraint-based modeling 
approach allows to include embodiment properties of heterogeneous models 
and to handle them in a holistic way. The optimized solution principles are 

function-relevant mechanical, optical and drive components.
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Abstract
Facing the increasing cost pressure, the decreasing product development time and 

Keywords
Design Methodology, Product Development Process, Requirement Management

1 Introduction

-

that have to be treated need suitably structured requirements. However, the 
original customer needs must remain as the unaltered superior development 
goal. The customer generally is oriented to the whole product and the total 

from investment and operating costs particularly training, maintenance, re-

development time and lower costs are desired. How is it possible to shorten 
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and an effective requirement management will lead to a reduction of devel-

requirements and wishes.

2 Development of Parallel Robots

parallel structures [13]. The focus of research is located in the area of high 

areas of concepts and modeling, control and information processing and 
new components. To control the complexity of these new products while 

-

Development can be divided into new design of a robot, 
 of 

already operating robots.

For the new design of a parallel robot the following steps are necessary: 
-

place. The outcomes of the dynamic analysis can necessitate an iteration 
-

trol engineering steps follow.

be involved, as well as a simple exchange of outcomes between different 
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Parallel robots are designed and optimized for special application areas. 

used. Thus, different robots can be build from standardized parts in various 

While in bigger enterprises with high lot sizes and chopping frequencies 
highly specialized and optimized machines can be used, smaller and me-

-
Static and dynamic

-
stance, the arrangement of drives can be changed. However, a rebuilding 
to a complete new structure using the existing components is possible, too. 

Fig. 1: Different possibilities to arrange the linear drives for static  

transition of singularities of 1st and 2nd order to generate an additional part of 
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-
dom in operation [11].

2.4 Problem Fields

The effort of developing a complete modular system is much higher than a 
new design of a special product. If the complexity of the modular system 
should stay small a segmentation into few standardized elements is reason-
able. Often Interfaces have to be oversized to connect smaller and bigger 
variants of a neighboring element. Higher costs are often overcompensated 

oversize reduces the performance. A lower performance and thus higher cy-
cle times lead to a lower productivity. A modular system for parallel robots 

have to be considered already in the run-up phase. The demand on a modu-
lar system increases. Parts must be exchangeable. Furthermore, relations be-

relations and constraints must be available allowing the robot to be recon-

can be appropriate to use better sensors and therefore reach a better calibra-
tion. Otherwise it can be appropriate to use adaptronic joints that can lower 

3 Solution Approach

The approaches to solve the problems within the area of development of 
parallel robots are among other things the introduction of modular systems, 
an effective management of requirements and a useful data processing. The 
approaches are explained in the following.

3.1 Modular System for Parallel Robots

The modular system [12] standardizes the robot system into modules. This al-
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Furthermore costs of the robot system can be calculated faster and more reli-
able because detailed cost information is attached to standardized parts.

single parts can be purposefully adapted or newly constructed. However, ex-

allows a successive extension, thence a steadily growing database.

and provide information that can be used in different development depart-
ments. Moreover, superior modules can be divided in different ways accord-

joint
and piezo element. For a control engineer the same joint consists of a control 
loop with various in- and outgoing variables.

With the developed modular system a structure can be built up out of 10 sepa-

which not. The abstract structure plan represents the later robot and can be 

hexa structure built up out of abstract modules. As a detail the modular spheri-

Fig. 2: Abstract structure plan of a hexa structure and joints used
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Often it is reasonable to fractionize modules into smaller subelements. This 
rod can be 

built up of a basis and two adapters

Furthermore it is possible to easily vary characteristics within a module. For 
instance, if the housing of a sensor at a cardan joint is a subelement it can be 

3.2 Modular System for the Rack

time and production costs. The concept of a modular system allows to treat 

superior product. Within the module rack a new modular system emerges 

new structure is very different to the original structure a manual rebuilding 
-

-
ranged newly and where necessary supplemented by new parts.

Fig. 3:
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3.3 Requirement Management

To guarantee a purposeful development and to deliver a product that meets 
the customer wishes a reasonable management of requirements is necessary, 

a product detailed requirement lists and relations to product characteristics 
exist [2], a change of requirements leads to exact starting points for optimi-

-

DoF. The relation between DoF of the structure and number and DoF of the 
chains leads to the possibility to change the delta into a hexa structure. Then 

-

[11]. Otherwise passive joints with high stiffness, low clearance and low 
costs [9] can be the better choice.

robot system has a coordinating 
position. Its requirements have a superior character and specify the cus-
tomer wishes. Requirements related to the development do not interest the 

are important for the subsequent design process but they are not discussed 
with the customer.

Fig. 4:
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A structuring of requirements according to the purpose within the product 
development process is necessary. We can distinguish the type of design 

-

requirement lists with different hierarchy levels and different detailing. Thus 

be as detailed as possible. This allows a fast and reliable choice from cata-
logues. If innovative new constructions are demanded, requirements have 

-
ments must not preselect solutions. Requirements just give the scope and 

can be supported by effect catalogues. For an integrated management of 
requirements over the whole product development process it is important to 

relations 
between requirements [8] and relations between partial models [5], e.g. re-

the outcomes to qualitative statements. A qualitative estimate is possible 
when a specialist recognizes qualitative relations between requirements by 
his experience. Becoming more and more concrete the relations are to be 
based on physical principles. If relations were set too early in the design 

-

Relations can be directed, e.g. between big work space and low rack weight
-

tween low rack weight and low rack costs -
big work space and low rack costs.  Another example: 

The repeat accuracy is related to the robot stiffness. The robot stiffness is re-
lated to the rod stiffness. The stiffness and the mass of a rod have a qualitative 
relation. Thus, between repeat accuracy and mass of a rod a relation or con-

-
ly optimize the structure. They can be found automated e.g. with a software 

not necessarily all relations and particularly not quantitative dependencies are 
shown. An uncritical adoption can lead to wrong decisions.

-
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-
lations between the requirement and structure model lead e.g. to physical 
true dependencies. If reliable inter-model relations between requirement and 

-
mance ratio demanded by the customer. For instance, expensive sensors are 
only used if this leads to a cheaper total system or if otherwise the demanded 

4 Conclusion and Outlook

Approaches were shown to face the increasing cost pressure, the decreas-
-

-
tant is a suitable structuring of requirements for the different phases of design 
process. A continuative approach is the modeling of inter-model relations. 

and Assembly – High Dynamic Parallel Structures with Adaptronic 
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A Scandinavian Model of Innovative 
Product Development

Abstract
The educational systems in the small Scandinavian countries are open to experi-
ments and new education programmes. This paper presents such an initiative from 

-

efforts to produce a new type of design professionalism, pointing to new roles and 
identities for the professionalism of synthesis and innovation. Finally, we round up 
by articulating what we see as the future pattern of product development, which 
should be supported already today in our education programmes.

Keywords
Innovation in Product Development, Design and Innovation, Engineering Education

1 Industrial Situations and Politics

It is recognised that Scandinavian countries maintain a high standard of 

based innovations. Many branches and initiatives are contributing to this, 
including of course those based upon engineering. Traditional views of en-
gineering as the supplier of technology, and of technological insight as the 
driver for industrial power, force design institutions to increase their efforts 
to avoid marginalisation. At the same time industrialists warn about too little 
focus on product development competencies in industry.

When innovation is measured and compared in European countries [4], 
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Finland and Sweden, but the high position is mainly due to life-long educa-
tion. Sweden has the highest position, together with Finland, concerning 
innovation and Finland has the highest position concerning dy-namics and 
education – closely followed by Sweden.

not a perfect one? The forces creating these results are not easy to identify, 
-
-

nesses. There is no doubt that the society’s welfare and standard of living 
cannot be maintained without efforts on an industrial scale and based upon 

important actors in this innovation effort.
Danish industrialists point out that the importance of product develop-

ment and innovation in industry is strongly growing, but the focus upon 

-

has only implicitly articulated industrial policies, and the goals for the use 
of education and research as a means for industrial enhancement only stems 
from political and not industrial sources. For a period the ‘service society’ 
was seen as the mantra. Today there is a strong polarisation between tech-
nology-based innovation, focusing on internationally competing world class 
universities and research, – and user-driven innovation, where industrial de-
signers, anthropologists, socio-technical researchers and other humanistic 

-

-

which when gathered together are recognised as globalisation. These fac-
tors include: the development and industrialisation of Eastern countries; the 
advancement of ICT; the opening of political, cultural and trade borders; 

the western world; and so on. The industrial arena in Scandinavia is there-

strategic decisions: outsourcing or insourcing; own development or innova-
tion based on acquisition; local or global product development projects; etc. 
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manner, in order to stay one step ahead of pending competition. Thus far, 
many companies have had little time to consider a strong dialogue with the 
research community regarding their actions and the subsequent effects on 
their product development processes.

-
ating organisations are creating quite uncharted situations for product de-
velopment and product developers as such. The lesson of integration from 
Integrated Product Development [2] is still valid when we consider the in-
tegration of capabilities, expertise and diverse cultural insights, but it no 
longer holds true when we consider the physical organisation of product 

possibilities are much greater but also much more spread. And the whole is-
sue of communication in product development is a great challenge for com-
panies [8]. There is therefore an urgent need for western countries to receive 

to be able to live up to the many challenges that the new global industrial 
arena brings with it.

2 Traits of the Educational System

-
nical universities, especially after new legislation, which has forced engi-
neering schools into the academic system.

investments into education and research in deep technical silos – with little or 
no focus on the bridging, synthesis-oriented competencies. The slogan from 

utilisation of researchers’ ideas. Unfortunately, neither the government nor the 

research efforts related to product development to facilitate innovation.
The area design & innovation in technical education has two origins; one 

related to business schools, and one which had its origins in mechanical en-

have existed since the early 60’ies, based upon traditional mechanical engi-
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neering courses, but focusing on engineering design and product develop-
ment. Over the years these activities have established a distinct articulated 
teaching programme for engineering design and product development; the 
latest development being an entirely new Masters programme, Design & 
Innovation. As we describe in the following text, this new programme aims 
broader than traditional mechanical engineering.

It is an interesting fact that the technical disciplines outside mechanical 
engineering have only sparsely developed traditions for research into the 
process and organisational patterns which create new products, processes 
and service. Therefore, it is only partially recognised that the area of product 
development is teachable and supportable by research, even if a technical 
university ought to see this area as a supporting area for the university’s core 
effort to serve industry.

3 Industrial Challenges and Needs for  
Product Development

companies; this distinguishes them greatly from traditional engineering edu-
cation. We believe the new pattern has the following characteristics:

enhanced quality efforts.
customer-oriented quality, values and perceptions.
environmental concerns and demand for sustainable solutions.
exploding design complexity due to technologies, multi-product develop-
ment, customisation, legislation and product life concerns.

multi-disciplinary product conceptualisation.

necessary dynamic innovation of products and organisations.

-
portance for product development, which may be seen as competences for 
product developers, project leaders, and product development managers:

understanding product development types: innovation, development, va-

managing integration of product-life concerns and multi-disciplinary 
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From our dialogue with Danish companies we can also derive an im-
portant set of criteria for professional product developers. These include: 

subjects and areas; and to function well in, or lead, a design team.

Designing is not the same as engineering, but is normally based upon the same 

are they supportive for design? Socio-technical research tells us how to under-
stand practice, new science how to operate and evaluate in practice [6]. 

-
tice is so poor: Most engineers rarely use formal theory or methods explic-
itly, engineers experience ‘application-fright’ and de-/re-learning is a neces-
sary activity when the fresh candidate enters into industry. Two tendencies 

that engineers have become the ‘house maids’ of industry. Furthermore the 

given natural science a dominant role [7].
Is it true that science and research are the origins of technical develop-

into a marginal area? Research into these questions shows that the process 
-

ative and innovative [12], and that design activities and other ‘soft’ elements 

What does research tell us to do? First of all we must be aware of the trans-
lation and transformation of insight, which characterises the transformation 
from novice to expert. Through this activity, experts develop cognitive maps 
and implicit routines [11]. For education and practice it is important to learn 
to solve complex, authentic and contextualised problems, instead of the ‘rit-
ual’ problems of science. Socio-technical science points out that engineering 
is a heterogeneous activity, combining several routines and disciplines into 
a community of practice. Designing is to a much higher degree a question of 

-

solving under organisational and other constraints [10].



274 Requirements

5 Educational Concepts for Innovation

Innovation concerns the search for 
and the discovery, experimentation, development, initiative, and adaption of 

Product development consists of projects often beginning with the 
-

tion, sales, delivery and servicing of the product. But beside this prod-
uct development is found in the company’s business plans, connecting 
business-, technology- and product strategies, and in the product plan-
ning and portfolio management.

In Scandinavia the word design
normally understood as industrial design 
of product-related activities, based upon artistic efforts. It is our attempt to 
create a broader meaning of the word design, concerning areas such as:

architectural design,
industrial design,
engineering design,

system design,
product/service design,
holistic design.

Our arguments are that no clear distinction between these areas can be 
made, and that a single product’s development often demands a number of 
these areas’ involvement at any one time. The areas may rather be seen as 
educational accentualities than types of designing. There are several efforts 
in Scandinavia to create education programmes that merge industrial design 
and engineering, focusing on industrially produced products.

Within DTU’s new education programme Design & Innovation we create 
Design Engineers. We have gathered our inspiration for the development of 

growing body of interest from educators/researchers in this area. Our mis-
sion is to educate engineers who are able to identify, formulate and solve 
problems that arise in the context of application – as opposed to merely 
being able to solve problems that can be spotted within a narrower and well-

-
ers as executants, but also designers as enablers, planners, differentiators 
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6 Initiating Change

In 2000 a series of concerns were being raised, regarding falling student 
numbers – especially amongst the mechanical engineering students – and a 

industry. Ten colleagues from two departments at DTU created a strategic 
-

novation at DTU [1].
This agenda was presented to DTU’s direction, together with a recom-

mendation that a new education programme be formed, entitled ‘Design & 
Innovation’

-

-

the creation of three specialisations in the masters degree: product inno-
vation, innovation management, or systems innovation,
a direct effort to nurture an industrial relationship for each student in the 
masters specialisation.

6.1 Three Core Competencies

three core competence areas in our education programme:
• Technical engineering competencies

-
form of teaching and integration of the core engineering curriculum.

• Socio-technical competencies 
Competencies to be utilised in the creation and renewal of systems and si-
tuations and where complex, political decisions confront the engineering 
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• Creative/synthesis competencies
Aimed at integrating technical and social components during the develop-
ment of products, systems, processes and services. The education empha-
sises the development of the students’ personal, creative potential, engage-
ment and enthusiasm, professional insight and the mastery of methods.

These competencies are fundamentally built into the programme struc-

7 Models of Future Innovation Product Development

Based upon our teaching experiences, our dialogue with companies and our 

based upon a set of characteristics, outline below:
global activities, spread in time, place and culture,

of organisations and in society,

based upon understanding of the life-cycle – not the product,
coupled with service as the main deliverable,
with engineers being allowed into the decision process and development 
suite, only if they can prove themselves to understand context, complexi-
ty and business potential of their and other colleagues’ actions.

We believe that our education programme has begun to address many of 
the activities mentioned above, but that there are a great deal of steps that we 

-
tive and professional manner; both in our education and our research.

8 Conclusion

Although the education programme described in this paper is so new that 

allow ourselves to conclude our paper with the following statements.
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The western world needs new engineering competencies in order to re-
main competitive, to retain a high standard of living and to realise how to 
constantly improve the social and environmental welfare of our society. Our 
education programme aims no lower than at these goals. Education concepts 
need to develop, to get old and be replaced, and to be criticised by the future 
employers of the candidates. We dare to say that any education programme 
in this domain that is not subject to these conditions is slowly dying – or 

Scandinavia we need both the deep-divers, the orchestrators, the leaders and 

-
mental in this type of education activity. We can see already when our stu-
dents carry out their projects with and for companies, that they apply their 
knowledge, their skills and their attitudes – which we believe demonstrates 
competency. As researchers and educators, we have a responsibility to foresee 
and develop models, methods and new development arenas for innovation, 
and to ensure that the candidates we produce are ready for the new challenges 
that will await them in industry in the future. Here our focus on competencies 

global collaborations, legislatory demands or business goals. But by training 

-

writing/-reading, model building, calculating. All of these activities – and a 
host of others – create professional readiness. We believe that our vision to 
create enthusiasm, holism and a creative way of developing new business 
is bearing fruit – not only within the walls of the university but already 
within the initiatives established on the basis of the programme, and through 
the contact to the industrial world. Companies are embracing the students 

are educating the next generation of innovative product developers.
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Collaborative Product Development

M. Sadeghi1 1, K. Hadj-Hamou

1

Abstract
Collaborative product design is an approach for supporting designers connected by 

-
ment. Communication, negotiation, coordination and cooperation became essential 

-
tive environment requires a mechanism allowing the project actors to recognize and 

to all corresponding actors. These results should contribute to the improvement of 
collaborative design.

Keywords

1 Introduction

Product development organization became an increasingly collaborative 
-

ing on a distributed product development environment requires a detailed 
study of integration and collaboration of the expert tools. Multiple tools 
and multi-view [13] representations in these environments allow design-
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Collaborative product design environment requires the various design sys-
tems to provide coherence support among different models in design process 

system [6], which allows alternative designs to be created and design modi-

-

requires more active functions for model structures and relationships of de-

we discuss constraint management [5, 10] as an issue to achieve a dynamic 

violation event. After discussion about existing collaborative design envi-
ronments, we discuss a range of existing constraints [4] in collaborative 
product development process which can be used to address inconsistency 
measurement issues. We describe our inconsistency management model, 

the presentation of inconsistency during collaborative product development, 
and synchronization systems which describe how actors can use such pre-

2 Collaborative Design Environments

The design of product is a complex process that usually involves collabora-

environment and do not use the same description for the same object. The 
related approach to manage this complexity is the integrated product design 
which facilitates collaborative design environments. It supports multiple 
tools, and multi-view editing in these environments which in turn allow de-

using different representations [7]. As illustrated in Fig.1, there are two major 
approaches for designers to share and exchange integrated design informa-

With the direct exchange approach, designer applications should be aware 
of each other’s existence and communication channels must be established 
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between related designer applications. With this approach, the number of 
communication channels needed grow with the number of designer applica-

a Shared Model server, in which all the designer applications is integrated 
into a single system. Support for Shared Model server collaboration can be 
provided by two types of tools: 

a system by two or more designers. During synchronous collabora-
tion, developers share the unique view represent by the shared model. 

-

Fig. 1:

via different copies and to be merged asynchronously. In asynchronous 

a private space in order to get a stable version of information during their 

One of the issues that appear in most shared model design systems is the 

collaborative design process.

during synchronization between different versions. Thus, modifying the en-
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-
borative design system, experts are very often misinformed of the begin-
ning, or existence, of such inconsistencies.

Fig. 2:

-
formation in one view when another, related view has been edited. However, 

-
-
-

of the Event-Condition-Action rule architecture, in which an event triggers 

Because of the complexity of design environment, the big heterogeneity of 

been no researches that apply these active database concepts to the shared 
model management area for supporting collaborative design. 

4 Constraint based Collaborative Product 
Development

-
-

on other entities. Explicit relations are directly deduced from the entity rela-

-
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can then be seen as violated constraints in the design problem being solved 

-

In this approach, designer should copy a dependent part of the shared model 
to their private space. An internal copy change is not directly reported into 

between edited copy model and shared model before the designer request 

with a stable external model copy but he loses the connection with private 
user and shared model space and would not be informed about trends and 

Fig. 3:

as soon as an event occurs over an entity under certain conditions, an ac-
tion is automatically executed propagating new events. In some cases agent 
policies may be used to automatically answer to events. Since some actions 
are not automated, human may be involved in the constraint propagation by 
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System Requirements

When Expert 2 edits his version of the view, changes are propagated to 
shared model environment. He can also generate constraints among the enti-

are detected in constraint management system. They must be detected when 

be detected, monitored, stored, presented, and possibly automatically re-
-

on how experts can most appropriately be informed of the presence of dif-

to allow design process to be preceded should be immediately presented 

on the information displayed in a view should be highlighted only when 
requested by experts. 

gain more information about them and resolve them. He also requires sup-

Fig. 4:
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We currently use the PPO shared model issued from the IPPOP [3] proj-
-

uct, process and organization concepts to deal with every design views. The 

Product/Product constraint that represents relationships between enti-

geometry, tolerance, etc.
Process/Process constraint that represents relationships between entities 

Organization/Organization constraint that represent relationships bet-
-

Product/process Constraint: such as constraint about which parts are 

Process/organization Constraint: for example, constraint about choice 

Product/ organization constraint

-

resolution methods. In every context depicted in

are mainly dependent on constraint/entity position in the 3D space pre-
sented in Fig. 5.b:

Fig. 5: To valuate constraint importance
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The “Context” axis refers the groups of people which should be inter-
ested in this part of the product. As a result of collaborative design and 
resultant hierarchical shared model architecture that separates private and 

constraints are represented between entities in different views. Universal 
constraints impact every view and designer. This separation provides the 

-
tributed design environment. 
The “formalization”

and resolution. Constraint may be implicit and requires to be evaluated 
on a fuzzy mode by designers; constraints are explicit when mathematics 

language.
The “degree” -

-
-

6 System Architecture and Operation

constraint management system. Shared Model space is connected to con-
-

agement system provides a constraint manipulation interface that allows the 

-

classes and relationships between them. It allows specifying what constraint 

each design view class.
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Fig. 6: Architecture of constraint based collaborative design

Figure 7 shows the system operation. Once the collaborative shared server 

in the shared model environment. Change detection is normally associated 

structures or values directly affects the consistent state of the Shared Model. 

necessary to verify all of the concerned constraints. According to constraint 

propagation approach. If every concerned constraint remains valid, the modi-
-

lation, it will proceed with the violated constraint resolving plan and every 

Fig. 7: System Operation
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7 Conclusions and Future Work

-
-

validated.
We discussed the structure, mechanisms and implementation of the noti-

in a shared model collaborative environment.

development and integration of constraint management system which are 

machine, to validate this approach.
The authors were involved in the IPPOP project which mainly proposes 

a static Product Process Organization model dedicated to collaborative de-

to validate its pertinence.
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Abstract
The pioneer product concept is a product creation concept which focuses on con-

At the same time the concept is clearly focused on the differentiating and custom-
er relevant product features. The main objectives of the pioneer product concept 

Those objectives are facilitated by several distinctive capabilities relevant for the 
pioneer product concept: cross functional teams, customer orientation, cost orienta-
tion, partner collaboration and process orientation.

Keywords
Product Development Process, Pioneer Product Concept

1 Introduction

An increasing numbers of product variants in ever shorter time impose a tre-
mendous challenge to the internal product creation processes. Among other 

-
ing collaborative endeavor. 

-
tomers, partners and internal functions, is a challenging venture and concepts 
to handle it are often not well understood. The main focus of our research is to 
understand how industrial companies can derive competitive advantage from 
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interesting approach and has been discussed before [4, 17, 19]. Most of these 

of reducing the failure rate of new products mainly focus on the customer 
-
-

concept of pioneer 
products has been developed to support the understanding of the complex 

-
-
-

Fig. 1: The pioneer product concept

2 Research Approach and Empirical Findings

Streams of literature comprise the resource based view of the company 

capabilities and interface management [1, 10]. The resource based view 
tends to be process orientated and focuses on learning [7] and transferring 

asymmetry within and outside the company into account are important 
aspects of the pioneer product concept.
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2.2 Empirical Findings on Pioneer Products

Our investigations are based on an international survey of 134 participating 
companies from the equipment industry. The main focus of our research 
is to understand how industrial companies can derive competitive advan-
tage from the pioneer product concept. In particular customer collabora-
tion, modular product architecture, design for manufacturability and stra-

reliable companies with project reliabilities above 72% and unreliable ones 
with project reliabilities less than 56%. Differences in the evaluation of ca-

-
esis that differences in project execution correlate with certain important 
capabilities. These capabilities have in common that they are situated at the 

Fig. 2: Differences in the level of command of particular capabilities

3 Types of Pioneer Product Projects

It is useful for the pioneer product concept to arrange the variety of develop-
ment projects into a typology in order to narrow the examination subject. 
The three investigated project types have a clear focus on cross-functional 
collaboration to support the overall project objectives.
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incremental innovation is described by existing products, which are only 
changed to a minor degree [20]. If only a few components are changed and 

-
lar innovation [8]. An architectural innovation changes only the connections 
between several product components, whereas a radical innovation depends 

Customer integration determines the interaction with the customer [9] 
and ranges in a continuum between generic development and customer 

-
tions can be distinguished: the target group development [24]. and the 
lead-user development [24].

The characteristics for the second portfolio lead time concept and type 

of the pioneer product concept. The lead time concept describes the con-

-

the lead time concept [5, 12]. Type of production on the other hand measures 
-

tion, small series production and series production.
Within the resulting two portfolios, three project types of the pioneer 

intense customer driven development, single part production and serial 
development are not within the scope of the pioneer product concept be-

pioneer product concept.

Fig. 3: Types of pioneer product projects from external and internal perspective
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The project type “probe-and-learn development” is suited for prod-
ucts with a high degree of innovation, which are developed with lead-users 

by a combination of existing and newly deployed product technologies. 
The architecture of the new product usually differs from the initial model 

-
novation can be regarded as architectural innovation. The probe-and-learn 

-

and-learn products are produced in small or medium sized series. A much 
-

helps the company to achieve strong customer interaction. This procedure 
enables the company to use in depth experience before detailing the whole 
product range. To achieve reasonable development lead times simultane-
ous engineering is usually the chosen lead time concept. In addition to ef-
fort reduction, experience with the initial pioneer products rise the success 
rate of the whole product development.

The project type “release-oriented development” is characterized by 
structuring the development process of complex products with the help of 
release units [11]. Release units have an interrelated product development 

-
tion degree for a release-oriented development can be described as a modu-
lar innovation. Release-oriented products need a high degree of modularity 
in their product structure. Therefore the changes on single components are 
easy to accomplish and have no effect on the functionality of the complete 
system [11]. Direct customer participation during the development process 

target group [13]. The type of production is small series to series production. 

input for the development of release units is relatively high and expensive. 

variants is preferentially build in the context of release cycles. Major possi-

release cycles [11]. The development of product components which is even-
tually consolidated in a new release is usually performed in simultaneous 
engineering teams. Release-engineering reduces the degree of complexity in 
the product development process and uses synergy effects. The modulariza-
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tion of the product enables a continuous adjustment as well as an elimina-
tion of product variants within the context of release-oriented development 
[11]. The pioneer product concept enables the release-oriented development 
to further reduce development lead time between two product generations.

The project type “add-on development” is characterized by an incremen-
tal degree of innovation. The product is changed step by step and the used 
product technologies are existent [20]. The complexity of the development 
process is quite low as interdependencies are in general well understood. 

-

products to achieve maximum synergy effects. The product range must have 
a high degree of modularity and a high number of similarities to use this ap-

gains a time advantage from the pioneer product approach.

The major capabilities considered in order to facilitate the pioneer product 
concept are cross functional teams, customer orientation, cost orientation, 
partner collaboration and process orientation.

Fig. 4:

Cross-functional teams have a special characteristic that they are com-
posed of people with different functions from different levels within and 
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sometimes outside the organization. The motivation for companies to use 
cross-functional teams is usually to increase speed of projects, to master 
complexity and to intensify learning and creativity [18]. Many compa-

with the outcome. The leader of a cross-functional team usually has less 
authority than functional leaders but has to create a motivating environ-

cross-functional team is often mentioned as an important success factor 
[15, 18]. The pioneer product concept means a clear focus on differentiat-
ing product features and reuse of approved concepts and hence reduces 
the complexity of the cross-functional team’s challenges and development 

-

Consequent customer orientation towards the perceivable customer ben-
-

posed to include differentiating features in contrast to competing products, 
solve problems or save money for the customer and possess a high relative 

-
ligence are important to build an internal customer orientation eventually 

in order to prevent over-engineering [21]. Focusing on the required functions 

and commonalities on component, module, product and platform level [22]. 

of standards is an important lever to reduce product costs [21]. Cost reduction 
due to the application of the pioneer product concept can be expected due to 
the consequent reuse of existing and approved components. Resource and in-

Partner collaboration is a challenge with increasing complexity. 
Companies usually classify their potential partners in order to reduce com-
plexity between partnership, mature and parental status [26]. The partner-
ship status allows the partner to start development within a wide solution 
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sets of requirements and a parental partner implements design decisions. In 
terms of the pioneer product concept favoring approved partnerships helps 

Process orientation is motivated from the lean philosophy [28]. It starts 
with the end i.e. the customer value in mind and clearly focuses on the value 

and encourage the involved employees to constantly optimize the process 
[29]. The lean philosophy has been successfully applied to indirect process-

pioneer product concept and its objectives.
The pioneer products are developed as projects focusing on reduced lead 

times and the differentiating product features. In general, product creation 

However, the duration of the process phases depends on the individual proj-
ect and the project management. Therefore it is generally possible to per-
form pioneer product projects within the established process logic. A dif-

pioneer products and the subsequent go/ no-go decisions can be formalized 

Fig. 5: Product development process
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4 Discussion and Further Research

Pioneer product development has several potential advantages. Due to strict 
focus on the differentiating and customer relevant product features and conse-

advantages discussed in detail above. In addition, systematic scalable product 
development i.e. series migration after an initial pioneer product development 
is facilitated by a strong focus on cross-functional collaboration. 
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Abstract
The paper discusses the introduction of an innovative human-oriented Collaborative 

-
-

ground of the overall CME has been given. The CME will provide support for data 
analysis, visualisation, advanced inter-action and presence, ergonomic analysis, and 

of the collaborative product and process design. The innovative aspect, being the 
-
-

ceptualization problems, based on collaborative interactions and testing, which can 
occur in virtual environments. 

Keywords

1 Introduction

This increasing trend of globally distributed manufacturing relies heav-
ily upon the swift and effective collaboration among dispersed people, 
groups and teams, the agility in enterprise, and the acceleration of custom-
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they can help these challenges to be met, through better modes of collabo-

use in design and manufacturing applications is concerned. Relevant dem-
onstrators and systems addressing a number of related aspects [3, 4, 5, 
11] have been suggested. Focusing on the collaboration aspect of engi-
neering activities, several platforms for collaborative product and process 

the real-time collaboration of multiple dispersed users, from the early stag-
es of the conceptual design, for the real time validation of a product or pro-
cess, based on navigation, immersion and interaction capabilities [13]. In 

-
phasizes on the elaboration and transformations of a problem space and 
underlines the role that unstructured verbal communication and graphic 
communication can play in design processes [6], has also been presented. 
Another system for dynamic data sharing in collaborative design has been 

facilitated by a web-enabled PDM system, which has been developed and 
also provides 3D visualization capabilities [16].

Moreover, an Internet-based virtual reality collaborative environment, 

-
tive design for small to medium size companies that focus on a narrow range 

manufacturing has been proposed, enabling authorized users in geographi-
cally different locations to have access to the company’s product data and 

operating system [18]. The cPAD prototype system has been developed to 
enable designers visualize product assembly models and perform real time 

depict 3D models [10]. An agent-based collaborative e-Engineering envi-
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ronment for product design has been developed, based on the facilities pro-
vided by the AADE — a FIPA-compliant agent platform validated through a 
real-life industrial design case study [8]. Finally, addressing the needs for IT 
systems to support collaborative manufacturing, a new approach to collab-
orative assembly planning in a distributed environment has been developed 
[7]. Comprehensive reviews on systems, infrastructures and applications for 
collaborative design and manufacturing have also been presented in the sci-

Most of the web-based collaborative design systems either support fun-
damental aspects of collaborative design or are proof-of-the-concept dem-
onstrators. Moreover, attribute oriented data, captured in simulation envi-

alternative plans, based on competing process, alternate sources or different 
asset utilization options [2]. 

2 The Collaborative Manufacturing Environment 

In the context of the DiFac

generation of digital manufacturing has been conceptualized. Its aim is 
to support real-time collaboration within a virtual environment for prod-

expected to provide the user with advanced capabilities, including visual-
-

The proposed CME will address the major activities in the digital facto-
ries, namely the product development, the factory design and evaluation, as 

and Ergonomics, will underpin the methodological and technical realiza-
tion. Since the future digital factory is a human-centred CME, it will be 
the human factors that will play the critical role of the foundation for the 
three above-referenced pillars. Six basic modules will be integrated into the 
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Fig. 1: The six basic modules of the CME and their interrelation

The system level consists of the Group Presence Modeller module, which 

environment, dealing with the software aspect related to the visualization, 
perception and interaction, the Immersive Integrator module, which will en-

-
aphors toolset, for the developers of the application components, and the 
Collaboration Manager module, which aims at supporting both group deci-

The application level consists of the Prototype Designer module, which 
will provide the functionality for a web-based collaborative product and 
process design evaluation, the Factory Constructor module, which aims to 
provide the simulation of a complete virtual plant that will have the capa-
bility of completely emulating the real factory operations and the Training 
Simulator

3 Collaborative Working Environment –  
Prototype Designer

Within this context, the Prototype Designer, being one of the basic modules of 
the innovative Collaborative Manufacturing Environment, will al-low the col-
laborative testing of ideas on virtual prototypes, by employing context-aware 
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-
ing, will enable a multi-user assessment of alternative de-signs and plans. It 
will be further capable of suggesting to the designers, proper solutions to de-

in virtual environments. The concept of the Prototype Designer module and 

Fig. 2: The Prototype Designer

The Prototype Designer module will consist of the three components:
the Rule-based Alternative Generation Mechanism,

the Decision Engine. 

3.1 Rule-based Alternative Generation Mechanism

Providing solutions for complex design problems requires a valid rep-
resentation of data related to the resources used, the processes and the 
products. Data may be derived from information systems having already 

-
scription of the product data. 
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Moreover, a basic set of rules
be served as the handling means of the process data. The rules will be related 
to critical technical and legislative constraints, as well as to company and 
industrial standard practices, etc., which typically exclude a priori a number 
of values for a process parameter. 

Both the rules and models of products and the processes and resourc-
es will be the input parameters to the Rule-based Alternative Generation 
Mechanism. The mechanism will be capable of producing a number of al-
ternative rough design solutions, based on the data organization available 
and on the set of rules. In order for that to be achieved, a process alter-
natives template

the process alternative template, sets of values will be applied to the process 
parameters. This will be carried out automatically, or through user interven-
tion for possible amendments of values or for alternatives elimination. The 
output of this mechanism will provide the candidate with design solutions 

Collaborative
Virtual Testing Environment

Fig. 3: Prototype Designer module
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3.2 Collaborative Virtual Testing Environment

The Collaborative Virtual Testing Environment
aware environment. It will provide the designer with the necessary function-

the feasibility of each potential alternative design solution and to get quanti-
 values for a number of performance indicators. 

During the interactive virtual process performance, the user will be able 
to identify the non-valid solutions, namely those that involve problematic 
aspects, such as collisions between moving and static parts, ineffective use 

Fig. 4:

-
mance indicators, with reference to the valid / feasible design solutions. 

-
cess performance indicators of interest, such as the cycle time, the process 

and activate the respective recording tools for them. The valid / feasible de-
sign solutions, which result from the , will be 
simulated in the Collaborative Virtual Testing Environment, either interac-



308 Collaborative Engineering

3.3 Decision Engine

decision policy to be ap-

capability of activating a list of criteria and setting weight values for each 
criterion. The criteria represent the process metrics by which each alternative 

the assumption of higher relative importance for the cycle time, due to assem-
-

strictions. An appropriate assignment of weight factors could be as follows:

Tab. 1: Example of weight factors related to the Decision Engine

cycle
time

process 
cost

working
volume

mean

path
length

safety / 
damage

mea-
sure

ergo-
nomic
rating

eco-

measure

TOTAL

0.30 0.1 0.30 0.05 0.05 0.1 0.1 1

A normalization procedure
homogenized consideration of all the performance indicators, in the context of 
the design alternatives grading. The appropriate normalization technique for 

carried out in a transparent for the user way, based on the values of the perfor-
mance indicators, recorded in the phase of the .

Using the normalized values of the performance indicators and the se-
lected decision policy, the Decision Engine will calculate the utility of the 

-
Decision Engine

put will be subsequently communicated to the Collaboration Manager to 

4 Implementation & Validation Considerations

The module of Prototype Designer
will be appropriately enriched by features of the Group Presence Modeller 
and the Immersive Integrator and Collaboration Manager that will provide 
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the basic functionality for sharing virtual environments. Robust interfaces 
among the components of the Prototype Designer -

a seamless integration. 
The usability and functionality of the Prototype Designer will be tested, 

in the context of the DiFac project, against real life industrial scenarios, on 
product and process designs, coming from sectors such as those of laser 
machinery and textiles. 

-

References

sign in a multi-modal multi-sensory virtual environment. In: Proceedings 
of ASME 2000 Design Engineering Technical Conferences and Computers 
and Information in Engineering Conference, pp 10-13

Aided Process Planning. In: Proceedings of the 32nd Annual Hawaii 
International Conference on System Sciences, vol 8, pp 8015

pp 97-110

A novel virtual experimentation approach to planning and training for 
manufacturing processes. International Journal of Computer Integrated 



310 Collaborative Engineering

sembly sequence planning. Advanced Engineering Informatics, vol 19, pp 
155-168

-
tive product design engineering: An industrial case study. Computers in 
Industry, vol 57, pp 26-38

environment for effective product design. Computers in Industry, vol 45, 
pp 197-213

-
active product design and visualization. Journal of materials Processing 
Tech-nology, pp 402-407

Simulation of Welding Processes. International Journal of Computer 

environment. International Journal of Computer Integrated Manufacturing, 

of a web-based collaboration platform for manufacturing product and proc-
ess design evaluation using virtual reality techniques. International Journal 

an overview. In: Proceedings of the Sixth International Conference on 

239-244

assemblies over the Internet. Computer Aided Design, vol 34, pp 755-768
-

sign environment. Robotics and Computer-Integrated Manufacturing, vol 

-
facturing systems: a review. International Journal of Product Research, vol 

-

Journal of Materials Processing Technology, vol 138, pp 600-604



and Collaborative R&D Projects

Abstract
Because of globalization and competitiveness, companies more and more 

lead in a collaborative and distributed way. The assignments of such virtual or-

Keywords
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1 Introduction

setup temporary alliances with other companies in order to respond to busi-

other contexts such as research with virtual labs. The generalization of this 
concept of distributed structures leads us to a more general term, the virtual 

-
opment of new Internet-supported collaborative tools. Although there exist 
many forms of those organizations, they have common characteristics [2]:

which are autonomous, geographically distributed, and heterogeneous in 
terms of their operating environment, culture, social capital and goals.

The general term to refer to those distributed collaborative organizations 

Knowledge in such a context is highly valuable and has to be captured in 
order to be reused in future collaborations. Thus, one of the most relevant 

-
1 in this context. The methods and tools being developed 

-
2.

1

2
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2 Requirements

-
-

ple’s mind and is acquired through experience; it is very hard, even impos-

-
-

-

-

build and to maintain. Actually, the system should require minimum effort 
and time from the user, otherwise it would neither be up to date nor used.

-
tify four main characteristics concerning concept maps: First, concept maps 
are composed of concepts and relationships between them. Concepts are de-

are often represented by a labeled box or circle. Relationships, the arcs of the 

-

concept map is that concepts are organized in a hierarchical way: the most 
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relationships between concepts of different regions or domains within the 

-

Fig. 1: A concept map about concept map3

Indeed it is a useful graphical support for sharing and discussing. Some tools 
based on concept mapping have already been developed in order to provide 

-
ferent experts perspectives [3]. 

In order to manage and integrate all those tools, we need a common 

use ontologies [8]. Ontology is considered to be a powerful means to repre-
-

tween them. Ontologies are generally represented by using a wide variety of 
logical languages, understandable both by human being and machines [10] 

3

http://www.licef.teluq.uquebec.ca 
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this paper we chose to focus on the languages stemming from the Semantic 
Web, the new standards developed by the W3C4, considered as the future 
standards of the Internet. Actually, the ontological approaches for informa-
tion exchanges on the Internet has to be considered in the next generation of 

accessible way of exchanging information.

Fig. 2:

-
-

4 World Wide Web Consortium: http://www.w3.org 
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-

-
-

-
laborations as we explain it further.

The experts then collaborate altogether by collecting and combining their 
-

When the concept map has been built, it constitutes a support to help the 

-

-
ment database and is also exported into RDF5 6 languages. Both 
of those languages stem from the Semantic Web. Thus, this new conceptual 

-

5

6
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-
edge base and can also be reused in future projects. It can be retrieved in the 

new collaboration projects.

4 Conclusion

-
-

the contribution of experts over collaborations.
-

being developed, engineering and research projects carried out by the net-
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Abstract

-
ments between designers about proposed designs. Therefore, a critical element of 

-

-

as evaluating the impact of a selected solution. A case study within an industrial 
partner is described to illustrate this methodology.

Keywords

1 Introduction

emerge from disagreements between designers about proposed designs [5]. Thus, 

-

In this paper, the main objective is to come up with methodological ele-



320 Collaborative Engineering

-

resolution cannot be achieved by one single actor; it requires the gathering 
of different expertise areas to avoid unnecessary iteration. In order to pro-

negotiate forming this way the negotiation team. It is then important to iden-

-
ganisation. Indeed, the negotiation phase leads to a solution which often 

activities necessary to achieve changes, and also an adjustment to the pre-
liminary project organisation.

-
-

viously produced. Consequently, solving these two phases mean:
-

selected solution.

The remaining part of this paper is organised as follows. In section 2, the 
-

posed of nodes and arcs representing respectively the handled data during 

Data dEPendencies NET

-

Section 4 describes a case study to illustrate our approach. Finally, section 5 
concludes with some perspectives.



321Ouertani, Grebici, Gzara, Blanco, Rieu

through the use and the generation of various product data. The handled data 
can be of several types: structural, functional and geometrical, etc. They cor-
respond to the various descriptions of the product, elaborated by designers 
during the development process, in terms of geometrical entities, functions, 
bills of materials, CAD drawing, simulations, etc.

Depending on the margin left to the designer to elaborate data, on the val-
ues of data properties and on the context in which it is committed, product 
data can evolve through different states. Grebici et al. [3] identify four data 

These concepts are summarised in the following:
Draft is a piece of data that one has to apply the modalities of creation 
and validation of hypothesis or solutions to a project or a design problem. 

Exhibit is a piece of data that one applies a persuasion modality in accord-
ance with what is represented in either for convincing about the existence 
of a problem or for showing a solution and allowing a common construc-
tion and the point of view exchanged.
Enabled traces are data the designer accepts to diffuse to others, after his 

Deliverable are data that transmit a strong regulation. They have been 

supports to being communicated to the customer.

change in a value of one variable on another variable. Whereas, for Wang 
[10], two components are said to have dependency relation if any of the two 
can not be completed without the other.

-
tween two product data: dependency at creation and -
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cation -

depends on the creation of the second one – this corresponds to the de-

 relevance, the usage and the com-
pleteness [2]. We are particularly interested in the completeness attributes
which draw the actual data variation interval. The design actor should ex-
press how should be the variation interval of the consumed data. Higher is 
the completeness attribute value, smaller would be the input data interval 

-
Level Number, Importance

Ratings, and Probability of Repetition -

constitutes the hardest to obtain input for simulating an iterative develop-
ment process. The Probability of Repetition

-
dency at change measure as the multiplication of both attributes: Variability
and Sensitivity.

would change after being initially released. The variability measurement 
scale is:

2 Moderate: the output data is instable
3 High: the output data is very instable
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-
ing transferred product data. The sensitivity measurement scale is:

1. Minor: output sensitivity is low to most input changes
2. Moderate: output sensitivity is medium to most input changes
3. Major: output sensitivity is high to most input changes.

creation and the dependency at change measures are aggregated to one cri-
terion to express the dependency degree between two data. Therefore, the at-
tributes completeness, variability and sensitivity are aggregated to measure 

multiplicative utility function is utilised in the aggregation of the variability 
V*S

at creation.

Dependency Degree = Completeness *  + Variability * Sensitivity

Accordingly, the resultant range value of the dependency degree is an 
-

10, 12 and 14} describe respectively a moderate and a high dependency and 

-

-
cess progress by storing it in a database system. Then, a set of queries are 
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3.1 Traceability Model

as the ability to discover the design history of every feature of a product. 
Traceability dimensions can be described by answering the basic questions 

What are the traceable items: refers to the design objects, requirements, 
design decisions, etc. which will allow building up the data dependencies 

-
municating and producing product data, the traceable items to represent by 

Where the traceable items are: refers to the design actions handling the 
product data during the design process. Two management levels of the de-
sign process exist, the prescribed one and the emerging one. At the pre-
scribed level, the process is composed of phases which are composed of 
planned activities. The emergent level corresponds to the non planned ac-
tivities occurring during the design progress.

Who -
tion and exchange of the product data.

Why – How
is; this corresponds to the design rationale behind the design actions.

When

a posteriori -
going. This tool allows each actor involved in the design process to declare, when 
achieving his design action: the phase, planned activity or non planned activity 
he is executing; the objective if his design action; the input and the output data 
used and generated with the associated sensitivity, variability and completeness 

-
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Fig. 1:
progress
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These declarations must be done by all the involved actors during each 
one of their design actions. Once the design process ongoing is declared, 
the captured constructs are stored in a database whose tables correspond to 
the various classes of the traceability model described above. Indeed, each 
process element declared by actors corresponds to an instantiation of one 
of the database tables. Then, a set of queries can be applied to the stored 

queries are applied as many times as it is necessary in order to identify the 

is possible to identify the negotiation team and the design activities to be re-

-

-

negotiation team composition could vary over time. Once a solution to the 
-

4 Case Study: Turbocharger Design Process

The case study described in this section concerns the design process of a 
turbocharger within our industrial partner. The mechanical concept of a tur-
bocharger is based on three main parts. A Turbine Wheel which is driven 
by the exhaust gas from a pump to spin the second main part, an Impeller
– i.e. a Compressor Wheel – whose function is to force more air into the 

Center Hub Rotating 
Assembly
that directly connects the turbine and impeller. At the beginning of the tur-
bocharger design process, the concerned actors have at their disposal a set 
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wheel cast-material, expected compressor inlet/outlet temperature etc. Once 
-

ducer diameters of the compressor wheel as well as the 3D CAD drawing. 

how should this part be connected to the engine. In order to do it, the impel-
ler designer calculates the impeller attributes Trim and A/R1. These attri-

attributes, the turbine designer – i.e. turbine wheel process design respon-

-
bocharger performance. These attributes are composed of the wheel, nozzle 
ring and insert ring material, the inlet/outlet turbine pressure. Once these 

as well as the 3D CAD drawing of the turbine wheel. The wheel dimensions 
consist of calculating the exducer and inducer diameters. Then, the designer 

turbine attributes Trim and A/R.

CHRA designers specify their parts; based on the impeller and turbine de-

-

the components within the turbocharger itself be precisely coordinated, but 
the turbocharger and the engine it services must also be exactly matched. If 

it’s important that the concerned actors collaborate closely by coordinating 
their activities as well as the data exchange. Indeed, the different parts are 
highly dependent and modifying one of them impacts the others. Figure 2 
recapitulates the precedence dependencies between handled data – an arrow 

-

is formed. The negotiation members are those they participated in the design 
process leading to the turbine 3D CAD drawing. Hence, the team members 
are: the turbine designer, the impeller designer, the innovation team, the 

1 A/R is the inlet cross-sectional area divided by the radius from the turbo centerline to the centroid.
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-

Fig. 2:
design.
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5 Conclusions

propagation on product data and process organisation. The proposed meth-
odology is based on a process traceability method support to building up the 

-

However, further thoughts remain to be carried out for the process re-

processes and the objectives to achieve with them. The third phase would 
be to model and to analyse these processes. A description of the different 
aspects of the processes is then to be given. The execution and the coordina-
tion of the activities, the exchanged data and the allocated resources are to 
be analysed. Finally, based on the result of the modelling and the analysis 
phases, the process can be properly redesigned. Strategies to manage the 
overlapping of coupled product development activities are to be proposed to 
answer questions such as: when should downstream activity act on upstream 
data? How should the activities be overlapped when downstream activity 
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Abstract
-

eralists and specialists. Integration of systems requires interdisciplinary teams. 
Beyond engineering expertise, project success highly depends on the ability to 
communicate and to document information. Globally integrated companies require 
staff that has both well-developed social and intercultural competencies. This is 
a challenge to modern engineering education. Universities can prepare engineer-

providing modern software and hardware tools to exchange information without 
restriction of time and place. Didactical and methodological approaches and suit-

product development.

Keywords
Distributed Product Development, Engineering Education 

1 Introduction

Products and processes emerge by the cooperation of generalists and special-
ists in interdisciplinary teams. To be competitive, the engineering processes 

the quality of the development. Many companies, especially those who manu-
facture highly sophisticated products, have often nationally or continentally 
spread engineering departments, distribution centres and manufacturing facil-
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ities. Their component suppliers are commonly distributed all over the world 
and both sides strive for a close cooperation during the development phase.

For these reasons, globally integrated companies’ success considerably 

cooperate using modern communication and information technologies. The 
staff requires social and intercultural competences necessary to communi-

-
tion to their cooperating partners. 

established in order to meet these requirements in engineering education. 
This paper shows an overview of GPD, communication and collaboration 
tools which were used during the course and describes exemplary results.

2 The GPD Course

The master course GPD was established by the University of Michigan 

the European cooperation partner. The objective of GPD is an integrated 

product development process and the training of intercultural and social 

course, the students are assigned to multinational interdisciplinary teams. 

team. The design process is a process of negotiation [2]. The teams have to 

-
count that the product shall have several life cycles. A rough project plan has 

After the conceptual and embodiment design phase the students present 
their results, providing information among others about the differentiating 

-
uct a global product. The design process has to be conducted in a systematic 
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list, and function-structures via the selection of manufacturing processes, 

manufacturing the prototype.

Fig. 1:

With the exception of two face-to-face meetings, the overall development 
-

after the course begins and serves mainly team building purposes. After four 
-

dents assemble, test, and exhibit their prototypes at the hosting university. 
During all phases of GPD lectures are given by the teaching staff and 

experts from industry and research depending on the topic. The case studies 
and exercises narrow down a topic in such a manner that the students can 

3 Communication and Cooperation Tools for Product 
Development

Communication tools applied in GPD can be distinguished by the way of in-

asynchronous tools do not. Typical synchronous tools are instant messaging 
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special stand-alone machine. Instant messengers allow people to conduct a 
dialog by typing and reading the contributions of other members. The typed 

-

the functions of audio and video conferencing. During video conferencing, 

document camera or the video-out of a PC can be exchanged.

-
load documents, post information, and to organize groups. EGroupWare [7] 
is an example for such software. However, there are tools with special func-

in presentation without sending the content of a slide. 
The suitability of a tool depends mainly on the content to be exchanged, 

the group size, the infrastructure, i.e. the bandwidth of the internet access 
and the computing power of the PCs or video conferencing machines as 
well as the media and language competencies of the participants. If informa-
tion has to be well structured and documented as well as if participants of 
a group are less practiced in dealing with the used language or not familiar 

newest information. The major advantage of audio and video conferencing 
is that also non-verbal information can be exchanged. By this, the chance of 

-
nient compared to audio and video conferencing, because the effort for setup 
the equipment is lower, i.e. no headset and webcam is required and text is 

-

the text can be saved as a protocol of the whole discussion.
Besides tools supporting the group communication, there is a compre-

example MindManager [9], which can be used for online-brainstorming, 
SMART Board [10], which brings along whiteboard functionality, and 
Microsoft Project [11] for server based project management. Many CAD 
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together on one product at the same time. 

sharing as a universal approach. By using application sharing software solu-

and send this picture to the participants. The content shown on the master 

the main difference between the software solutions is the possible amount 
of participants sharing an application and the usability. Software examples 

Bridgit [10] which allows up to 500 participants to join. The disadvantage 
of application sharing is the required broad bandwidth of the internet access 
of all participants.

4 Communication and Cooperation Tools Used in GPD

The course GPD is used as a test bed to analyse and evaluate different di-
dactical and methodological approaches. Therefore course constraints are 

measures. The variables have been the provided information and communi-
cation tools and the degree of support for the student teams. 

The scale and thus the importance of the communication are shown in 

depending on the project phase.
-

tive and self-organization of the students. The only support given by the 
teaching staff was a rough course schedule including the dates of the three 

for this were on the one hand the reservation of the students and on the other 
-

ties. At the beginning of the team forming stage, students used almost only 

communication platform called Teamboard [15]. The Teamboard is a shared 
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GPD team got their own domain on this platform, where they were able to 

virtual notepad.

Fig. 2:

In 2003, the videoconferencing systems of the universities were available 

decided to go on without using the video conferencing, since it didn’t offer 
any added value for them in comparison to email and instant messaging 
tools. They especially criticized the strongly restricted availability of the 
universities’ video conferencing systems. The use of PC-based audio and 
video conferencing software tools was not satisfying due to the low avail-
able bandwidth and the resulting low sound quality.

In the year 2004, the video conferencing system was available for the 

meetings, a member of the teaching staff joined the meetings and if required, 
moderated the meeting. 

The use intensity of the Teamboard is considerably lower compared to 
email and instant messaging tools all over the years. The low utilization 
rate of the Teamboard can be explained by its similar functionality to emails 

In 2005, a document camera was additionally available and in 2006 also 
a SMART Board. 
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Fig. 3: Use Frequency of Communication Tools

Statistics show that students prefer different tools depending on the con-

-

-

slightly and the use frequency of instant messaging tools and audio or video 
conferencing tools decreased considerably. In the phase of the embodiment 
design, the need for coordination increased and the students used synchro-
nous tools to arrange things in a fast way.

5 Results of the Project Work

existing product internet-ready, i.e. to modify a product in such a manner 
that it is more attractive to the customer by providing advanced functional-

throughout the city. 
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-
tomer is that he can locate the nearest bicycle and reserve it using the 
internet or calling the rental company. Furthermore, the bicycle provider 
can guarantee the operability of his bicycles, because the conditions of 
most important components, e.g. the tires, are monitored. The status of 
the bicycles is sent via internet to the service department of the rental 

availability of the bicycles is monitored by cameras.

Fig. 4: Bicycle Rental System

one in a developed and one in a developing country. The main idea was 

which also consider people, which form the bottom of the wealth pyramid 
[17]. One team developed a fruit dryer, which is appropriate for Central as 
well as South America and Australia. The partly extreme humid weather and 

emphasis on sustainability issues [18]. One idea was to reduce the need 
of resources for baby and child transportation. They developed a stroller, 
which can be transformed into a bicycle so that the transportation during 
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Fig. 5: Convertible Stroller

or transferring plants to regions with lower costs of labour or by estab-
lishing co-operations with companies from other regions in the world. 

day in teams living in different time zones. However, these potentials 
can be only exploited if the employees of globally acting companies are 

and intercultural aspects and are familiar with modern communication 
and collaboration tools. 

The master course Global Product Development has been established 
to contribute to modern engineering education by considering the alter-

students from three different continents develop global products using 
modern communication and collaboration tools and considering sustain-
ability issues. However, the course is also used as a test bed to analyse and 
improve these tools as well as approaches for cooperation. 

education. Employees from globally acting companies can improve their 
collaboration capabilities and learn how to use modern communication 

can offer companies good opportunities to qualify employees for chal-
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lenges in global engineering. GPD can provide a realistic training for engi-
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Abstract

of integrated engineering and by building a collaborative virtual environment, 9 
research centers and a national research institute have decided to share their com-

shown in the Joint Program of Activities. The main actions that are described in the 

development of jointly executed research activities and spreading of excellence. 
Finally, some conclusions are elaborated.

Keywords
Co-operative Platform, Integrated Product and Process Engineering, Knowledge 

1 Introduction

-
-

ment practice to support its functional and operational process. Increasing 
-

petition are forcing organizations around the world to collaborate in ways not 
previously considered. The virtual organization focuses around the idea of a 
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group, which is not constrained by traditional boundaries of space and time. A 
strong virtual organization has to identify the strategic options for building the 

the European Commission in the 6th

project are: development of new research tools and platforms for collabora-
tive design and manufacturing, product models and product development 

2 The Context of the INPRO Project

-
search team with various competences, which are geographical distributed. 

-
sidered to solve a certain conception problem in a collaborative environ-
ment. The product development process has changed dramatically in the 
last decade because of the progresses in the information and communication 

are developed by research centers, laboratories from universities all over 

capacity of using and sustaining the research results by industry. The aca-
demic research has to be improved because of the result integration in the 

research in the European Research Area [1].
-

of Timisoara, Bucharest, Iasi, Brasov, Bacau, Suceava, Sibiu and Oradea 
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and a national research institute. They have decided to share their competen-
-
-

fundamental, applicative researches of pre-competitive level and are made 
-
-

-

performance from their region.

Fig. 1:

-

-

the human resources education process by including the young PhD. students in 
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the joint research activities and by assure the access to the disseminating activities 

valorization of the existing material research base and research cost reduction by 

Fig. 2:

-
-

also the methods and tools that are used for the virtual collaborative envi-
ronment development. 
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and Development

Development

a strategic plan, for identifying the most demanding industrial requirements, 

expertise of each member. In addition, there will be developed a policy to 

 – there will 

method for the diagnosis of the internal and external environment. Each 
year the strategy will be up-date.

Developing and maintaining a continuous living and upgraded vision on 
future industrial needs –

-
velopment and innovation. Each partner will distribute and collect the ques-
tionnaires in his geographical area each year for the vision up-date.

is necessary to de-
termine the current expertise of each member, by collecting the individual 

-
edge map will be built. These will be actualized each year.

Development of a policy to strengthen the relations between the research 
activities –
researchers’ motivation and implication.

Communication Infrastructure

-

will facilitate the collaborative 
-
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 will support the activities for 

news and e-journal.
Demonstration of software tools and, where is possible, making them avail-

able to other partners through the Internet – The software own by the partners 

support the common research.

With the aim to sustained the collaboration between partners, but also with 
Adviser

Council. This will focus on encouraging mobility of the partners, their com-

Encouragement of mobility – Exchange of personnel and cooperation on 
diploma student projects and master projects are important integration 

Co-ordination of PhD topics, initiation of joint supervision of PhD students 
– To facilitate the exchange of PhD students a database of subjects and 
candidates for PhD research is created. This will support joint supervision 

4 Initiation and Development of Jointly Executed 
Research Activities

Common Use

This activity is the base for future collaborations and synergies by integrat-

To develop a common knowledge base to support collaborative RDI ac-
tivities within the network – The methods and tools that will be focused 
on the inventory of the actual resources of the partners and a database 
creation, which will be available to all partners on Internet.
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To provide knowledge management and engineering tools – We shall buy 
and install specialized software tools as: MindManager, TextMining.
To contribute to different content aspects of the common toolbox – process 

. There will be created software applications for 

4.2 Analyze and Development of Product Models and 
Manufacturing Processes

-

evaluation of the product during the design process [8, 9]. In addition, this 

service partners – The goal is to made a critical analyze of the existing 

manner, by integration and extensions, we will obtain a new model.
Development of life cycle controlling models to analyze the economic, 
environmental and social impacts – Methods and tools to analyze the ma-
terial and energy consumption, the generated losses, the needs of mainte-
nance, repair, re-cycling and re-use in economics terms will be developed. 
These methods will be held for the economical life-cycle impact evalua-
tion and they will be tested and validated by the industrial partners.
To take into consideration rapid prototyping processes such as Reverse 
Engineering (RE), Rapid Prototyping (RP) for tele-engineering and rapid 
manufacturing – The goal is to study and investigate the existing RE and RP 
methods and processes used by the partners and develop new applications.

This is an activity developed based on the ICT techniques in order to constitute 

have to be implemented in a distributed web-based platform accessible to the 
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-
ning the actual limits (related to cost), publishing examples of use, good 
practices etc. – -
tion methodologies, using questionnaires, and the formalization. In the 
same manner there will be developed the collection and formalization 
of knowledge about virtual design and manufacturing and the process of 
providing knowledge in process simulation, remote analysis, simulation 
and visualization of process parameters.

-
ring knowledge and applications for demonstration inside the Network, 

production, including data mining and machine learning techniques. For 

Development of new working methods based on new methods for knowledge 
and communication management –

optimization will be developed that will allow the interoperability of the 
application for the product development.

5 Spreading of Excellence

Advanced training and educational procedures, which will address students, 

Creation of a cycle of distributed conferences –

-
gineering, through the review of the curricula in order generalized the 
experience gained by each partner.
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5.2 Dissemination of the Research Results

To support the interaction between the national network and internatio-
nal networks and programs –

Organization of seminars or international conferences with academic or 
industrial destination –
year an international conference.

– The 
-

Creation of a roadmap for technology transfer – The local Chambers of 

-

Creation of a common inheritance and installation of the tools for the 
evaluation of the potential openings to industry –
web site there will be created a database consists of the practical results 
and the research themes that were solve for industry by each partner. This 
database will be up-date each year.

rights of ownership – We shall create a guide for the intellectual property 
rights protection.

6 Conclusion

possibility for complex researches in modeling and simulation of product and 
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processes associated with their life cycle. It will be create a dynamic structure 
and a collaborative platform in integrated design that will allows its members 
to participate in cooperative design projects with industrial applications. 

-

the end of lifecycle, including the processes and the manufacturing systems 
-

nication system development between the partners and for the establishment 
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Abstract
Controlling product complexity turned into an important issue for product develop-
ment. This paper introduces a methodology for analysis, interpretation, and optimi-
zation of complex systems comprising of interdependencies between several do-

that base on graph theory.
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1 Introduction

Complexity in product development continuously increases, yet it has not 
been satisfactorily addressed in the literature and practice. Product com-

functional products [1, 9] and turned into an important issue for product 
development. Adaptations affect all aspects of product creation and require 
methods of complexity management.

Most approaches for controlling product complexity focus on its reduc-
tion [2]. Although it is purposeful to avoid unnecessary complexity, it is not 
favourable to reduce it at any cost, as complexity often relates to customer 
relevant attributes. A further positive aspect of controlled product complex-
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-

by its implied components [8], e.g. the system robustness. A major require-

characteristics and to derive suitable optimization. An effective method for 
controlling complexity allows for the prediction of change impact [4] ex-
tending to different domains, e.g. departments and people in charge [6]. This 
paper introduces a methodology for analysis, interpretation, and optimiza-
tion of complex systems comprising of several domains.

2 Methodology

multi-domain analysis output data are generated, which are applied in the 
third step to detailed analysis and interpretation. Results serve for better 

typically focus on dependencies between elements of one domain, the ap-
proach is extended to interactions between multiple domains.

right level of detail. Then interdependency types between domains must be 
-

-
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After specifying available data input, target domains have to be selected 

-

Fig. 1:

4 Multi-domain Analysis

-

represents a typical scenario in product development, because designers de-

people can be acquired without regarding a second domain. However, it is 

to acquire dependencies between them; obviously, this question would be 
hard to answer. However, if documents are introduced as a second domain, 
people must only declare which documents they provide and which ones 
they require. Dependencies between people can then be automatically de-
rived from acquired information.
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Figure 2 shows the logic dependencies as well as the matrix alignment in 
the context of the chosen example. I.e., dependencies between people can 

-

Fig. 2:

on document 2, which causes the dependency from person 1 to person 2.

Fig. 3:

-
ces. Figure 4 shows: a dependency directed from person 1 to person 2 is 

Fig. 4:



355

intra-domain matrix; Figure 5 shows: a dependency is directed from per-

Fig. 5:

If several domains are available, computational possibilities allow for 
-

ated regarding their suitability for further analysis and interpretation. If e.g. 

-

lower and quality of input data is higher than by interviews.

-

Thus, transfer of interpretations between different use cases is problematic. 
Furthermore, the criteria must be considered in their combination of ap-
pearance. It is rather impossible to provide rules of thumb and the belief 

are already applied in methods of product development, e.g. activity and 
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Tab. 1:

Analysis criterion Explication Example

Active sum Quantity of outgoing rela-
tions

Components of highest 
impact

Activity Division of active sum by 
passive sum

Degree of active participa-
tion

Articulation node Only node connecting two 
sub graphs

Change impact must pass 
by node

Biconnected com-
ponent

Sub graph only connected by 
articulation node or bridge 
edge

Canceling one relation 
prevents probable change 
impact

Bridge edge Only edge connecting two 
sub graphs

Change impact must pass 
by edge

Criticality Multiplication of active sum 
and passive sum

-
tion

Distance -
tween nodes in a structure

High values represent indi-
rect impact to/from node

End node - Component only receives 
change impact

Circular sub graph -
fects the originating node

Hierarchy -
ent levels

Spreading change impact 

Isolation
other pars of a structure

Component is not affected 
by any change impact

Surrounding nodes of a cen-
tral node because of existing 
edges

-
ing edges receive direct 
change impact

Passive sum Quantity of incoming rela-
tions

Components receive most 
change impact
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Tab. 1:

Analysis criterion Explication Example

Proximity
other nodes in the graph receives/provides direct 

impact

Reachability
other nodes by dependency 
paths

-
ty receives/provides impact 
from many nodes

Shortest path Shortest connection between 
two nodes by edges

Most probable change im-
pact propagation

Spanning tree Sub graph connecting all sys-
tem nodes

Required relations for 
reaching all system ele-
ments

Start node - Component only spreads 
change impact

Strongly connected 
part

All nodes can mutually be Each node can possess 
change impact to any other 
node in the sub graph

Traingularization/
Sequencing nodes

Best adaptation sequence 
for change propagation

6 Case Study

University of Munich. The team develops a race car compliant to the Formula 
Student regulations. The design process is highly distributed, involving 35 
engineering students. Typical problems such as purposeful modularization 
and optimized distribution of information are apparent. The TUfast-group 
relies on very fast development processes, because a new race car is set up 

-
ties for the group. Structural information was collected in order to identify 
critical constellations and provide suggestions for optimization.

people, data, process steps, and milestones; all dependencies were acquired by 
interviews. The dependency meaning can be seen in Figure 2. Based on this, 
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organizational structure of team members and are presented in the following.

Fig. 6:

-
-

possess a mutual change impact. Different weights of dependencies between 

based graph and focuses only on bidirectional dependencies. The positioning 
of elements in the graph result from the repulsive force between elements and 
the attraction force of interdependencies. People located close to each other 

each. In all clusters, Bernhard and John are involved. Furthermore, a large 

comprehending between 14 and 18 people on 3 hierarchy levels. As so far 

-

Furthermore, three people form the core of the team possessing enormous co-
ordination demand. Bidirectional exchange should be prioritized based on the 
quantity of component change impact. Obviously, people who require intense 
coordination must dispose of adequate communication support.
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-

possesses intensive active and passive interactions. Those people require large 
amounts of data and provide data as well. The second group is characterized 
by strictly passive dependencies. These people only require data for their de-

Possible optimization measures concerning the design process are: people 
that generate data should be supported in data propagation, e.g. by visualizing 
people’s direct surrounding of their data receivers. This facilitates the push 

Fig. 7:

-
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tion in the team gets possible: If a person, belonging to the passive data receiv-

do not depend on information provision of the team member in question. If a 
team member from the inner group of the graph representation will change, 

data provision. If such a new team member is not introduced correctly, major 
disturbances of the design process may result.

7 Conclusion

The presented approach provides methodical support for analysis, interpre-
tation, and optimization of complex design processes regarding the variety 
of involved domains. The use of multi-domain matrices allows for improved 
data acquisition, because complex dependency logics can be split up into 
easier ones. Furthermore, the approach provides possibilities of system-

as well as intuitive user comprehension.
When applying the multi-domain approach availability of input data 

consuming and promises higher data quality than acquisition by interviews. 
However, interviews may offer highly interesting insight, as this input in-

The multi-domain matrix allows for the integration of several develop-
-

cally with low expenses. However, some facts seem to be problematic: so 
far, no rules are available to reliably conclude from analysis criteria to de-

-

single analysis results, misinterpretation may occur. For this reason, future 
research must focus on providing target-oriented rules for application of 
analysis criteria and their interpretation.
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Using Evolutionary Algorithms to Support the 
Design of Self-optimizing Mechatronic Systems

1 Introduction

interaction of mechanics, electronics, control engineering and software en-
gineering which is aptly expressed by the term mechatronics. The ambition 
of mechatronics is to optimize the behavior of a technical system. Sensors 
collect information about the environment and the system itself. The sys-
tem utilizes this information to derive optimal reactions. Future mechanical 

inherent partial intelligence. The behavior of the overall system is character-
ized by the communication and cooperation between these intelligent system 
elements. From the point of view of information technology we consider 
these distributed systems to be cooperative agents. This opens up fascinat-
ing possibilities for designing tomorrow’s mechanical engineering products. 
The term self-optimization characterizes this perspective [1].

-

as a feature of mechanical engineering systems are only now beginning to 

possess inherent partial intelligence. An additional challenge is the particu-
lar characteristic of self-optimizing systems, namely that in the design stage 
we can no longer anticipate all the system’s possible constellations and be-
haviors because self-optimizing systems also exhibit cognitive abilities and 
are able to learn. [2]
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An essential milestone of the development of a self-optimizing system 

action of the components as well as the type and arrangement of the compo-

A new and powerful paradigm such as self-optimization naturally calls 
for new development procedures [2]. In recent time, a standard-methodol-
ogy has been developed, which enables developers to create and specify a 
principle solution for a self-optimizing system [2, 3, 4]. In addition to this, 
new approaches for the development of technical systems have been made: 

optimization of technical systems. An analysis of the current state-of-the-art 
has shown two application classes [5]: On the one hand with evolutionary 

-

introduce a new approach to the design of principle solutions. We are using 
an evolutionary algorithm to generate and evaluate the principle solution. 

The paper is structured as follows: The next chapter describes self-op-
timizing systems. The following shows the representation of the principle 
solution. The fourth chapter explains the evolutionary design process. At 

2 Self-optimizing Systems

are illustrated in Figure 1. The self-optimizing system detects factors that 
-

determines its currently active objectives on the basis of the encountered 
-

quired, desired, or to be avoided [1].
The self-optimizing system is able to adapt the system of objectives au-

tonomously. This means, for instance, that the relative weighting of the ob-
-

carded and no longer pursued. Adapting the objectives in this way leads to 
adaptation of the system behaviour. That is achieved by adapting the param-
eters and where necessary the structure of the system. The term parameter 
adaptation means adapting a system parameter, for instance changing a con-
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trol parameter. Structure adaptations affect the arrangement of the system 
-
-

ments, and compositional adaptation, in which new elements are integrated 
into the existing structure or existing elements are removed from it. 

We express self-optimization as a series of three actions that are gener-
ally carried out repeatedly. This sequence of actions is designated a self-
optimization process:

 Fig. 1: Aspects of self-optimizing systems

1. Analysis of the current situation: Here the current situation includes 
the state of the system itself and all the observations that have been made 
about its environment. Such observations may also be made indirectly 
by communicating with other systems. The current state of the system 
also includes any records of previously made observations. One essential 
aspect of this analysis is examining the degree to which the pursued ob-
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2. Determination of the system objectives: The current system objectives 
may be determined by selection, adaptation or generation. Here a selection 

possible objectives, while the adaptation of objectives describes the gradual 

when new objectives are created independently of the existing ones.
3. Adaptation of the system behavior: This is determined by the three 

aspects: parameters, structure and behavior. The reaction at the end of 
the self-optimization cycle is effected by adapting the system behavior. 
The individual adaptation cases may be extremely diverse depending on 
which level of the mechatronic system we are dealing with. The domain 

From a given initial state the self-optimization process passes, on the ba-

transition, and thereby describes the system’s adaptive behaviour.

3 Representation of a Self-optimizing System

In order to describe the principle solution of a self-optimizing system, a 

technique constitutes a different view on the self-optimizing system. Each 
view is mapped by computer onto a partial model. The principle solution is 
made up of the seven partial-models: requirements, environment, system of 
objectives, functions, active structure, shape, application scenarios and the 
group behavior. Behavior consists of different types of behavior-models for 
example activity-diagrams, state-diagrams, multi-body-systems for motion-

There are relations between these partial-models, leading into an integrated 
system of partial-models that represent the principle solution of a self-optimiz-
ing system. The partial-models are created during the conceptual design [4].

For the application of the evolutionary algorithm the representation has to 
be distinguished between two forms: The genotypical and the phenotypical 
representation [11]. In the genotypical form of representation, the system is 
represented by an active structure, expressing the system elements and their 
interactions. The phenotypical representation consists of the partial-models 

-
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notypical and genotypical representation. The latter is shown by an example 
of a multi-body-system. The evolutionary algorithm creates the genotypical 
representation automatically, following the principles of the natural evolu-
tion. The phenotypical representation is used to evaluate the created solu-
tion. It is derivated out of the active-structure automatically. This approach 
provides fundamental partial-models of the principle solution: The active 

The functionality of the represented system part is proved.
The developers only have to develop and specify the unprovided partial-
models.

This chapter explains the genotypical and phenotypical representation 
-

gram and the shape out of the active structure. 

3.1 Genotypical and Phenotypical Representation

As mentioned, the active structure is used here as genotypical representa-
tion. It is modeled by system elements and the relations between them. We 

relations. At the beginning of the design process the system elements are 
still abstract and serve as substitute symbols for software components and 
assembly units. During the development process they are concretized. In 

-

-
directed, as well as input and output. The computer-internal representation 
of the system element contains references to partial-models. The partial-
models describe the system element more exactly. For example Figure 2 



368 Complex Design, Mechatronics

Fig. 2: Section of an active-structure 

The partial-models function, shape, and the behaviour models multi-

The shape contains information about the rough shape of the elements, posi-
tions and arrangements, plus the types of active surfaces and points of action 

system. For the design with evolutionary algorithms, special functions, ac-
cording to Roth [13] are used.  The behavior-models multi-body system and 

3.2 Aggregation of the Phenotypical Representation

The phenotypical representation can be aggregated automatically out of the 
genotypical representation. Therefore each system element of the active 

models functions, shape, and the behavior-models multi-body-system and 

the system-elements will be aggregated: An assembly-structure is aggregat-
ed out of the single shape-models, as well a function-structure is aggregated 
out of the functions and a overall multiy-body-system is aggregated out of 

-
tial-model. The active structure represents system elements and the relations 
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between the system elements. The relations are described via their material-, 

and the relations between the system elements, relations between the partial-
models can be derived. 

Fig. 3: Aggregation of a multi-body system with controller out of the active 
structure. Here only the multi-body-system is shown as phenotype.

-
ement contains a reference to a behavior model: To a multi-body-system or 

bodies and one spring- and damping-system. Due to the formal connection 
between these models, a formal connection between these two multi-body 
systems can be derived. In this way, the three multi-body systems can be ag-
gregated to one single multi-body system, describing the whole system. 

4 Evolutionary Design

The evolutionary design-process is separated into two steps: a pre-process 
and a runtime-process. During the pre-process, all of the information will 
be created, which is necessary to describe the design-objective. During the 
runtime-process, the evolutionary algorithm creates the partial-models ac-
tive-structure, functions, shape and the behavior-models multi-body-system 

phase-milestone diagram.
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4.1 Pre-process

-

steps according to Pahl and Beitz and will not be explained here. 

Fig. 4: Representation of the procedure as a phase-milestone diagram

The compatibility-analysis is executed with the help of a compatibility 

-

-
tween the functions and the requirements. 

pathes. The system must be able to follow the pathes.
After that the initial population is created. It is described by active struc-

tures. The initial population is created randomly. Therefore the solutions are 
of low quality. The initial population is the starting point for the optimiza-
tion procedure of the evolutionary algorithm. Before the initial population 
can be created a starting active-structure has to be developed. The starting 
active structure can be prepared in two ways. Either the user has already 
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active-structure, afterwards these will be multiplied and individual system-
elements of the structure will be exchanged. If no idea is available yet, a 
system can also be created by random. 

4.2 Runtime-process

In the following, the initial population is be optimized by an evolutionary 
algorithm. The procedure of the algorithm is generical: It enfolds the steps 
of evaluation, recombination, mutation and selection. These four steps run 
in an iterative process until a stop criterion is reached. The operations re-
combination and mutation, as well as the evaluation are adapted to this ap-
plication and the description of the partial models. The algorithm is based 
on the genetic programming according to Koza [15]. 

described in detail. Two new child active-structures are created via recom-

randomly. In one of these active-structures, some interfaces are selected ran-
domly, as well. The active-structure is cut at the selected interfaces. This re-
sults in two active-structure parts. In the second active-structure, all possible 
interfaces are determined, which, after the separation of the interfaces, result 
in a compatible active structure. For example, if two energy-connections 

possibilities are chosen in the second active-structure, which generates two 
parts with two chosen energy-connections and one information-connection. 
From all possibilities, one is selected randomly. As a result, four sections 

-
ture will be connected with one section from the second active-structure. 
Thereby two new child active-structures are generated. 

After this has happened, the mutation operation is used, to vary the active-
structures. Thereby single system-elements and/or connections between them 
change. Which system-elements and connections change is decided at random. 
After the mutation, the active structure is evaluated. Therefore the phenotypi-
cal representation is used. The assembly-structure, functions and the behavior-
models are aggregated from the active-structure. These models are analyzed 

1 is generated. 

surface pairings are consistent. In the function structure the connections be-
-

1
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tions are compatible with the requirements. The behavior is simulated and 
the movement process is recorded. The recorded path is compared with the 

-

5 Results

Three separate software tools were created to test the procedure: The tools 

structure and the multi-body system, as well as for the analysis of the assem-

-
gorithm, as well as the whole processing. The three tools can communicate 

Fig. 5:

As application example a system from the area of automotive engineering 
was created to evaluate the method. From the 89 saved system elements, only 
32 were suitable for the development of a vehicle. The vehicle should follow a 
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were for instance the dimensions of the vehicle, the weight, the acceleration 
rate and the maximum velocity of the vehicle. 

Fig. 6: Final active-structure of the principle solution

As starting point an initial system was created randomly. It consists of 21 
system elements. All elements together do not result in a meaningful solution. 
Figure 5 shows a section of the active structure and the assembly structure. 

Fig. 7:
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active structure. The solution is a vehicle, consisting of 14 system elements. 

the designed solution. Apart from the shown active-structure and assembly-

diagram are created.
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Abstract

that supports the product solution emergence by least commitment. That design 
-

-

article presents the design of a Micro Electro Mechanical System switch to illus-
trate the whole design method. That example illustrates the information modelling 
previously presented and shows how the CAD model emerges from information 
synthesis during the design process. That example also allows the consolidation of 

of micro product and provides to the designers early behavioural analyses.

Keywords

1 Introduction

-
tive and a simultaneous process. It involves plenty of different engineer-
ing experts who must communicate, exchange pertinent and understandable 
information. This complex process is still the subject of improvements and 
full of research objectives. One of the limits of the current approach is the 
importance of the 3D geometry provided by CAD software. Design experts 
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The collaborative and integrated design approach that is presented in this 
paper supports the product solution emergence by least commitment and 

product solution emerges from the integration of the design experts con-
-

neers in deploying that design approach, information modelling is presented 

Collaborative information sharing: manages, protects the data and al-
lows the different designers to share and access the pertinent and reliable 
information as soon as they are available.
Experts’ engineering modelling: supports data of the design solution 

Interface modelling
-

least commitment.

Fig. 1:

-
ing activities are presented: the mapping between functions and technolo-
gies via physical principles, and the selection of potential manufacturing 

and the collaborative information sharing is detailed.
The second section is an illustration of the approach through the design 
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-
neric aspect and the limits of the design approach.

analyse/synthesis done by each design expert: the data sharing core com-
-

model return the data into the data sharing core.

2.1 Collaborative Information Sharing

The data sharing core shares information related to three domains:
Product information: results of the design process.
Design process information: organisation of activities and resources.
Industrial organisation
and performance indicators.

It manages and set relationships among information from the different 

warn the concerned experts. Then those involved experts will start the 

2.2 Design Experts’ Engineering Modelling

Figure 2 presents how can be detailed expert activity in the global integrated 

 support data to allow rapid analyses of the expert ac-

solutions as soon as possible in the design process. 
Advanced models

in the design process. 
The knowledge base -

-
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Fig. 2: Details of design expert activity

Concerning the selection of technologies and the early assessment of the 
solution behaviour, several models have been proposed in the literature. Triz 

-

Bond Graph [3] model represents multi physical system through ener-

the functions and the associated technologies, and it does not provide meth-

-
-

Based on those models the authors propose a Function, Physical Principle 

A Function describes what the product is designed for. It comes directly 
from functional analysis. A Function can be decomposed in two or more 

-
ters are attached to it. 
A Physical Principle

also have some limits: due to the scale or due to another physical law. A 
Physical Principle can be affected by an energetic loss; such loss is also 

use of physical principle in the design process.
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A Technology realises a function trough a structure. Some parameters 

the technology. The technology might have some limits due to the scale 
or the technology itself.

-

when no geometry is available. Parameters and the physical laws can be ex-
-

tion of the chosen physical principles and technologies.

Fig. 3: Overview of the concepts of the FPPT Model

The proposed expert activity which concerns the selection of manufacturing 

alternative solutions based on design requirements. In the proposed analy-

alternatives constrained by manufacturing technological and physical limits.

2.3 Interface Modelling 

Interface models -
sign process and among expert activities. In our approach those models are 

skin and skeleton concepts. As previously 
introduced, interface model also aims at supporting geometry emergence by 
exchanging information from expert activity to information sharing model. 
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Skin and skeleton

usage manufacture
-

Fig. 4: Usage interface model respect to FPPT modelling

In the continuous analysis/synthesis process as presented in this design 

An electrical switch has been chosen in order to assess this design method 

during the embodiment design. Switches are relatively simple systems and 
representative of MEMS and more generally micro-system. Furthermore, 
there already exists a huge variety of them, each MEMS design company 
bring their own products. This example is based on the switch presented in 
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3.1 FPPT Modelling

allow an electrical current 
not allow an electrical current
switch between the two previous functions

To allow or not an electrical current through the switch, the physical prin-
ciple is the conductivity of materials. So the associated technology just con-
cerns the properties of materials. Two functions have emerged from initial 

geometry and the material. The second function is that strength must be ap-
plied in order to have movement. It will be an electrostatic force created by 
electrodes. Figure 5 shows part of the FPPT model.

Fig. 5: Part of the FPPT model of the switch
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3.2  Skin & Skeleton Representation

-

-
-

Fig. 6: Interface models of the switch toward the emergence of the CAD model
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3.4 Selection of Manufacturing Processes

Most of the MEMS manufacturing processes come from the integrated cir-
cuit manufacture. Some MEMS manufacturing processes can be cited: mi-

-

-
fer which reference plan must be parallel to the largest surface. This orien-
tation is very important because all the entire structure depends on it. The 
electrodes are the largest surface and one of them is embedded in the beam, 

the deposition material depends on the deposition process. Moreover we 
-

sion during deposition. Then the expert manipulates different manufacturing 

Fig. 7: First step of the process planning

4 Conclusion

This paper has presented the component and the process of a design frame-

the continuity of information among expert engineering models through spe-
-
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straints from each design activity allows the product to be designed by least 
commitment. The presented FPPT model connects the functions to the associ-

parameters, behavioural simulation can be done to have an early idea of the 
-

nection with physical principle libraries developed in Matlab. Another objec-
tive is to propose a software demonstrator to support the FPPT modelling.
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Abstract
In recent years, globalization has begun to drive industries to operate in a highly 

this challenge, rapid production methods have been developed and incorporated 

enables fast design based on an existing physical object, and on-line 3D non-

an overview of the state-of-the art in 3D emerging measurement technologies. 
Moreover, it proposes new approaches and methods for data fusion and digital 
processing of sampled 3D data.

Keywords

inspection

1 Introduction

part is constructed and the relative location of these shapes. In the case of 
freeform objects, however, the situation is completely different. Since no 
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prior information about the object’s shape is available, it is impossible to 
pre-determine the required measurements. Therefore, in order to capture the 
shape of a complex object accurately, a very large number of measurements 
are needed, and these cannot be acquired feasibly using traditional CMMs.

Fortunately, recent advances in computer vision and optics have led to the 
production of a variety of non-contact scanning devices, which are capable 
of sampling very dense clouds of points from an object’s surface in a reason-
able amount of time.

2 Three-Dimensional Non-Contact  
Measurement Technology

-
cusses in detail the following emerging technologies: laser scanners, lasers 

Fig. 1: A scanner laser [12] and a 3D camera [5]

Laser scanners: Most contemporary non-contact 3D measurement de-
vices are based on laser range scanning. The simplest devices [6] are based 
on the laser triangulation technique. This is an active stereoscopic technique 
in which the distance of the object is computed by means of a directional 
light source and a video camera. The CCD camera’s 2D array captures the 

disadvantage of this method is that a single camera collects only a small 

-



389Fischer

Lasers based on Conoscopic Holography technology: Conoscopic
Holography [15] is a simple implementation of a particular type of polarized 
light interference process based on crystal optics. In the basic interference 
set-up, a point of light is projected onto a diffuse object. This point creates a 
light point, which diffuses light in every direction. In a conoscopic system, 
a complete solid angle of the diffused light is analyzed by the system. The 

reference plane. The problem inherent in laser scanning is its relatively low 
measurement speed, though it is faster than traditional contact Coordinate 

3D cameras: 3D photography is based on reconstructing 3D data from 2D 

problem with this approach is the correspondence problem. In 3D cameras 

measurements in one shot of the camera.

Fig. 2: Distribution of 3D scanning technologies among 23 engineering universi-
ties and research centers across Europe

As part of our previous research [8], industry requirements were deter-

investigated 24 research groups from universities and research centers and 
10 industries that develop or use non-contact technology. 
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Fig. 3: Scanning technologies used/developed in industry

-
picts the distribution of 3D scanning technologies among engineering uni-

prevalent 3D measurement device. The graph in Fig. 3 shows the scanning 
technologies used/developed in industry, and the graph in Fig. 4 describes 
the use of diverse scan data in industry.

Fig. 4: Use of diverse scan data in industry
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3 Applications Utilizing Non-Contact 
Scanning Technologies

Traditionally, the major users of 3D scanning technology were the automo-
tive and aerospace industries, primarily because freeform surfaces often ap-
pear in the parts produced by these industries. As this technology becomes 

-
tion. Recently it is becoming clearer that the best solutions can be produced 
by combining several scanning techniques. We expect that in the near fu-
ture, 3D technology developers will be encouraged by users to cooperate in 
order to produce more comprehensive, fast and reliable solutions.

Recently 3D scanning technologies have begun to be used in many phas-
es of the product life cycle. Figure 5 shows the distribution of 3D scanning 

shows that most of the users have incorporated the technology in the design 
and manufacturing phases, mainly for purposes of reverse engineering and 

many opportunities for introducing novel non-contact measurement tech-
niques into the inspection phase of the product life cycle.

Fig. 5: Distribution of 3D scanning usage among universities and research 
centers
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4 3D Data Processing

To process 3D digitized data, contemporary CAD systems supply reverse 
engineering modules. These modules, however, require considerable de-
signer intervention to achieve an accurate resulting model. A typical surface 

these patches along boundaries. Yet meshing the cloud scanned from a com-

6a and 6b present used/developed reconstruction methods.

Fig. 6a: Used/developed reconstruction methods in industry

Fig. 6b:Used/developed reconstruction methods in industry
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Although commercial RE modules are evolving rapidly, there is still a 
gap between the proposed tools and industry demands. Such critical issues 

-
-

plications, such as dimensional inspection. 
In order to overcome these obstacles, we propose a new reconstruction 

approach to RE based on volumetric representation of the object’s shape. 
-

-

7. In the following section, each stage is described in detail. 

Fig. 7: A scheme of the proposed method

Reconstruction of volumetric implicit model: First, an implicit model is 
reconstructed from the scattered points, where a set of overlapping quadric 

to produce a piecewise-smooth implicit surface.
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-

curvature of the implicit model and induced by the desired object’s shape, 
so that the problem domain becomes anisotropic. 

Anisotropic surface meshing: In order to extract an explicit representation 
of an object, the implicit model is meshed. Since the meshing is performed 
in the anisotropic space, the resulting polygonal mesh is adaptive and exhib-
its anisotropic properties of the object shape.

: The surface reconstruction process is resumed 

using the quasi-interpolation method [10]. 

model of complex shapes can be robustly reconstructed from noisy or in-
-

ing produces high quality, quad-dominant meshes. These meshes are very 

can be automatically generated from the anisotropic polygonal meshes. The 

a priori by the user. In addi-
-

fort. Since the most expensive computations are local, and therefore can 
be easily parallelized, we see great potential in implementing the proposed 

-
ising directions towards more robust 3D shape processing utilizing emerg-
ing non-contact scanning technologies.

5 Summary and Conclusions

This paper has investigated existing non-contact scanning methods and 
processes used in industry and research centers for product development. 

As a result, thousands or even millions of points are required to accurately 
model geometrically complex parts. CMM technology is not suitable for 

lead to indentation, thus reducing the overall accuracy or damaging the part. 

reverse engineering and redesign. Gradually, however, the focus is being 
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-
able, though it is available via non-contact technologies. The above discus-
sion also refers to the reconstruction process. The proposed new reconstruc-
tion approach, based on a volumetric representation of the object’s shape, 
can be integrated with non-contact technology. The meshes are suitable for 
modeling, simulation and analysis applications. 
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Abstract

have lighter bags but mainly transmission of such documents is faster, and their 
use is far more convenient to search into them. Consequently, digitalizing physical 
paper is also very common: many people own a scanner at home. But what about 
objects? 3D artefacts also need to be digital. CAD software is nearly always used by 
enterprises for designing their product. But what about old objects, old machines, 

digitalized. 3D scanning technologies are fully emerging in Industrial Engineering. 
-

pose to virtualize them. But 3D scanning technologies need to be customized as we 

-
cision tree with adapted operators for digitalizing old objects respecting patrimony 
conditions. In addition, we illustrate our research with two examples where it has 
been used digitalizing technologies.

Keywords
3D digitalisation, CAD, heritage
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1 Introduction

many problems: how to manage and valorize it in case of Museums and 
sites? How to ensure life prolongation for the technical information of the 
collections, archives and heritage places? This technical information, testi-

wear or disappear, the technical data dispel progressively with the time. That 
is why preserving the national technical patrimony has now become a pri-
ority for governments and world organizations. As saving and maintaining 
physical object cost a lot for museums, and sometimes dismantling is im-
possible because the machine falls into ruin, our approach proposes a new 

-
jects under a numerical form can be a solution for museums; we expose the 
global developed methodology that merges Industrial Engineering Sciences 

3D digitalization tools are established. Finally, we illustrate our gait with 
examples.

Industrial Heritage

-
cent idea. It is in England during the Sixties, that was born what British 

Initiated in 1992 by the French culture and communication Ministry, the 
French research and technology Ministry and the French Education Ministry, 

-

museology, no new didactic methods have been developed since 1992.
In 2003, at the ICHIM conference, Jean-Pierre Dalbéra from the French 

culture and communication Ministry stressed on the need for a capitalization 
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Since this communication, many research programs have been started in 

those projects are focusing on historical documents, images, art objects or 
architectural monuments. The technical industrial heritage has not been tar-
geted as a priority for conservation.

to conserve all the aspects of a technical culture, i.e. the physical objects as 

consigned, critical information for understanding the object or the written 
report on which the auditor has reported the human context, all those ele-

-

3 Hypothesis and Methodology

3.1 Tools and Methods from Engineering Sciences

remains the problem of the physical object conservation. So as to resolve 
this problematic, engineering tools and more widely virtual tools and com-
puter graphics can help.

numerous analyses, he raised the conclusion that graphical techniques are 
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-

various functional simulations, to try various aesthetic design... Moreover, 

simulations of dynamic situation are close to realistic ones.
If we consider the idea of starting from a real object until its virtualiza-

object is conserved or repaired, it becomes also an artifact as it is not the 
same as the original object. The main differences are that visualization of a 
virtual object can be adapted to the public targeted.

Fig. 1: Comparison between conservation of the real object and the virtual object

3.2 Virtualization Methodology

Before designing a virtual model, it is necessary to identify and capitalize 

extracted as explained before. However, notice that the source of informa-
tion, which is the most important, is obviously the object itself if it still ex-

gives more authenticity than extrapolating a drawing.
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As presented in the previous sections, tools and methods from engineer-

capture physical and textual information’s; next, design the 3D model and 
-

digital chain process: the object digitalization.

4 3D Digitalization

Answering to the problematic of patrimonial object digitalization, we give 
a state of the art of the different technologies that can be found on the mar-

in the near future. We distinguish active systems and passive systems. The 
main difference is due to the technology used: emitting or not a light beam. 

They are the basic measuring instruments that are used since a long time:
decameter,
slide caliper,
micrometer caliper...

There are also many mechanical palpation systems that are nearly auto-
matic and are usually combined with a canned jib for controlled by a com-
puter. Some of them are named TMM for Three-dimensional Measurement 

to be brought in the laboratory, as those measurement systems are usually 

measurement is very slow. However, they can be effectives on large object: 
from 0.5 m3 to 115 m3.

Usually used for graphical design, these systems are passive without contact 
since they capture information with photographic systems or stereoscopic 
systems. The acquisition tools are cameras and movie cameras.
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1. detecting common points between photography’s,
2. automatic distance calculations and 3D wireframe design,

4. automatic virtual camera or virtual video camera positioning.

But it is necessary to precise that model precision depends on the cameras 

Active systems without contact are technologies that generate short waves 
for measuring; for example: the laser. According to the object size to be 
digitized, there are various solutions:

is suitable for only small size objects,
TMM laser radar. High speed, high accuracy,
3D scanner laser. For example from Minolta. They are the most popular 
and are used for medicine, industrial engineering, archaeology...
X-ray tomographic systems,

Optic measure system...

The technology that will be used depends on the dimensions to be ac-
3 3 3 

acquisition time available and the possibility to handle/move the object. 
Consequently, dealing with digitalization of patrimonial object, it will be 

-
-

that have to be done in order to get the whole 3D model. Indeed, if only 
one point of view is considered, it will return only a stereographic view. 
Consequently, it is necessary to combine various points of view and/or vari-
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multiple-scanner digitalization system that is used for controlling the wings 

object conditions and what can be done or not with the patrimonial object, 

the better solution for digitalizing the object within the time available, the 
precision needed...

The operability factors that result from the technology to be used,
And the data related to the object state.

The main factors related to the operability possibilities are:
Measure relevance
digitalise the whole object. For example, in case of a crane, it will be a 
waste of time to capture all the girders as they are identical,
The object being / the object full-scale: if the object is incomplete or 
does not exist, missing parts will be designed according to the designer’s 

Palpation possibility on the object,
Relocating possibility of the object,
Radiation exposure possibility: technologies used various wavelengths 

The initial data issued from the object characteristics can be:
The object material,
Accessibility: sometimes, measures have to be done from points of view 
that are not accessible or even inside the object,
The size of the object and the volume that has to be digitalized,
Kinematics
Digitalisation time: when many points have to be captured, some me-
thods have to be prohibited,
The accuracy: it interacts directly with the digitalisation time and the 

Handicraft or industrial object: an object issued from the domestic sy-

-

between those points and next surfaces and volumes can be designed. 
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to choose the optimum technology. All digitalization tools explained or 
developed previously are not mentioned but the main solutions are pro-

the method found by the decision tree may not be the only one but it is 
probably the best one to use. If another strategy is chosen, it will result in 

Fig. 2: The decision tree for choosing the best digitalization practice



405

5 Examples

In this part, two experienced examples are presented. They have been devel-
oped by our research team and our collaborators:

Musée des Marais Salants de Batz-sur-Mer, Salt Museum, France

IUT Carquefou, Mechanical Technician School, France

5.1 3D Digitalisation for Scholar Learning

This project has been developed with an educational partnership: studying 
an old technical object allows obtaining new technical culture. This peda-
gogical interest can also be associated to a second objective: learning how to 
use CAD tools. The projects are realised by group of 3 or 4 students. Their 

machines. As those machines still exist and are fully operating, students 

Indeed, old machines are very complex as they usually use one mechani-

generally use one motor; control is achieved by automatism, electronic or 
computerized; if multiple outputs are needed, we use as many motors as 
necessary. In the past, it was different. The main input power is furnished by 
human force or by a steam engine; ordinarily, the movement produced is a 

order to achieve the different necessary outputs: coupling rods, wheel rods, 
and many adjustments. The machines are very complicated and need to be 
studied in details for understanding the global operation.

The project presented in this example is a printing machine built by Henry 

The technology is called cylinder stopping machine. This typographical 

The press is semi-automatic as a steam engine and later an electrical mo-
tor is used for producing a uniform rotating movement. But two operators 

is made of approximately 615 components and more than 50 connections. 
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-
nematics chain, this component is fundamental for succeeding in the simula-
tion process. Although they were authorized to disassemble some elements, 
the cam was impossible to get out. Moreover, this component owns a special 

was then the solution that has been adopted.
Operability factors:
Measure relevance: capital
The object full-scale: yes
Palpation possibility: yes
Relocating possibility: no
Radiation exposure possibility

Data object:
Object material
be applied
Accessibility
digitalisation system has to be small and easily handled
Size of the object: less than 1 m3

Kinematics digitalisation: no
Digitalisation time

Accuracy: only the edge of the component is required
Handicraft or industrial object: industrial

Fig. 3: From physical object to CAD model via cloud of points

Consequently, in order to satisfy all the requirements, a new technology has 

Based on a Canadian patent, this tool allows digitalizing an object for obtain-

-
ing its position. The accuracy is about 3/10 mm but it is mainly depending on 
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the object volume that has to be digitalized. This technique is without contact 
and cannot destroy the object, as the laser emitted is visible by human.

Fig. 4:

5.2 3D Digitalisation for Heritage Conservation

In order to validate our decision tree, we have done another experience with 
a salt washing machine built in wood and so in a bad state. Firstly, archi-
tectural drawings have been done by curators. They produced a statement 

2500. Once the cloud of points obtained, it was designed with a CAD soft-

Fig. 5: Architectural drawings and cloud of points
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6 Conclusion

In this communication, we are giving details of our research subject dealing 

old objects such as industrial machines, our proposal is to virtualize them for 

-
fact itself. In order to respect patrimony, 3D scanning technologies have to 
be selected and handled carefully. The decision tree can help to choose the 

of the operability factors and the object characteristics. Moreover, perfor-
mance and diversity technologies are being developed everyday and, may be, 

of object: decametres, callipers… will disappear?
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Abstract

associated with creating a robust engineering model for mechanical components.  

-
oped, which targets tolerance variations, in order to diagnose potential problems. 

FMEA analysis. From the FMEA results, testing strategies are suggested based on 
-

ology and highlights its merits. 

Keywords
Reverse Engineering, Product Analysis, Failure Modes

Reverse engineering techniques must be applied to construct an appropri-
ate characterisation of the product when there is no existing documentation 
for a component, or that documentation is no longer relevant. This may be 
challenging as it may require engineers in different disciplines to capture all 
of the ideas related to the components and their interrelationships within a 

on determining the general functions for a product and its subcomponents, 
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or creating surfaces from point cloud data that represent the form of the ob-
ject being reverse engineered.  Effective design recovery consists of merg-

-
sign parameter has an associated functional requirement. The form-function 

the product architecture and operating environment, in order to infer the de-
signer’s intent and to produce pertinent product documentation. Mechanical 

-
straints, and the form, functions, material and the original manufacturing 
processes are all interrelated. Consequently, when reverse engineering an 
engineered component there must be a methodology for recognizing the de-
sign intent for the individual features, and the component structure in both 

A systematic approach has been utilized to develop a design recovery 

-
vides a multi-level roadmap to allow the functional, structural and data in-
formation related to mechanical components to be accumulated at different 
levels of resolution. Concise design information is captured at the systems, 
embodiment and detail levels for the base component and each feature. The 

-
covery process at the component and feature levels are shown in Figure 1. 
A detailed description of the design recovery methodology is described in 
Urbanic et al [2] and Urbanic and ElMaraghy [3].

2 Testing and Validation 

no less so for reverse engineered parts. The reconstructed model’s mate-

developed to determine what needs to be tested and how. Potential design 

must be detected. A failure analysis is initially performed. From these re-
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Fig. 1:

-
-

cal domain, to the virtual and physical domains, and may involve multiple 
steps in each. A damaged power steering pump pulley is used to illustrate 
the technique. It has been reverse engineered by using the design recovery 

Fig. 2: Power Steering Pump Pulley and Reverse Engineered Model

2.1 FMEA

There are several methods to determine potential failure modes such as the 

The FMEA is one of the formal techniques used in the product development 
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process to analyze potential product failure, either due to the product de-

the product design. An FMEA is typically developed by a cross functional 
team in a spreadsheet format. The team analyses the product/component to 
determine potential modes, and a severity rating is assigned for each failure 
mode. The potential causes and effects are then assessed. An occurrence 
rating is assigned to each potential cause and a detection rating assigned to 
each unique effect. The ratings are scaled from 1 – 10, with 10 being the 

Tab. 1: Standard FMEA table
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S – severity, O – occurrence, D – detect, 

The Function-failure methodology by Arunajadai et al [4] and Stone et al 
[5] enhances the FMEA procedure by implementing an extended standard 
vocabulary for the description of functions and the failure modes of com-
ponents. A formal procedure is applied to identify primary and secondary 

function-failure matrix is used to assist with the analysis.  This approach 
complements the function-form analysis utilized in the design recovery 

deformation and there is no concise means to visualize the results. In general 
the FMEA process is labour intensive, there are problems with consistency 
and duplication, or the information is too vague to be able to effectively as-
sess the potential failure modes, effects, and causes [4-7]. Automating the 

caused by multiple sources of variation of the design parameters. In addi-
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tion, improvements can be made to the interpretation of the results. These 
results should provide guidance for the subsequent testing procedures. A 

aspects of the FMEA.
From a ‘big picture’ point of view, the generic failure effect is failure 

to perform the function and the generic cause is variation in the design 
variables. The explicit failure modes need to be determined. The generic 
failure modes are:

3. Geometry variations leading to improper size or physical geometric cha-

4. Improper surface characteristics, which includes smoothness, heat and 

For design recovery, the relevant issues can be overcome by performing 

failure modes: improper design parameter selection, improper allowable tol-
erance variations and improper material selection. When reverse engineer-

-
dence when analysing the component at the different levels of resolution; 
however, the procedure described here can be extended to encompass design 

the potential failure modes simultaneously in a systematic manner and then 
graphing the results in order to provide insight into potential subsequent 
testing in the virtual and physical domains. The essential information for the 

potential failure may be due to a cumulative effect.
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Tab. 2: Failure Modes Analysis Matrix
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Tab. 3: Feature Description Types

Features

 1 – Clearance features

 2 – Complex features

11 – Seating features

12 – Support features

The geometric sources of variation, which consist of the geometric di-

characteristics, are considered simultaneously for each feature in order to 

and so forth could also be included. Each feature being assessed is associ-
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-

attribute for every feature being assessed is assigned a rating value that cor-

The number of attributes is considered as well, as additional potential manu-
facturing challenges are associated with more attributes.

Tab. 4: Standardized Failure Mode Ratings

Factor Value Description

Do not need to consider

1

3

5

7

9

Tab. 5: Recovered Features

Feature Name Feature Label Description Standards Table

A
Power

transmission

Mounting
holes

B Clearance

C

-

-

are clearance holes; consequently, they have looser tolerances and fewer at-
-

ric attributes to the mounting holes, but has moderately tighter tolerances. 
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Selected feature relationship information is presented in Table 6. All the GD 

relevant attributes, enumerated and summed. 

Tab. 6: Selected GD and T and Ancillary Callouts
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The results are plotted in the Failure Mode chart, and the subsequent test-
ing and validation procedures are determined based on the levels and zones 

the pulley features are shown in Figure 4 – the features selected for analysis 
in this paper are circled. For features that lie in the ‘over constrained’ regions 

-
termine the precision factor to verify that there are an appropriate number of 
attributes with respect to the rating factors. For features in the other regions, a 

-

up has been performed. These tools can provide perspective into the part’s re-
sponse to different test conditions. Multiple scenarios can be readily scripted 
using these simulation tools. Information with respect to the material character-
istics, boundary conditions, load characteristics, joint and spatial relationships, 

Chart Regions

Region

A Review form-function relationships to ensure loose tolerances and 
minimal information is appropriate

B

B1 -
es as well as near net shape processes

B2 near net shape, review attribute factors to ensure that the no. is appro-
priate

C

C1
-

consider a physical prototype

C2
-

processes

D
Construct a physical prototype or prototype sets for physical testing: 
assess relevant prototype manufacturing processes
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Fig. 4: Charting the FMEA Results

for high precision features, and process related simulations might be re-
quired to supplement the product simulations. For features that lie in region 
D, a physical prototype is recommended for physical testing after all other 
virtual testing has been performed. The nature of an applicable physical pro-
totype depends on the functions, materials and tolerances. Understanding 
the context of the application assists with decision to fabricate a physical 
prototype. Rapid prototyping technologies can be used to easily create a 
physical model; however, there are limited materials that can be utilized, 
and RP processes have limited accuracy [8]. If a rapid prototyping is not 
appropriate, traditional technologies must be used. 

For the pulley case study, the majority of features have loose toleranc-
es and minimal geometric associations, which is appropriate for clearance 

up should be performed, which has been done. Tool path simulations have 
been done to optimize the groove tool selection and cutting parameters. 
Fabricating a prototype is inappropriate for this example.

3 Summary

For effective design recovery of an engineered component, the functional re-

design parameters at different levels of resolution.  Information from several 
perspectives and sources must be merged in order to extract the relevant data. 

functional requirements to the design parameters in order to improve the de-
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failure modes is introduced to diagnose form variations of the recovered de-
-
-

cepts, variables and structural relationships that can be used as the basis for an 
FMEA.  However, the traditional approach for an FMEA is time consuming, 
does not consider multiple sources of variation in an intuitive manner, and 
does not directly provide any insight as to the next stages of the testing and 

streamlined methodology that focuses on form and surface variations has been 
-

analysed, based on the location of the precision and complicatedness factors 
within the FMEA graph. This methodology is illustrated using a reverse engi-
neered power steering pump pulley. 
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Reverse Engineering Purposes
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Abstract

Reverse Engineering techniques are used for the reconstruction of damaged or worn 

for worn machine parts regeneration. The method was used for gathering additional 

Keywords
Knowledge reengineering, CAD, Reverse Engineering

1 Introduction

reconstruction of physical objects exists in a number of areas This is due to 

unavailable. They may have been lost, destroyed or have become outdated. 
In the case where the construction documentation does not exist Reverse 
Engineering techniques are used by engineers to reconstruct machine parts. 

However, the majority of reconstruction methods are based only on the 
geometrical shape of the reconstructed objects. In the case of damaged objects 

fully functional copy. In such cases it is necessary to draw conclusions about 
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the intentions of the constructor of the original model and its original shape 

-

hydraulic bending machine. 

The authors have suggested a reconstruction method based on not only the 

gathered from the surroundings of the object. All the parts and subassemblies 

are called the surroundings of the object. This approach enables the recon-
struction not only of the geometry, but also of other features and functions of 
a given object. Additionally, it enables the recreation of data, based on which, 
complete documentation for the reconstructed object can be created. The algo-

below. 

Fig. 1:

a CAD-3D model. Applying the holistic approach to the mechanism, it is 
-
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of the geometrical shape of the object obtained through digitalisation, the 

CAD model can be obtained from the analysis of the machine principle of 
operation. Here the theory of machines and mechanisms as well as construc-
tion principles can be used. Applying this theory enables the construction of 

-
nematic model can be built. This will enable a simulation of the functioning 

the initial assumptions of the constructor and about what shape certain sub-

clearance and tolerance for the construction of subassemblies of a certain 

which is being reconstructed. It can give proper direction to the search for 

reengineering which is needed for the recreation of a certain object. In small 
-

-
ing or any changes in the parameters of the process performed on a certain 
machine. This will provide necessary guidelines as to what to pay special 
attention to during the reconstruction process. 

Fig. 2:
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-
el, modelling in CAD can be initiated. Having a parametric model at our 

the reconstructed model mating, then needs to be built with the use of the 
3D models. If the results of the simulation are unsatisfactory and the model 
of the mechanism is not functioning according to the initial assumptions, it 

with the use of so called rapid prototyping methods. In the case of any mal-
functioning of the mechanism after the simulation has been completed, two 
different ways of solving the problem can be adopted. If the geometry of the 
object has to be adjusted – bigger or smaller clearance for example – it can 
be achieved by changing the CAD model parameters. However, if the neces-

the physical model has to be made so that the required mating conditions are 
ensured. After this the digitization-modelling cycle has to be repeated.

The object that needed reconstruction, and for which the new method was 
developed, was a hydraulic bending machine. The proper functioning of the 

-
tion documentation. The main elements of the machine are: a welded body, 
pressure beam, lower beam, bending beam, four identical lever mechanisms 

system with the cylinders propelling the lever mechanisms. Basic param-

mm – and the maximum bending angle - 135º. The general view of the ma-

The goods produced with the use of the machine did not adhere to the set 
parameters and after operating for a certain period of time the machine needed 
repairing. After the repair the accuracy of the produced goods was still unsat-
isfactory. Due to the faulty repair an initial stress was introduced during the 
assembly which resulted in the faster deterioration of subassemblies. 

On the horizontal axis of the diagram the length of the sheet has been 
shown, while the vertical axis shows the value of deviation of the required 
bending angle. As can be seen on the diagram all the deviations were nega-
tive and ranged from - 1º to - 14º. The distribution of deviations was similar 
for all the bending angles. The biggest deviation existed for 90º and the 
smallest for 135º. It might have been due to the fact that for the maximum 
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To solve the above problem in machine regeneration, the following 
method was employed.

Fig. 3: The general view of the machine

problem a trial run was made. It involved sheet bending at the angle of 45º, 

Fig. 4: Deviation diagram for the hydraulic bending machine sheet bending

-
nisms the reasons for the inaccuracies in the functioning of the machine had 

-
chine was being gathered, the following questions were formed:

What are the nominal dimensions of subassemblies ensuring the proper 
functioning of the machine?
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Fig. 5:
machine

bending beam impossible. 
As there was no access to the machine documentation or construction 

documentation of a similar device, the principles of operation of the ma-
chine had to be deduced. Based on the length of different parts of the 
mechanism a structural scheme of the lever system was drawn. This pre-

Based on the analysis of the mechanism operation principle it was found 

rotation of the bending beam. A theoretical scheme of sheet bending of a 1:1 
scale was drawn  in order to ascertain the required characteristics of the rota-
tion of the bending beam. The diagram below shows a theoretical scheme of 
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Fig. 6: The structural scheme of the hydraulic bending machine lever system in 
90º service position

Fig. 7: The scheme of sheet bending based on the rounding radius of the edge of 
the pressure beam

actual parts, CAD – 3D models for certain parts of the machine were made. 
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CAD – 3D model of the hydraulic bending machine subassembly.

their dimensions so that after assembly the mechanism would realize the 
assumed movement of the bending beam.

-
ure 9, in order to verify the proper operation of the mechanism.

Fig. 9: DMU model of the bending machine

mechanism was functioning properly, the construction documentation of the 
bending machine was made.  Pictures of subassemblies and a picture of the whole 
machine were drawn. It was also necessary to design proper instrumentation for 
the regeneration of damaged subassemblies. Based on the CAD – 3D models of 
the bending machine subassemblies, the instrumentation was designed.
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After the reconstruction of the machine a test run was again carried out. The 
results have been shown in the diagram below. For comparison the results of 
the test run before the machine reconstruction have also been shown.

 Fig. 10: 

After the reconstruction the values of deviation were equal for all the 
-

ance range of the product made by the machine.

3 Conclusions

As shown above the suggested method enables the reconstruction of the 
machine where machine documentation is not available. It is especially im-
portant in Poland where small companies often buy used machines without 

often require maintenance even before they are set operating. 

time as possible due to the high costs incurred by stoppages. Therefore it is 

very beginning of the process. During the process of the reengineering of 

proved to be the most troublesome.
The CAD-3D models made it possible to design the instrumentation nec-

essary for the regeneration of the worn parts of the bending machine. 
If separate parts of the machine or even one of the lever systems had only 

would have been impossible. It proved to be possible only because a holistic 
approach was adopted and the machine was treated as a whole.
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Extended Virtual Prototyping

Department of Engineering Design, Faculty of Mechanical Engineering, 
Ilmenau Technical University, Germany

Abstract

Engineering of micro- and nanosystems considering the spatial presentation. 

-
sis. Currently the aim of interdisciplinary research is the realistic reproduction 
of technical systems acoustical behaviour. In connection with this, the spatial 
presentation of acoustical behaviour facilitates psycho-acoustical evaluation of 
technical solutions during design process. 

Keywords

1 Introduction

technical systems. Complex product- and process-simulations based on 
parametric virtual product models realize this analysis. The results can be 
discussed interdisciplinary during multimodal immersive presentations.

2 Methods and Tools in Product Development

with objects in a virtual world. Beside the pretensions on hardware and pro-
-
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-

supports also the collaboration with specialists from other areas. So can be 
increased the quality of technical systems. 

The aim of the design process is to develop a shape of a technical sys-

-
-

totyping. In this way necessary dimensions, tolerances and movements can 
be ascertained. Fig. 1 shows the process simulation of the surface scanning 

-
sional relative positioning between a cantilever and a wafer. The geometry 

be deviated. The next steps are functional structure, solution principle and 
preliminary 3D shape design.

Fig. 1: Process simulation for the development of a position mechanism

units requires the handling of complex structures [3]. Because of the complex-

An important aid is a spatial visualisation in real-time. Micromechanical re-
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search objects determine new demands. That’s especially the regard of dimen-
sion- and form-tolerances as well as the inclusion of new complex simulation 

used to test behaviour and design of new concepts of high-precision mecha-
nism for nano-position and nano-measuring machines.

The new concepts for the guidance of a horizontal axis are characterized 

a positioning accuracy of 10nm. For this several concept variants were build 

-
tion, function separation or integration, direct and short power transmission, 

-
partment of Computer Graphics at TU Ilmenau 3D solution principles could 
be analyzed in terms of the restrictions on the large Powerwall. 

Fig. 2: Guidance concept of a horizontal axis

properties over the visual human information channel. But the reachable 

involved persons. Therefore the aim is to include further sense organs. In 
product development this is primarily the acoustic and haptic sense.

3 Concept of an Audiovisual CAVE

The demands on product development and the limits of visual perception 
require the inclusion of acoustic behaviour of technical systems and their 
psycho-acoustical evaluation in design processes. Also the combination of 
realistic visual and acoustical impressions increases the immersion. So the 
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Fig. 3:

Currently a system for creating a realistic acoustic sound impression is 

-

Huygens Principle. This new technology enables a realistic sound impression 

The distance determines the Aliasing Frequency which is the highest exact 
-

acoustic properties can be reproduced with plane waves [4]. Currently is 
-

tion and sound design.

product development requires audio-visual models which describe the 
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acoustical behaviour depending on shape and functional input parameters 
of technical systems. 

An important property of these models is the complexity of the data 
which determinates the calculation time. To get acceptable latency times 

-

variations.
Different methods are used for simulation of the acoustical transmission. 

The most accurate method is the numerical FE-Method. A more abstract 

decision about the optimal analyze method depends on necessary accuracy 
and the dominate frequency band. 

Fig. 4:

Fig. 5 shows the structure of the audio-visual model using FEM for simu-

sound radiation. Both methods need acoustical parameters of the structure. 
To reach more realistic results the structure parameters are ascertained by 
experiments. So hybrid physical models emerge. The parameters can be 

During real-time interaction the FEM und BEM calculation process is too 
extensive. So the simulation is done in pre-process and only the results are 
used during model interaction. 
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Fig. 5:

A very important question is the discretisation of the surface for placing 
wfs sound nodes. Currently wfs supports up to 32 independent sound sourc-
es with a sphere characteristic. So on the surface of the technical systems up 
to 32 positions have to be found, which describe the sound radiation. 

Fig. 6:
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The sound sources are represented as special wfs sound nodes in the 

-

empiric measured sound data. 

Fig. 7:

During a design review mostly the technical systems have to be placed 
-

ers and have to be focused. In order to assure that all users have the same 
sound impression and hear the sound sources at same position the recon-
struction area should be considered. The reconstruction area depends on po-

Fig. 8 shows the reconstruction area for a simple sound source in a rec-
-

cal reconstruction area is shown in Fig. 9. The real reconstruction area is 
smaller by reason of psycho acoustic aspects and the focus method. This 
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area, S is the position of the virtual sound source and R is the centre of the 

Fig. 9:

synthesis is the observance of spatial localization borders. The stereoscopic 
-

tial distortions based on the projection and viewing conditions. All other 
users see always a distorted image. Furthermore they see the 3D-model at 
another position. The reproduction of the virtual sound sources with the wfs 
is for a group of users exact. They hear the sound sources at same position. 
So accrue two different localization points for the visual and acoustic inci-
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reviews and to optimize the interconnection of stereo projection and wfs to 
reduce the trouble. 

Fig. 10: Possible positions of audiovisual models on powerwall depending on user 

4 Summary

opens new possibilities for evaluation of technical systems in the product 
development. Stereoscopic projection, interaction in real-time, complemented 
with acoustic perception in virtual space deliver the user realistic impressions 

-
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MagicMirror & FootGlove: 

Council, Milano, Italy

Abstract
Some times, when you have the experience in a shop to buy shoes, it happens that 

concept of shoes shop model comes out: the customer doesn’t use a pre-built set 
of product samples but he can digitally customize in the shop the shoes, try-on the 
shoes in augmented reality and then order their realization. This type of approach 
opens new ways to the shop concept moving from concept of mass production to the 

to MM and FG prototypes are presented.

Keywords
Mass Customization, Augmented Reality, Aptic Device, Shoes

1 MM General System Process and Architecture

Catalogue application selects the brand, the model of the shoe and custom-
izes some elements of the model. The model is then loaded into the MM 
application from a 3D models database and the user does the virtual try-on. 

-
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-
ages the software running. The MM application and the Catalogue can also 

Fig. 1: General MM system architecture

2 Chromakeying Issues

The user wears special blue shoes so that the system can draw the virtual shoes 
only in the blue area of the whole image from camera. In this way, the virtual 
shoes images are correctly mixed with the video. Some problems occur when 

-
ing position. Due to environmental and user’s shadows, this leads to local vi-
sual artifacts in luminosity and contrast. To avoid this problem, a blue carpet is 

-
age. This can be avoided by removing the image of the device and replacing 
it with the corresponding part of the underlying virtual shoe. To obtain this, 
the application, before drawing the virtual shoes on the blue part of the image, 
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Fig. 2:

3 Experimented Tracking Methods

-

capture system. This last one has been the demonstrator that a correct and 
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camera should be properly oriented to capture an enough large scene with 

-

another camera properly oriented to live shoot the scene with the user have 

-

original camera reference system to the reference system of the camera that 
shoots the user. Thus, a calibration procedure is introduced at the startup 

reference system transformation is computed and used. Also in this second 
-

the positioning hard to manage.

-

very good results. A camera has been used to live shoot the scene with the 
user, it has been placed at the bottom of the screen. The MCS used is a 

MM screen. A calibration procedure to transfer the tool position from MCS 
reference system to camera reference system is performed once and saved to 
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-

user can do the try-on of the virtual shoes with the MM.

Fig. 3:

4 MM Conclusions

the virtual shoes into the live video of the scene. The experimented motion 
capture system has demonstrated that it is a good technology for a precise 

5 FootGlove System

The 3D structure of the FG pre-prototype is meant to reproduce in approxi-
-

ment. The number and schema of those mechanical elements that interact 
with customer foot are the result of geometric studies and is based onto the 

the surface of the lasts. The directions and intersection points have allowed 

to the design of  the FG pre-prototype.
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6 Planning

use and with dimensions a bit bigger than a shoe of size 11. To understand 
the meaning of the theory of geometrical grading developed in the feasibil-
ity study a manual pre-prototype has been realised. The choice of a manual 
pre-prototype comes from a less complexity and costs in realisation of the 
pre-prototype. The goal of the manual pre-prototype is the comparison be-
tween data coming from simulations and real data coming from real last to 
understand how to improve the pre-prototype. 

base, built by rapid prototyping, with prismatic guides for two, three or four 

and last surface grading with slices. 

Fig. 4: The FootGlove pre-prototype

The amount of the sliders is thirty, each slider has a particular head ac-
cording to the position in the column and to column’s position respect the 
base. The seven columns mounted in front of foot have the job of simulat-
ing the contact between front upper and foot, each column is composed by 
an amount of sliders depending on the position of column respect the foot 
and surface to simulate.

-
complishment of all the heads to be placed at the end of the sliders and to 
be in contact with the feet. It has been understood that these elements can’t 
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be standardized and have been designed one by one to completely match the 
requirement for a good contact surface, the direction of the slider movement 
and the avoidance-reduction of collision with all others elements and heads. 
The heads are sphere portions positioned tangent at the intersection between 
the virtual last and the corresponding direction of translation. The spheres 
are cut with planes that avoid the collision between heads during translation. 

7 Kinematic Simulation of the FootGlove  
pre-Prototype

-
odology for placing the lasts into the FG pre-prototype and to estimate the 

-
tems to support both the design of lasts and shoes. Within the European 
Project CEC-Made-Shoe there are many shoe factories that utilize 3D CADs 

phase of shoes and some differences are emerged during the studies of last 
shapes and 3D CAD models. Most relevant ones were the differences in 

use of last 3D model into the simulation environment with the virtual FG 
pre-prototype. To be able to use all last’s 3D models a methodology to nor-

in determining with high accuracy the position of the DC relatively to the 

that enables to detect position of DC in 3D space and to reposition all lasts 
in the best manner, it is possible to utilize all 3D last models independently 
from design method of the shoes designers. Moreover, the sliders and heads 
of the FG pre-prototype move towards last’s surface as expected.

The second step to enable the use of the FG pre-prototype was the deter-

for slider positioning uses the real 3D CAD model of the FG pre-prototype 

sliders as simple linear joints. An appropriate build in program allows the 
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use of collision detection to identify position of proximity between heads 

-
lation meant for placing the lasts. These are the BB of the last and the rela-
tive position of DC relatively to the BB and to the coordinate system of the 

-
ing place. This feature has allowed to analyze collisions, the contemporane-
ous repositioning of more than a last and the measurement of differences in 

-
date simulation results before the use of the physical FG pre-prototype. The 
last feature of sliders positioning simulation has been thought to provide the 
simulation model with functionality of displaying the virtual shoe wearing. 

Fig. 5:

8 Test on pre-Prototype

Some test activities have been made to validate the simulation data by com-
paring physical last with last’s 3D model. Many physical lasts have been 
placed into the real FG pre-prototype according to the simulation position 

position correctness of the heads respect the physical last. During this measur-
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-
tion have been discovered: the main difference between real and virtual values 
has to deal with the length of the lasts. To solve this gap we have decided to 
verify the dimension of physical last and to review the simulation environ-
ment to verify the data. Many people have been enrolled to test the tactile 

develop solutions for improving wearability and tactile perceptions.

9 FG Conclusions

The tests have shown that FG reproduces in a good manner the volume of 
front upper of shoes and have given some ideas to improve the pre-proto-

wearing shoes. The test have permitted to understand what sliders are useful 
and what are redundant for our scope and where it is better to place them. 
The tests have also permitted to start a new phase of study to reduce the 

-
type. The expected results should be reduction of 30% in the amount of slid-

to achieve a very compact solution. The next prototype will be designed to 

Council, in Milano, Italy, is the designer and developer of the MM and FG 
o 507378 CEC-Made-

-
cept and feasibility study of MM and FG have been started in the EUROShoE 
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Contact Pressure Calculation Methodologies 
in Aeronautic Gearboxes in the CAD Process

1, 2, E. Mermoz 2 1

1 2, Université de la Méditerranée/IUT 
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Abstract
This paper deals with the various methodologies usable in a CAD environment for 
the calculation of contact pressures in aeronautic gearbox bearings. These method-

analyzed and compared according to their precision, calculation time and readiness 
to be integrated in the industrial design process. An optimum contact pressure cal-
culation methodology will be presented based upon the results of this analysis.

Keywords
Bearing, CAD, Finite element method, Hertz theory, Gearbox

1 Introduction

rotating sub-assemblies. Knowing how they operate is essential for design-
ing mechanisms and ensuring their reliability. ISO standards, as well as the 
catalogs of bearing manufacturers, are used by designers to incorporate the 

-
timize performance while minimizing the aircraft weight.  Structures are thin 

-

-
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stiffness, bearings clearances, contacts, and geometrical defects. This type of 
calculation can be performed by bearing manufacturers, based on certain sim-
plifying assumptions. Each bearing manufacturer has developed the tools re-
quired to perform this type of calculation. Currently, bearing dimensioning is 
performed in two steps. First, the designer dimensions bearings by following 
the conventional service life method and standard practices. Then, the bear-
ing assembly obtained is sent to the bearing manufacturer for a dimensional 

the designer to have this type of tools available in the CAD environment to 
optimize the mechanism and the design process. In aeronautics, bearings are 
dimensioned under the maximum contact pressure, while ensuring that maxi-
mum speeds are not reached. The aim of this study is to present a calculation 
method of contact pressures on integrated bearing raceways by including the 
deformations and geometrical defects of all the mechanism parts. This method 
shall be integrated into an industrial CAD software application. In this paper, 
all the methods, or combinations of methods, enabling calculation of contact 
pressures in a mechanism bearings are developed. We will analyze whether 

integrated in a CAD environment. 

Fig. 1:
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2 State of the Art in Bearing Calculation

calculation of load distribution in bearings. In his report [2], he presented a 
study of the ball - raceway contact by correlating Hertz contact theory [1] 
with several series of tests. He obtained a relationship between the radial 
load applied on the bearing and the load applied on the most stressed rolling 

dealt with static and dynamic behaviors. It was generalized by Harris [8] and 
is the basis of all theoretical studies on bearings. 

The conventional method proposed by Harris is based on the assumption 
that a bearing deformation is due only to local crushing in the contact zones. 
This assumption is no longer valid if the bearing rings have a thin section. In 

-
et gear bearing rings. Zupan [10] generalized this approach by using Finite 

-
tions. Bourdon et al. [11] and [12] have developed a hybrid model where the 

results obtained with the Hertz theory. Zhao [14] used a 2D Finite Element 
contact code to calculate the load distribution in a bearing subjected to a radial 

numerical and hybrid. Under current conditions, these methods do not meet 
the requirements imposed by the scope of the study. In the following para-

adapted to the constraints of aeronautic mechanisms. 
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3 Methodologies Proposition

3.1 Physical Problem

The calculation of F
i
 loads applied at the supports in terms of the external 

i
 depends 

on the resultant of external loads F, housing and shaft stiffness, each bearing 

However, due to contacts, the bearings overall stiffness is not constant. It 
depends on: load F

i
, number of rolling elements, play, internal geometry, 

materials, and geometrical defects. Problem-solving without the assumption 
made cannot be direct. The solution must be iterative. In the following para-

Fig. 2: Transmission in a Simple Mechanism

3.2 Method 1:
Usual Analytical Method

This method is widely used in the programs of bearing manufacturers. The 

on the deformations of parts. The shaft is modeled as a deformable beam with 
variable section, the housing is assumed to be rigid, and the deformation gen-
erated in the bearings is derived from local contact deformations only. To cal-
culate contact pressures, the following assumptions may be made:
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Given the above assumptions, the equations for solving the problem are:

For the bearings: static equations, Hertz contact law, and the relationship 
between local contact deformation and the relative displacement between 
inner and outer rings.

The shaft equations are conventional equations, while the bearing equa-
tions are derived from a contact / displacement relationship. Bearing equa-
tions are given hereunder. 

Tab. 1:

F
r
 , F

a
 , M  Bearing applied loads 

     moment M and radial load F
r
.

Z
Q

i
: Ball i - raceway normal load

K : Contact stiffness between ball
      and raceways 

i
: Contact angle

i
: Azimuth angle in plan xy

i
: Contact deformation between ball i

      and raceways 

r
: Radial distance between inner ring and 

      outer ring

a
: Axial distance between inner ring and

      outer ring

       and outer ring

are obtained:
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Fig. 3:
between inner and outer rings.

By successively applying the Hertz theory, to the contacts between the 
inner raceway and ball i, and between ball i and the outer raceway, the fol-
lowing formula is obtained:

The relationship between local contact deformations of ball i and overall 
relative displacement between inner and outer rings is as follows:

-
tersection between the mean circle of the outer ring and plane U

i

B
i i

before and after the displacement of the rings. The local deformation due to 
ball i contact is given by the difference of distance [A

i
B

i
] before and after 

i
B

i i
Z. The fol-

lowing relationship is obtained:
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iterative method. 
-
-

However, the method can be used for local behavior modeling while the 
overall behavior will be obtained using other approaches.

3.3 Method 2: 
Hybrid FEM and Analytical: Using Stiffness Matrix

The problem formulation is the same as for method 1. The contact man-
agement is done analytically. Deformations of the mechanism parts are ac-

i
 contact loads 

Before performing the overall problem-solving, it is necessary to calcu-

KU-F

-1

various unit load cases. This method was used by Zupan et al. as explained 
in paper [10], for a simple mechanism having a single bearing. With more 

calculation time and required memory space. For these reasons this method 
has not been used in the present study.
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3.4 Method 3:
Hybrid FEM and Analytical: Using Contact Code

-
tween parts. Several methods are available, but the most widely used in 

and the penalty methods. In this model, contact is modeled by applying a 
linear law and calculation is done assuming small disturbances. To obtain 

symmetrical meshing of contact zones. For the present study, an optimized 
-

mise between the quality of results and calculation time. 

Fig. 4: -

Meshing of the input mechanism of a helicopter gearbox.

-
duced for each rolling element of a bearing: A contact condition between 
a rolling element and the inner raceway and another between a rolling ele-
ment and the outer raceway. For a roller bearing having 5000 nodes and 100 
degrees of freedom of contact, good results have been obtained in terms of 
loads and displacements. However, the contact pressure results are unusable 

-

displacements of each bearing and calculating contact pressures by applying 



459

With the methodology developed, it is possible to obtain the contact pres-

of the mechanism.  This methodology can be readily implemented in a CAD 

-

and to calculate contact pressures.

3.5 Method 4: 
Hybrid FEM and Analytical: Using Rolling Elements

-

contacts between rolling elements and raceways are modeled by non linear 
beams joined to the raceways.  Problem-solving is non-linear.

Fig. 5:

mechanism of a helicopter gearbox.

Contrary to Bourdon et al., the proposed method replaces the contacts be-
tween rolling elements and raceways with linear springs directed as shown 

-
nism is linear. Spring stiffness and direction are recalculated at the end of 
each iteration. Convergence is obtained when the difference between the 

-
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derived on completion of the calculation. 
With this methodology, it is possible to obtain the contact pressures in 

mechanism. This methodology also offers the advantage of being directly 

4 Comparison Methods

In the above paragraphs, 4 methods are proposed to calculate the pressures 
exerted between rolling elements and rings. The analytical method does not 
allow for the inclusion of the mechanism structure overall deformations. This 

-

since a very large-size matrix is required for the structures treated. The third 

an analytical approach in a second step.  This method was implemented and 
-

nite elements calculation where contact is described with springs, the stiffness 
and direction of which are calculated by analytical method. This method gave 
very good results on dynamic components. In conclusion, only two methods 
meet the constraints of the aeronautic environment. 

An experiment was carried out to compare the two methods as regards the 
relative accuracy of the results obtained. First, a simple structure is assumed 

case the analytical method can also be used. This experiment compared the 
two methods developed with the analytical method used by bearing manu-

6 a. Similar values are obtained with the three methods. The difference be-
tween the maximum calculated pressures is lower than 1%. 
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Fig. 6: -

proposed methods gave similar results. The maximum variation between the 
two estimation is 3%. The difference in the distribution of the maximum 
pressures applied to the inner raceways observed in the two cases presented 

rings decreases the value of the pressure exerted on the most stressed rolling 

-
faced for the two programs to communicate. The other solution proposed is 

5 Conclusions

In this paper, a bibliographic study is offered to highlight four methods us-
able to determine the contact pressures between the rolling elements and 
raceways incorporated in an aeronautic mechanism. Two of these methods 
were deemed unsuitable for the objectives set. The two other methods were 
analyzed, improved and adapted to the aeronautical environment. Their re-
sults and their implementation in a CAD environment were compared. This 
comparison revealed the similitude of the results obtained and the perfect 

-
tive impact of the structure deformation on the contact pressure distribution 

of geometrical defects in the mechanism. This will be the subject of further 
research activities.
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Common Representation of Products and 
Services: A Necessity for Engineering Designers 
to Develop Product-Service Systems

Abstract
From a couple of years now, a new selling approach is emerging from European 
enterprises. They are now more focused on providing services rather than selling 
physical products, or on selling more added services with products. The Product-

services in which the ratio between product and services can vary to satisfy the 
customer. But the development of these new sets is almost made by developing 
scenarios of the use. The problem is to translate these scenarios into products and 
services criteria for the engineering designers. This article will present a methodol-
ogy based on Functional Analysis in order to support the development of products 
and services included in a PSS.

Keywords

characterization.

1 Context and Problematic

change or disappear, the customer discards the product. By providing the use 

needs or new needs at the right moment. It is the reason why the European 
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In that case, there is a service contract and the customer is not anymore 
the owner of the product. When he will terminate the contract with the ser-
vice provider, this service will be available for another customer or another 
application and the product won’t be discarded. These new sets of products 

could decrease the creation of waste and decrease the consumption of raw 
materials [4]. On the other hand, it will lead to the dematerialisation and 
creation of sustainable products [7]. From the engineering designer’s point 
of view, the development of these new sets of product and services will 
transform the way to design [10]. Usually, engineering designers develop 
either products or services but in the case of PSS they have to develop both 
product and services within an integrated design process [8]. But for the mo-
ment, there is no representation for these sets [9].

The main methods to develop the PSS are based on blueprint [5] and the 

create products involved in the scenario. But between the description of the 
scenario and the development of these objects there is still a gap because the 
scenario does not give criteria about the products to design. Consequently it 
is necessary to develop a methodology to support the development of PSS. 

-
tation to characterise PSS and by the way help designers during the design 
process of products and services included in the PSS.

The next section will describe the functional analysis principle, detail 
tools and concepts used for the description of PSS. A PSS example will be 

-

2 Functional Analysis of a PSS:  
the Vélo’v Example

Designers, who have to represent a product during the whole design pro-
cess, can use a functional approach and in particular Functional Analysis 
[1, 2, 3]. The Functional Analysis method considers the expression of the 
needs of the various actors of the product life cycle as essential. This method 

relations between needs and constraints, service functions, technical func-
tions and solutions, stage by stage.
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proposes to the customer several renting points where he can rent and bring 

-
tion near B. He is only charged for the time of use. The difference with a 

2.1 The External Functional Analysis for the Vélo’v Example

External functional analysis lists the services that the product has to provide 
irrespective of the means available to provide them. The product is, at this 

terms of service functions and constraints:

the product during the product life cycle;
-

tions to elements found in the outside environment.

design, which is made compulsory or forbidden for whatever reason.

external to the renting service, it is possible to detail 3 outer environments: 
the city in which the renting service is installed, the customer whom will use 
the service and the external environment of the service. This last element is 
composed of the climate and the road-user. By representing the PSS with an 

the service functions, or external functions, required by the customer.

Fig. 1:
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Before highlighting functions, it is important to characterise the outer envi-
ronment. This characterisation will help the emergence of supplementary func-
tions expected by the customer. In our case, the functions can be detailed as:
• IF1: the PSS enables the customer to move in the city. Two others adapta-

On the other hand, projects are always forced to respect some constraints. 
These constraints are available all along the development of the project and 
must be respected for each choice of solutions. Instead of indicate outer en-

constraint that must be respected during the whole design process. When a 
product is developed, the three most important constraints are cost, quality 

C1: the product must be manufactured by the current manufacturer;
C2: the costs.

It means that designers must at any time during the development consider 
those constraints. Each service function and constraint must be character-

-
ments and considers the characteristics of the action between the PSS and 
the outer environments. For example, Table 1 is the partial description of the 

In this table we have criteria about the customer and the city involved in the 

The characterisation of service functions permits to engineering designers 
to have external criteria. Those criteria are necessary to justify the technical 
solutions that will be used afterwards in the internal representation. For each 
criterion, allowance must be indicated. This allowance will allow a toler-
ance in the level for the criterion. Once all service functions are described 

necessary to achieve the external functions.
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Tab. 1: Characterisation of IF1

Criteria Level Allowance

Customer
Man or woman
Health

Etc.
City
Average temperature

Kind of surface

Etc.
To move

Average distance between places
Average time between places
Etc.

> 14 years old

French or not
Etc.

X day
Road, cobblestone, 
other
Etc.

X years

X mn
Etc.

…
…
…
Etc.

…

Etc.

…
…
Etc.

2.2 The Internal Functional Analysis for the Vélo’v Example

Internal functional analysis, or technical functional analysis, enables design-
ers to analyze the resources necessary to provide the service required, identi-

Functional Bloc Diagram. 

-

decompose these service functions into technical functions and then into 
solutions. The FAST diagram represents this decomposition.

-

technical service units will ensure the functions.
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Fig. 2: FAST diagram of interaction function 1

-
tion, both products and services appear. Physical objects are symbolized 
with rectangle, while technical services are represented with hexagon. The 
contribution of this tool is to realise the representation of physical objects 
and technical services in a same model. Until now, designers only represent 
products or technical services, but there was still a gap to represent both. 

between these technical services and products.

-
-

velopment, those components can be either product or service. It is a mean 
to consider not only functional and technical components characteristics but 
also the interaction between components and especially the main functional 
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The different components of the product and particularly, those necessary 
to the function realization;
The contacts between the components;

-
cal solutions used to assemble components or to put them in position. In 

choice including products and services.

Fig. 3:

-

-
age area and bicycle. Consequently, in this particular representation we can 

the call centre unit would give information to the maintenance service about 

IF1, this function will go from the customer to the city by passing through 
-
-

-
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selves, this is not only the component but also a global relation that realises 

DB1: ensure help to customer
DB2: ensure the availability of transportation
DB3: supply transportation
DB4: ensure smooth functioning of transportation

-

criteria for relations will be a mean for designers to integrate constraints dur-
ing the development of elements and consequently to optimized the overall 
set of product and services.

3 Conclusion and Outlooks

At present, PSS methodologies are based on describing scenarios but for 
designers there are no tools to support the development of physical products 
and technical service units included in PSS. Based on functional analysis, 
this representation enables engineering designers to represent PSS from 

elements in this representation are the criteria detailed all along the repre-
sentation. All criteria are means of discussion and implementation between 
the development of products and services.

The external representation enables the engineering designer to detail the 
functions expected by customer and external criteria. The internal represen-
tation goes deeper in the PSS solution. It enables to detail technical func-

functions are based on external criteria. Moreover, it enables to map the 
relation between components and detail once again criteria that will enable 
to develop in an integrated way products and services.

As PSS brings a new value for the customer, maybe the product involved 
in a PSS is different from a product sold to a customer. Perspectives are to 

technical solutions.
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Abstract
This paper proposes a method to deal with complex design problems typically found 
in multi-disciplinary design such as mechatronics design. First, it explains two dif-
ferent types of complexity, namely complexity by design and intrinsic complexity 
of multi-disciplinarity, typically found in mechatronics design, from the viewpoint 

types of complexity lead to undesired and unpredictable interactions that cause de-
structive decoupling of subsystems. Third, we present a technological way to detect 
such undesirable interactions at an early stage of design based on a qualitative rea-
soning technique.

Keywords
Complexity, Multi-Disciplinary Design, Qualitative Physics

1 Introduction

The complexity of product development has increased tremendously in 

technological developments, and second because products have become 
-

are involved and their roles are rapidly changing as well. These two types 
of increasing complexities, viz., product complexity and process complex-

Consequently, product development teams are under great pressure in a 
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-
uct-service systems [9]. Among others, we cannot underestimate the impact 
of the multi-disciplinary or inter-disciplinary nature of modern products, 
such as mechatronics machines, on the complexity of product development 

-

But, then, why are such multi- or inter-disciplinary product development 

-
ties of multi-disciplinary product development. Engineers and designers are 
educated and trained discipline-wise, such as mechanical engineering, elec-
tronic engineering, and software engineering. These engineers and designers, 
therefore, become domain experts, for example, mechanical engineers whose 

-

for developing multi- or interdisciplinary products such as mechatronics.
Collaboration of experts from different disciplines can bring in three 

in the process. Third, since there is no one who truly understands inter-dis-
ciplinary problems, some problems can fall into a gap between experts. This 
type of problems caused by interactions among different domains could be 

-
ated with multi- or inter-disciplinary product development. In the next 

of complexity. We then identify two different types of complexity in multi-
disciplinary problems; complexity by design and intrinsic complexity of 
multi-disciplinarity [8].

Then, we will discuss methods to manage complexity in multi-disci-
plinary product development. To do so, a mechatronics design case illus-
trates how these types of complexity lead to undesired and unpredictable

at a design using a rotary encoder. While this is a simple and commonly 
used component, it still requires good caution to use when precision re-
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extended AD to deal with complexity in design recently [7]. However, 
these methods cannot deal with cases well in which the complexity in-
creases unexpectedly during the course of design due to undesired and 
unpredictable interactions among subsystems. 

to detect those unpredictable interferences among subsystems.  We will pro-
pose a method based on Qualitative Process Theory [2].

2 Multi-Disciplinarity and Complexity

Before we discuss the relationship between multi-disciplinarity and com-
plexity, it is important to understand that even mono-disciplinary problems 
can be hard to solve. For instance, if the number of design parameter be-

linear partial differential equations [8].
Compared with simple design problems in which the classic divide-and-

conquer strategy is valid, these problems cannot be solved in a straightforward 

same and perhaps computational complexity-wise even brute-force approach-
es, such as a generate-and-test method, become prohibitive to execute.

2.2 Complex Multi-Disciplinary Problems

On the other hand, the multi-disciplinary nature of modern products exhibits 

are involved in a design problem, unless there is a uniform theory that can 

one domain. Although these theories are in principle independent from each 
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These interactions among theories indicate the existence of multi-disciplin-
ary problems. For instance, consider a design problem of an oscillating beam. 
If the amplitude of vibration is relatively small and thus the strain remains 

deformation, fatigue, hardening, and fracture. At an abstract level, this is a 
typical situation in which interferences among different physical domains be-
come non-negligible and different domain theories have to be considered.

a later stage the designer will be surprised by those hidden or neglected 
interactions between theories. Once this type of interactions is detected, 
the designer will be forced to perform undesired design changes or even 

and thus have strong cost implications.
-

sociated with multi-disciplinary from the viewpoint of relationships among 

To understand the complexity resulting from the involvement of multiple dis-

relationships among theories. Here, a theory denotes a self-contained axiom-

Two theories can have different relationships with each other. In the fol-
lowing, we will examine these situations. Two theories are in principle in-
dependent, because if not independent, that means the axioms of the two 
theories are overlapping each other. However, this is only syntactically true 
and two theories can have different types of semantic relationships.

universal gravity and three laws of motion. Knowledge of a class of me-
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-

-
sign process of gear pairs, the designer considers the numbers of teeth of a 
particular gear pair, instead of the ratio of pitch diameters, because he/she 

rotational power rather than pulleys. In other words, at the moment of the 
designation of a particular spur gear these two theories of mechanics and of 
machine elements share a common concept, i.e., a spur gear. This creates a 
connection between these two theories and because of this connection the 

Fig. 1: Two theories are independent, but share one physical object by designa-
tion in different context

We call this complexity complexity by design, because the designer chose 
a gear pair. If we chose a hydraulic solution to transform energy, different 
theories would be incorporated.

Although independent, two theories can contain the same concept as de-
picted in Fig. 2. An example is motor design in which dynamics and elec-
tromagnetics can be related with force as a sole interface parameter. These 

intrinsically, because it is 

theories. This is the case often observed in multi-disciplinary product devel-
opment and can be called intrinsic complexity of multi-disciplinarity.
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Fig. 2: Two theories share a physical concept

There can be special cases of Fig. 2. For example, elasticity theory and 
plasticity theory share some portion, but they differ in their applicable rang-
es. Elasticity theory is valid under a condition that the deformation is rela-
tively small and there is a linear relationship between load and elongation, 
whereas plasticity theory is applicable when such a linear relationship does 

-
-

Intrinsic complexity of multi-disciplinarity happens regardless of the 
choice of design object, whereas complexity by design happens only when 
designed in that way. In other words, complexity by design may have a way 
to avoid. In contrast, intrinsic complexity of multi-disciplinarity cannot be 
avoided because physics dictates in that way.

3 Design in a Multi-Disciplinary Domain

In this section, we illustrate a design case in which its multi-disciplinary 
causes undesired and unpredictable couplings among design parameters 
or phenomena, although multi-disciplinarity itself is useful to achieve 
superior functionalities. 

Fig. 3 shows a rotary encoder used very frequently in mechatronics ma-
-

tion, an encoder with appropriate accuracy has to be selected. Although this 
seems trivial and easy to do, it can fail due to unpredictable coupling with 
other elements. 



479Tomiyama, D’Amelio

Fig. 3: Rotary encoder

For instance, an encoder is mounted on a shaft to control the angular speed 
of the shaft. This connection between the encoder and the shaft is necessary 
for the encoder to perform its function and is predictable and desired. We 
can call this a constructive coupling. The encoder contains a photo-detector 
that collects and transforms angular information into a signal. This connec-
tion with the photo-detector is a constructive coupling, too. The encoder is 
the interface between shaft and software to obtain the position information 
of the shaft and to control the shaft rotation. 

In a real physical system, however, the eccentricity of the shaft is unavoid-
able and behaviors resulting from the eccentricity can disturb other parts of 
the system. The eccentricity provides periodic errors that will probably have 
the sinusoidal shape and a repetition of the fault every period. If there is a 
repetition of errors, we can in some way predict the error and compensate 
the transmitted information.

Although it might lead to a destructive coupling, the eccentricity of the 
shaft is undesired but predictable, because a good designer can predict it 

-
ity problem happens due to the design choice, therefore is a good example 
of complexity by design. Other examples of those undesired but predictable 
problems that the designer may face during the design involving rotary en-
coders include tilted axis rotation, radial deviation of the bearing, torsional

However, there is another type of troubles that cannot be solved easily. 
Suppose there is another component that operates at the same frequency of the 
error generated by the eccentricity. There can be interference between the two 

provided by the encoder can become incorrect. Even if the eccentricity’s error 
remains acceptable, this new situation leads to a destructive coupling.
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One solution for this problem could be to change the frequency of one of 
the two subsystems, but this may result in other problems and cause a chain 

both of the solutions result in major design changes at the conceptual level 
that can mean extra costs and delay of the project.

4 Design Interference Detector

Technological methods should be developed to manage the two types of 
design complexity, viz., complexity by design and intrinsic complexity 
of multi-disciplinarity.

One reason for intrinsic complexity of multi-disciplinarity
-

ary problems as a whole. An obvious, straightforward approach is to estab-

-
ships among various theories. Such ontological descriptions about a theory 
will help to identify conditions in which the theory is valid and interfaces 

through ontological integration [9, 10, 13].
On the other hand, since complexity by design is caused by design choices, 

there is not really a good theoretical counter measure that can be prepared 
to help solve the problem.

later stage of design, it might be useful to develop a design interference de-
tector. This system can be a qualitative physics based reasoning system [11], 

envisions possible interactions among employed theories caused by com-
plexity by design or intrinsic complexity of multi-disciplinarity. An early 
attempt can be found in [3, 4].

about physical world, viz., individuals for physical entities and processes
for physical phenomena. A process can include such prerequisites for the 

of certain individuals, and activation of certain processes. Individuals have 
such parameters as weight, pressure, etc. Triggering a process can change 

-
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sible. Second, we develop a reasoning system to envision possible physical 
phenomena that can happen to design objects.

-
cial for the system to prioritize reasoning results. For instance, it may reason 

mass. It also reasons out that anything that receives force can deforms and 
depending on the material property, the deformation could be, for example, 

part of this story is that the system even warns with a scenario that there is 
a possibility that the machine can be destroyed by its weight, which usually
doesn’t happen. Using a qualitative reasoning system requires to remove such 

5 Conclusions

multi- or inter-disciplinary product development.

discussed two different types of complexity in multi-disciplinary problems; 
complexity by design and intrinsic complexity of multi-disciplinarity. The 
former basically comes from a design choice made by the designer and trig-
gers hidden interactions among different domains. By doing so, an undesired 

-
-

the latter is intrinsic and cannot be avoided by simple design changes, thus 

-
ample, we illustrated a mechatronics design case that exhibits undesired and 
unpredictable interactions among subsystems. They are mostly resulting 
from complexity by design but can cause destructive decoupling of subsys-

such design interferences based on Qualitative Process Theory at an early 
stage of design. Although the system is yet to be developed, this approach 
seems feasible and promising.
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Synthesis Tools Project in which this research was conducted.
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Abstract
Although Mixed-Model assembly lines have a number of advantages over Single-

-

the models assembled in the line. This research has adopted a new approach to cope 
with the above disadvantages in which the models are clustered into several as-
sembly lines. The research presents a Model Partitioning and Clustering Algorithm 

-
cordingly to different parallel assembly lines. Empirical analysis shows that the 

line, which assembles all the models simultaneously. 

Keywords

Assembly lines, which are used to perform massive assembly operations, have 

-
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A factory that mass produces several similar products usually will oper-

proportion to demand to avoid producing products in batches. Compared to 
MM lines, batch production suffers from large inventories, costs of transfer 

-

-
ers because of differences in model characteristics. Thus, MM lines suffer 

-

demand, or when many dissimilar models are assembled on the same MM 

offers two main solutions for dealing with these problems. One is to open 

necessarily solves these problems, since each line still assembles the same 
number of different models. Another alternative is to assemble the products 

station and thus reducing the advantages of using assembly lines. 
Another improved approach is to assign models to different parallel lines. 

assembly operations. The effort in the current study was focused on the 
problem of designing such an assembly system, that is, on determining the 

-
lem, in which K models must be partitioned into M assembly lines and the 

with closed stations, which, in contrast to open stations, do not allow every 
model to exceed the cycle time. 

costs, including balance delay, sequence delay and learning costs. According 
to his algorithm, models are assigned to lines using a greedy heuristic, un-
der the constraints of required number of lines and limited line capacity.  

-
tion processes only and not for assembly processes. 
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2 Methodology

To solve the above problem, we have developed a Models Partitioning and 
-

their characteristics, and then clustering the models into lines based on their 
similarity. Prior to these two main steps, the problem data is initialized. 

2.1 Initializing Problem Data 

The input data is in the form of a precedence diagram that determines the 
m x n 

m is the 
number of models and n
the daily demands of the models. 
1. Creating Precedence Matrix Pnxn.  Matrix P transforms the precedence 

ij

1, and with 0 otherwise. In many practical problems, this matrix is given 
instead of the precedence diagram, so this step can be omitted. 

2. Creating Full Precedence Matrix P’nxn.  Matrix P’ presents all prece-
dence relations, immediate and derived. This matrix is built iteratively 

-

2.2 Calculating Distance Matrix 

In calculating the distance matrix, four variables are considered: precedence 
-

termine cycle times. Each of these four variables is analyzed independently, 

by distance 0 and perfect dissimilarity by distance 1. 
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To calculate Precedence Constraint distances, the term ‘Time window’ is 

percentage of the time windows determines the similarity between a pair of 
models. As the overlapping percentage grows bigger, the ability to balance 
the line successfully improves, as does the quality of the balance. The steps 
of this process are presented below. 
1. Calculating the Beginning Time of Time Windows.  The beginning of 

-

mxn
 presents the beginning time of the time 

windows for all models. This matrix is shown in Equation 1.

2. Calculating the Ending Time of Time Windows.  The ending point of a 

mxn
 presents the ending time of 

time windows for all models. This matrix is calculated in Equation 2.

3. Calculating Overlapping Percentages.  The distance between two time 
windows is determined as the overlapping percentage between them. This 
percentage is the proportion between the total overlapping time and the 
time period contains both time windows. Figure 1 presents the four ele-
mentary overlapping scenarios, and Equation 3 shows the relevant calcu-
lation for the overlapping percentage. 

last case indicates a clear mismatch between the models, since it clearly 
proves a certain delay from one model to the other. 

This proportion is calculated between each pair of models and for every 
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4. Calculating Distances. 
matrix Dg. First, out of ‘d’ values, calculated as presented in Step 3, the 

d
distance between a pair of models is calculated by applying the Euclidean 
Metric on the relevant S vector, as shown in Equation 4. 

and normalizing the values to scale [0,1]. The results are then shown in a 
t.

-
ences between the values of vector T. The results after normalization are 

wc.

Fig. 1: Overlapping Scenarios

The last parameter considered is daily demand, which is proportional to the 
cycle time. This parameter is used in order to prevent line overload, thus 

The distance, calculated in Equation 5, is determined by mathematical de-
velopment of the differences between the boundaries of the optimal number 
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of stations for each model: 

This process yields the distance matrix Dn. 

The previous step results in four distance matrixes, each of which provides 
information about the differences between the models. These four matrices 
are combined into a single global matrix, to be used during the clustering 
process by calculating a weighted average for each of the corresponding 
values in the matrices, as shown in Equation 6.

The value of b is set as the minimal value of the averages of the distance 
matrices of Dg, Dt, Dwc and Dn -
tablished weights. Clearly, a different choice of weights results in different 
distances. Therefore, different sets of weights should be examined in order to 
choose the set that achieves the best solution. This step can be thought of as 
a supervision procedure in the Unsupervised Clustering problem. Although 

algorithm, that is, its generic character or its ability to deal with problems 
having different characteristics. 

2.3 Clustering Models into Lines 

Clustering is achieved using matrix D above and then applying an agglomer-
ative hierarchal algorithm. Hierarchal methods are among the best heuristics 

-

each containing a single model, and continues by serially joining two clus-
ters in each step, resulting in the smallest increase in the value of Related 
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Hence, the addition to J
e
 is equal to the sum of square distances between 

each pair of models of the two groups, as calculated in Equation 8.

Dendrogram. The clustering procedure ends with the formation of a den-
drogram, which presents the clustering process and the values of Related
Variance Criteria in the form of a tree. The diagram shows which models 

matches the Single Model case and where the last level matches the pure 

which the models are divided. 

Fig. 2: Dendrogram

2.4 Assembly Line Balancing 

into stations. This is accomplished by balancing the lines obtained by the 
MPCA. In each step of the agglomerative hierarchal algorithm, each line is 
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balanced using a line balancing algorithm. The total number of lines to be 

minimal number of stations is chosen. 

3 Conclusion

Assigning homogeneous models to parallel assembly lines can improve line 

planning and designing an assembly system. Other organizational approach-

that while the last three approaches involve a rigid planning methodology, 
-

-
cially MM and SM lines. 

Clearly, the best way to plan an assembly system with parallel lines would 

Yet, it is even clearer that this type of solution is impractical. For this rea-
son, we have developed the Models Partitioning and Clustering Algorithm 

good estimation of the similarity between models and presents a simple and 
clear view of the ability to balance models in the same line, as our empirical 
experiment proves. This empirical experiment to test MPCA performance 
was divided to four parts: 

Examining the performance of the algorithm’s two main parts, Distance
Calculation and Clustering Process. The analysis results show an 80% 
success rate in classifying distance correctly, and a 90% success rate for 

-
ding to family relations shows that MPCA performance was superior. 

-
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Tab. 1: Organizational Methods – Comparison

Advantages Disadvantages

Parallel
Reduced inventories 

Flexibility in meeting de-
mands

Complex production planning 

High primary investment 

Mixed-Model

Reduced inventories 

models
Flexibility in meeting de-
mands

Increased assembly complex-
ity

Greater training time for 

Single-Model
Increased equipment ef-

Improved learning 

to limited occupation 

Batch
Simple production plan-

Increased equipment ef-

Reduced costs due to focus 
of resources and aim 

High inventories 

changing customer demands 

Although the last result is fairly trivial since every disjoint of a model 
from a MM line decreases the number of constraints in the problem, it is still 
very important since it proves that MPCA provides a platform to achieve 

optimal or heuristic. Thus, it is an important tool for optimally planning an 
assembly system that assembles several models. 
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Abstract

the parameters’ adjustment and the outputs’ changes analysis are mostly done by 
considering only one factor at a time instead of considering the interaction between 
many possible interrelated factors. In order to improve this condition, this paper 
presents the application of a statistical design of experiment for analysing and opti-
mising process outputs. The main objective of this method is to obtain outputs at or 
near desired targets and to minimise output variability by employing the desirability 
functions.

Keywords
Design of Experiment, Product Development Process, Process Analysis, Process 
Optimisation

1 Introduction

Many enterprises realise their necessities in optimising their development 

process’ performances with the customer requirements in terms of four main 
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They have to assess their process outputs during the planning of the design 
process chain, because a success of this step will consequently translate into 
the success of the product development as a whole. Such assessment of pro-

-
equate to optimise the outputs of the design processes. Both quantitative 
and qualitative analyses are needed to be employed in order to analyse the 
empirical data of design processes. The source of data for this exercise can 
be derived from either the experiments of real processes or the experiments 
of a process simulation. To date, the quantitative analysis of product devel-

-
out any well-planned experiments. Such assessment will not lead to process 
optimisation because both parameters’ adjustment and analysis of outputs’ 
changes are mostly done by considering only one factor instead of consid-
ering the interaction between many possible factors. By implementing this 

-
eters’ combination. Furthermore, the optimisation is usually performed only 

analysis normally does not focus on the targeted adjustments of parameters 
for the improvement of outputs. This approach subsequently results in the 
increase of number of experiments which leads to the increase of time and 
money spent on the project. 

In order to improve this condition, this paper presents the use of statis-
tical design of experiment for analysing and optimising the development 
processes. In this context, the response surface methodology is being used 

operating conditions for the simulation scenario. The main objective of this 
method is to obtain outputs at or near desired targets and to minimise output 
variability. For this purpose, the desirability functions are used to assess how 
close the responses are to their targets. In addition, the expected loss of the 
desirability function, which is derived from Taguchi loss function, is used 
to determine small variability. Finally, the sensitivity analysis is also per-

the impacts given by the factors involved and their interactions within the 

prioritisations to develop optimal strategies for optimising the processes. 
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2 Design of Experiments (DOE)

2.1 Introduction to DOE

procedure in experiments planning so that the data obtained can be analysed 
to yield valid and objective conclusions [12]. In this context, one or more in-

on an optimal value can be achieved. There are several steps that have to be 

Statistical design of experiment has been commonly used for optimis-
ing product and software design as well as product and process reliabilities 
in the industrial practices [5]. Unfortunately, its deployment for quantita-
tive analysis and optimisation of product development processes is not as 

implementation has already been carried out by Aas and Steen in order to 
optimise the processes in terms of the design quality [1]. Furthermore, it is 
very challenging to deploy the method of DOE in optimising the design pro-

used in designing the experiments.

2.2 Response Surface Methodology

and statistical techniques useful for analysing models which describe the 
behaviour of a response variable to a set of input variables, and following 
the goal of optimising this response [11]. Furthermore, RSM could also 
be applied to the simulated optimisation of multiple response variables 
by grid searching the responses to identify regions where overall perfor-
mance was considered to be optimum [1].

In most optimisation problems, the function of the relationship between 
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-
mental design can be conducted here in order to collect the data and design 

-
proximation function can be estimated most effectively. By performing this, 
the RSM can determine the optimum operating conditions for the system or 

Basically, the response surface design can be divided into two categories: 

Due to the structure of the design experiments, the CCD has a better pre-

CCD is performed in the form of the central composite face centred design 

the response surface of the objective of the process optimisation.

2.3 Desirability Function

optimised.On the other hand, in the context of the optimisation of product 
development processes which consist of multiple objectives, it is quite im-

-
-

tory for all responses. For this purpose, the desirability function approach 
is commonly employed. This approach had been introduced by Harrington 
[6] and further developed by Derriger and Suich [4]. The desirability func-
tion is a scale measurement to determine how close a response value is to a 
target over a range of acceptable response values. In other words, a process 
with multiple objectives that has one of them outside of the target limits is 
completely unacceptable. Depending on whether a particular response is to 
be maximised, minimised, or assigned a target value, different desirability 
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If there are a number of responses, Y1, Y1,..., Yq, each with respective de-

1 2 q

i that is :

If at least one of the responses is not within its acceptable region, then  

of the inputs that maximise the value of D. Maximisation of D would be ap-

2.4 Taguchi Loss Function

It has been described earlier that the maximisation of D would be appropri-

randomly, and this condition causes the actual responses to be random vari-
ables and the desirability will vary randomly. In order to reduce the variance 
of the responses, Taguchi introduces a loss function method that expresses 

loss is described as a function of the distance between a random variable of 
 [14]:

The expected or average value of the desirability loss function at a spe-

D has to be close 
2

D has to be small. The yield at a nominal point x can be seen 
as the probability that all responses are in regions of acceptable values [3]. 
In other word, the overall desirability D0 i are acceptable and  
D0 -
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D0 0

3 Process Analysis and Optimisation

3.1 Optimisation Strategy

The methodologies of the design of experiment described in chapter DOE 
are applied in order to optimise the development processes of automated air 
conditioning trainer system. According to the design of experiment method-
ology explained earlier, the optimisation strategy begins with setting up the 
objectives of the process. In general, the objectives are to optimise the product 
development processes by minimizing the time and cost associated with the 
development process. Following that, the essential input variables as well as 
the adjustment levels are determined in order to achieve the targeted respons-
es. The input variables are the process structure, the iteration probabilities 
of development activity, the process time of development activity, and the 
number of resources where three adjustment levels are set for each input vari-
able. Based on this information, the CCF experiment design is selected. To 
simulate the model, the modelling and simulation tool DimSiMP (Distributed 
Modeling and Simulation of Mechatronical Product Development Processes)

design experiments are carried out in the simulation model. Finally, the simu-
lation results are analysed in term of their sensitivities with the help of the 
statistic software JMP SAS [8]. Based on the analysis done the 
optimum conditions of the process are retrieved.

The experiments or scenarios can be easily built in the simulation model 
by means of the simulation system DimSiMP where each model element can 
be set as a factor with a certain adjustment level. These factors can directly 
manage the adjustment levels in the simulation model. For this purpose, 
there are 27 scenarios consisting of 3 experiments representing the centre 
points, 4 parameters and 3 levels for each parameter. Corresponding to the 
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results in mean value and standard deviation for the total development time, 
the development costs as well as the desirability value.

After the target value of the development time and costs as well as the 
upper limit of both responses are set, the results show that scenario with the 

the optimal results in terms of the total desirability value for the exponent of 

This result also means that 80% of the response values of this scenario can 
achieve the target value of both the development time and cost with the vari-
ance of the development time for 5 days and of the development costs for 
15000 Euros. By adjusting the upper limit of both responses, the developer 

are robust for any number of variances.

3.2 Sensitivity Analysis

whether the model is reasonable or not. Table 1 shows the variance analysis 
results which compare the variability of the predicted model with the error. 

Tab. 1:

Source DF Sum of Squares Mean Square F Ratio

Model 14 1.7201860 0.122870 29.8007

Error 12 0.0494769 0.004123 Prob > F

C. Total 26 1.7696630

DF Degree of Freedom, Sum of Squares the variability measured in the 
response, Mean Square a sum of squares divided by its associated DF. From 
this table it can be seen that the F-ratio is bigger than the mean square which 

probability of the greater F
 which means that the hypothesis 

is a sound base of argument to say that the model is reasonable and valid, 
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R-square adjusted of 0.93.

Fig. 1:

This numbers denote that the amount of reduction in the variability of re-
sponse obtained by using regressor variables is about 97 % and it is about 

the sensitivity analysis is carried out in order to assess which input variables 
are the important factors in affecting the variability of each response as well as 
the overall desirability function. Additionally, this information is also useful in 
understanding which inputs are the limiting factors in the response variability 
and which efforts should be carried out in reducing the variability. By carry-
ing out the t-test which compares the estimate value of each factor with its 
associated standard deviation to result in the t
be determined. Those are the process lead time, the resource number and the 

t-ratio. 
t-ratio than 0.05 

out for validating the model, the modeller can interpret the model by plotting 
the response surface for respective objective. Fig. 1 presents that the optimal 
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in the simulation project methodology in order to optimise the product de-

-
-

ried out by deploying the desirability function. The desirability function 
-

suring how close both response values are to a target over a range of accept-
able response values. In combination with the Taguchi loss function, a mod-
eller can determine the desirability expected loss value of each deviation of 
the response values from the target value. By determining the desirability 

conditions that can satisfy the target value of both responses simultaneously. 
Subsequently, the sensitivity analyses are conducted to validate the simula-

example, the methodologies are applied to optimise the product develop-
ment processes of the automated air conditioning trainer system. The results 
of the process optimisation have been recommended to be implemented to 
the real processes at one Mechatronic Company in Indonesia.

In the context of the distributed development processes, the methodolo-
gies can also be applied to each development partner. Each partner can 
achieve the optimisation of his development processes and integrate its 

supply contract [7], so that the total optimisation of product development 
processes can be achieved. 

-
nancing the research training groups ‘Stochastic Modelling and Quantitative 

-Ing. J. Herrmann from the Department of Quality Science, Institute of 
Machine Tools and Factory Management, Technical University of Berlin for 
the advisory service.



502 Product Design

References

Experiments. IEEE Design and Test of Computers, vol 11, Issue 11, pp 27-37

optimization techniques for integrated-circuit design. In: Proceedings of 
IEEE, vol 69, pp 1334-1362

Reliability and to Achieve Robust Reliability. IEEE Transactions on 

Kolloquium, Berlin, Germany, pp 157-166

for Product Development, pp 69-79

Distributed Development Processes of Mechatronic Products by Means 
th CIRP International Design Seminar, 

th edn. Wiley 

of statistical design and response surface methods to computer-aided 



PLM Services in Practice

Abstract
The paper presents recent developments in product data modelling technology and 
their application in integration products for composing valuable software assets in 

-
uation of dissemination results within a business critical OEM-supplier relationship 
scenario realized with best of breed software components – IBM Process Server and 
PROSTEP OpenPDM integration suite.

Keywords

Management, Service Oriented Architecture

1 Introduction

The long term success of the manufacturing industry depends on its ability 
to reduce development cycles and development costs by sharing expensive 
engineering capabilities, streamlining processes, avoiding time consum-

-

partnerships with selected and specialized system developers, to share the 

number of development cycles with second- and third-tier suppliers at the 

a suitable IT infrastructure, e.g. development process supported by highly 
-

tions on open and standardized IT systems to safeguard investments and to 



504

which outnumbers the lifespan of both hardware and software compo-
nents. This requires the alignment of the IT services with the development 
processes themselves instead of implementing isolated software systems. 
This becomes most effective if IT drives the development of business pro-
cesses. One approach to meet this challenge is the implementation of a 

of an enterprise by orchestrating business processes mapped to potentially 
standardized services and components. Essential artefacts of a SOA are 
services, service repository and a enterprise service bus.

The paper presents an approach based on standardized components to 

product development scenarios. 

2 OMG PLM Services

with a STEP data model – thus providing both syntax and semantics in 

to the data model of Conformance Class 21 of the 3rd maintenance version 
of STEP AP214 [3]. It encourages the re-use of WebServices standards 

support cross-domain, cross-system and cross-technology collaboration. 

implementation but allow by design interoperable implementations on dif-
ferent platforms and with different programming paradigms.

-
-

sign in context, product data visualization, and others. Their latest version is 
extended to support message oriented communication patterns and to real-

recommendation [11].
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The informational viewpoint is structured according to the units of func-

functionality in the original STEP application protocol comprise unique par-

-

Fig. 1:

their impact on instances of subsets of the informational model. The func-

use cases. The use cases realize requirements from the chosen aspects of the 
-

layered conformance points of the computational viewpoint.
Based on a generic queries conformance point specialized queries for 

-

approaches. A more general point of view to support service oriented ap-

both domains, PDTnet [7] and ECM [11], respectively.
-

-
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driven architecture of the OMG interoperable implementations supporting 
WebServices and document related scenarios are paralleled by more con-
ventional approaches with programming language paradigms, e.g. Corba [1] 

3 Technical Solution

3.1 Integration and Service Oriented Architectures

main architectural constructs: a common data model; a common invoca-
tion model; and service choreography. The common data model refers to 
the consistent use of attributes and methods to describe objects that will be 
exchanged. The common invocation model refers to how objects will be im-
ported and exported. And service choreography refers to how multiple ser-
vices are orchestrated into business processes. In support of these constructs 
are services that simplify integration such as data mapping and translation.

-
ronment that supports all of the above. Of particular interest is a common 

-
ments. As an example, when integrating PDM applications, the standard data 
model would support a data superset of the implemented proprietary solution, 
including all attributes necessary for each of the applications. From this su-

associated GBOs are re-usable, and over time, could serve as a standard for 
integrating the PDM applications.

The service choreography construct orchestrates the order in which servic-

request for a service is sent through a connector to or from an application. The 

-

In the case of PDM applications, a typical request would be to CreatePart, 
UpdatePart or ReleasePart. Requests realized as services access one or mul-
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-

to the data model mapping, in general or specialized for the chosen method.
The application context of a process server provides quality of services 

-

own, and it can be re-used. A hierarchy of services may be orchestrated by 

Fig. 2:

Typically when integrating different PDM applications, the interfaces of 

between the systems, a solution can be to provide data mappings from and 
-

tiple point-to-point integrations. This way is very cost-intensive, especially 
when integrating new applications where mappings have to be provided to 
and from all other applications. The number of point-to-point integrations 
explodes with the addition of new applications.
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one data superset to which the ASBO’s could be mapped, eliminating the 
need for point-to-point integration. Such a superset would be provided by a 

point-to-point mappings is eliminated and the integration scenario becomes 
scalable and manageable.

3.3 PROSTEP OpenPDM and SOA Integration

In the context of PDM integration, considerable time and effort could be 
saved if the three SOA architectural constructs were available in advance 
of the integration. If a standardized data model existed that provided the 
data superset necessary to create the GBO’s for all PDM applications, then 
little additional effort would be required to identify and create this superset. 
If a standardized invocation model existed for the most commonly used 
PDM applications, then little additional effort would be required to identify 
and acquire the connectors. Furthermore, it would be incumbent upon the 

to the latest versions of the PDM applications and to the data superset. And 
lastly, if a set of standardized set of business process models existed, then 
little additional effort would be required to apply and tailor these models 

OpenPDM provides two of these constructs for SOA integration of PDM 
applications: the components for the invocation, namely the PDM connec-

-
ates between the GBO and the ASBO and maps generalized functionality 

suitable proprietary internal API functions.
Interesting enough, the GBO approach allows generalized process orches-

tration as well. The overall architecture with one or multiple PDM data sources 
integrated is illustrated in Fig. 3. The process may be modeled independently 
from the underlying custom PDM model. This allows seamless replacement 

the enterprise – optimization of the business processes as a result of monitor-
-

cesses become a separately manageable asset as part of a SOA.
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Fig. 3: Data mediation for integrating a PDM system into a business process

4 General Cost Comparison

4.1 Cost of Developing and Maintaining Connectors 

-

provided by the OpenPDM solution suite. 
If an enterprise were to have implemented the off-the-shelf standard con-

-
enced the following:
• Effort for provision of base connectivity to WPS – no effort
• Effort for customization to its environment –

• Annual effort for maintenance and new versions – no person days.
-
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If the enterprise were to have created these connectors from scratch, it 
would have experienced the following:

-

Standard PDM connectors are maintained as products. An independent 
-

nectors. In case of new PDM application releases, the PDM connectors are 

-
-

tems, but typically involves some months of effort. This includes analysis, 
concept, implementation and quality assurance. 

In the case of using WPS alone, the connectors would either be provided 

of connectors to product release cycles is problematic. Developing a con-
nector from scratch typically requires one or more man-years of effort plus 
additional effort for testing.

4.2 Cost of Developing and Maintaining
Non-standard Data Formats

In solutions built on WPS, a facility that generates GBO is needed. A stan-
dard connector based SOA provides this facility with its PDM connectors. 

number of projects based on the equivalent STEP AP214 data model.
In case of an implementation without standard based connectors, this GBO 

layer has to be implemented from scratch. A data model for the GBOs has to be 
-

survey all the requirements that are caused by a PDM integration project.
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4.3 Cost of Implementation 

The efforts to spend in case of the COTS based implementation based on 
WebSphere Process Server and OpenPDM are:
• Installation and customizing of WebSphere Process Server and standard 

PDM connectors

• Customization of OpenPDM mappings to the proprietary data models
• Testing

An implementation based on classic WebSphere Process Server and hand-

• Installation and customizing of WebSphere Process Server

• Implementation of the business process using J2EE
• Testing

5 Conclusion

-

in a heterogeneous environment. WebSphere Process Server and OpenPDM 
together form a basic solution platform for a SOA targeting at the resolution 

services provided by the standard J2EE application platform in development, 
and even more important, in operation and management are essential features 
to guarantee the success of an integration and migration project.

6 Disclaimer
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Composite Applications Enabling Product 
Data Management Applying SOA Principles 

avanion GmbH, Berlin, Germany

Abstract

-
dous costs which will increase during the ongoing development process. Surveying 
and evaluating the product attributes as early as possible will not only save costly 
changes, it will help to improve the product quality right from the beginning. This 
paper describes the development of composite applications for the company-wide 
management of product data during the whole product life-cycle applying the SOA 
principles. Furthermore this paper points out, how SOA principles contribute to the 
factorization of the software development process.

Keywords
Service oriented architecture, product data processing, product development

1 Introduction

-
quirements of the software users. The SOA environment replaces the mono-

on the underlying platform implementation. SOA also aims at the support of 
complex business processes. SOA is often based on web service standards 

should be regarded as technology independent.
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for SOA [1]: Service Oriented Architecture is an architectural style for a com-
munity of providers and consumers of services to achieve mutual value, that

co-dependence or technology dependence
• Allows a variety of technologies to used to facilitate interactions within 

the community

must adhere in order to participate in the community Provides for busi-
ness value and business processes to be realized by the community

SOA aims at the combination and coupling of services of different abstrac-

reusable artifacts, providing added value [2]. A service comprises the techni-
cal content representing the business process, which provides the software 

can be mapped on technologies as web services or CORBA. The technical 

cases, activity diagrams and sequences of business processes as well as the 
modeling of dependencies of data. Furthermore this technical content can be 
enhanced with roles and rights concepts as well as transaction mechanisms 

Therefore SOA is suitable for Enterprise Integration Application projects, 
-

business processes represented by the service is achieved with a higher imple-
mentation effort of the business logic of the services in the beginning. 

As in companies a heterogeneous software landscape is existing, a new in-

covering the user’s needs, applying SOA for the integration. A composite ap-
plication can be regarded as a collection of existing and independently devel-
oped applications provided with a new business logic. Brought together, it can 
be perfectly aligned to a business process.
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2 Building up Services

2.1 General Requirements

by the aspect of integration. Building a new software applying modern tools 
-

views on the information. Therefore the decisions for software architectures 

the degree of integration. The analysis of the business process for weight 
-
-

has to be managed. Beside of the weights, relevant information about the 

the related information about the responsible contact persons in numerous 

of this information is already available in third party systems and legacy 

this transparency, it is agreed to refer to standardized tools and methods. 

2.2 Analysis of the Business Process

The business process was analyzed applying the event-driven-process 

party and legacy systems as well as the dependencies have been retrieved. 

departments involved in the product development process have been de-

-
mation comprises all weight data related to the product structure and single 
parts of the product. The product structure can be related to the organiza-
tional data, which is not limited to the departments of a brand, it can also 
comprise the whole company as well competitors.
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A detailed description of the business process and the process steps de-
pending on internal and external events is provided by use cases, activity di-
agrams and sequences as well as the data, structured in a data model. These 
descriptions serve also as functional requirements of the application and 

behaviour, rights and roles concepts, and constraints. Furthermore a detailed 
description of the graphical user interface was built up to achieve an opti-

-
ments of these services. Furthermore a detailed description of the graphical 

The analysis of the business process and the intensive dialogues with all de-
partments involved, revealed the psychological component of this IT topic: 

-
gether with the end users to achieve an agreed process and accepted respon-

content in the new application. Furthermore the creation of a GUI prototype 

with the software project will increase as soon as they are involved in the 
design of the user interface. On the implementers side, it helps to have a de-

psychological component is often neglected in IT projects, but the impact of 

contributes its service to this architecture, the software system is no longer 

-
plication does not only combines and replaces a few old solutions, it will be 
more: an integrated platform for several services. 
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3 Implementation of the Weight Tracing Service

On the realization level the platform independent model can be transformed 
-

in this case, the implementation was based on IBM WebSphere. The low-
est layer of a SOA component are the data services, the data base applied is 
Oracle 10i. The persistence and the O/R mapping of the data access objects 

bean and message-driven-bean are part of the EJB container. The client can 

to a high extend.

Fig. 1: Architecture of the weight monitoring system in compliance with SOA 
principles
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The weight tracing application allows different users to create, edit and 
delete information concerning vehicle weights depending on their rights and 
rolls. Weights can be either retrieved from legacy systems or they can be 

-
nizational unit. The origin of the weight information can be either the real 
weight of existing parts, a target weight which shall be achieved or a calcu-
lated weight, which is provided by the CAD system.

The weight information can be calculated and compared for different ve-

be coupé, sedan or station wagon for the automotive branch, the service can 

on the overall weight and the center of gravity can be examined. Weights can 

cabin layouts of an aircraft. During the development process, the resulting 
weight calculations will get more and more exact, missing data can be com-

at an early stage. These actions can be proposals to change positions or mate-
rial of components or others to reduce the weight of parts and assemblies. The 
changes of material or even the position of parts and assemblies can implicate 
a change of costs for example due to a more complex and time consuming as-

The structured information of all brands within a company, the type series 

solutions already made and to reduce the number of variants and to increase 
the number of parts already used in other vehicle projects. Experiences to 
solve problems within different type series can be transferred and parts can 
be exchanged between type series even if they belong to different brands. 

is e.g. a report system, which creates standard reports for management sum-
maries to give an overview of the actual state of the vehicle development or 
services managing costs. Furthermore services for the management of the 
weight information will use the data base in order to predict product attri-
butes as fuel consumption as early as possible.
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Fig. 2: Structure of vehicle and organizational information

standards and principles of SOA: developing software is no longer limited 
to small teams or individuals, there is an ongoing change towards manu-
facturing, reusing components created by a large number of suppliers. The 

to automate the software life cycle [3]. Modern development methods aim 
at an optimization of change and not complexity, providing reusable content 

component of everyday life [4]. Software factories are development envi-

assets, including models and models driven tools also comprising templates 
and utilities, development processes and implementation components, pat-

modular services, integrated in a standardized environment, SOA enables 
the tayloristic and rapid implementation of new services. The implemen-

industrial processes of manufacturing industries as the automotive industry. 
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The implementation of software in distributed companies and the realization 
of offshore projects are enabled, providing new cost advantages. The focus 

of the business processes.

5 Conclusion

a service oriented architecture. The careful and profound examination and 

process, responsibilities, the implementation and acceptance of the software. 
The business process was transformed from an isolated process into a shared 
service which is easy to maintain and which is available for all users. Future 
integration of other services or legacy systems can be achieved at lower costs, 
avoiding the complexity of point-to-point integrations. The database can be 
used by other services and other departments, creating new views on the data, 
according to their rights and rolls. All relevant data is now available for all 
users and contact persons of the development departments during the whole 

-
en at an early stage which will avoid tremendous costs for changes in the late 
design process. Furthermore, the application of standards and standardized 
software architectures enables the rapid development of new services, which 
is similar to the production processes of the manufacturing industry.
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A Holistic, Methodical Approach to Evaluate 
the PDMS-capability of Companies
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Abstract

often fails because of false expectations within the companies and inadequate 
preconditions. Regarding the current enterprise capability for the deployment of 
PDMS, the need for a methodical evaluation occurs. This PDMS-capability is de-

several grades of maturity. The evaluation itself is conducted using the so called 
-
-

ment procedures. The methodical approach for rating enterprises concerning their 
PDMS-capability as well as the CSC is content of this paper. 

Keywords

1 Introduction

Many companies are evaluating the usability and potentials of Product Data 

Also, innovations have to be enabled and the value-added chain from the 

a development project environment, which is becoming increasingly co-
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operative and virtual. An integrative solution for these topics is the usage 
of the PDM technology. The main question is whether or not a company is 

and afterwards.
Therefore, a measurement system is necessary. By this, the current state 

-
pared to the desired state on a strategic and an operative level. Room for 

derived. By this procedure the basis is set for a continuous PDMS control-

Today, such a holistic approach for industrial application does not exist. 

The following requirements for a PDMS-implemenation are mostly iden-

• an explicit consideration of strategic and operational business objectives 
aspired by introducing a PDMS;

• a methodical proceeding regardless the system itself, providing concrete 
instructions for each phase of the project;

• a proceeding for evaluating the current PDMS-capability as preparational 
part of project planning prior to the actual implementation;

• suggestions for the enhancement of the PDMS-capability;
• a target oriented controlling throughout the whole PDMS-project.

-
thodical approach has to be adaptable to additional process modules, which 
might be derived from the strategic management Business
Process Reengineering

Medium-sized companies are demanding dedicated information concern-
ing their actual ability for an effective application of PDMS. On the one 
hand the decision for introducing such a cost-intensive system should be 

The current stage of a company’s ability for deploying these systems is de-

The PDMS-capability describes a company’s capability to effectively de-
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The PDMS-capability is a variable evaluation parameter. Depending on 
the point of evaluation it is possible to measure the changes in company’s 

Current-PDMS-
capability” describes the actual state of preparation for a system implemen-

„Nominal-PDMS-capability“. At this point both types of capa-
bility are ideally identical.

The determined PDMS-capability helps to estimate the overall efforts for 
introducing a Product Data Management System. A reliable indicator for the 
supposed effort itself is the so called PDMS-maturity. This indicator classi-

-

expenses and the aptitude of the enterprise intending the implementation. 
-

-
spectives are derived from parameters belonging to the PDMS-capability. 
These  are:

product development processes;

of products or processes;
• the PDMS requirements concerning the IT-infrastructure as well as the stan-

dard functionalities provided without any additional customizing efforts;
• requirements comprising products, processes, organizational structures 

and the representing models in relation to the actual eligibility of system 
implementation; exemplary parameters are the explicit referencing of 
product data or the complete description of process cycles.

-
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3 Introducing the Evaluation Approach

3.1 Holistic Approach and PDMS-control Circuit

In the previous chapters the requirements for an effective method, providing 
the possibility to evaluate a company’s PDMS-capability were introduced. 
The following approach is designed as a control circuit, shown in Fig. 1, and 
fully meets the mentioned requirements. The continuative description and 
concretion is adduced below.

Initially the desired nominal company condition -
current state -

provides clear instructions is obligatory and should in addition feature the 
-

actuating variable e within
the control circuit. 

Fig. 1: Control circuit for estimating and enhancing the PDMS-capability

If a difference between both states occurs, an iteration cycle with target-

control variables R 
as displayed above. The iterative alteration of control input as well as the 
subsequent control mode are schematically shown in Fig. 1.

Based on the described control circuit the methodical approach for evalu-
ating the PDMS-capability is developed. It consists of the modules -
tion of objectives, activities for achievement of objectives and evaluated 
degree of objectives. Each module itself consists of several single steps.  
Fig. 2 visualizes the modules and steps of the introduced methodical approach.
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Fig. 2:

The tool for evaluating the actual PDMS-capability is the Capability 
Scorecard 

-
tial. Resulting directives are embedded in the superior and recursive methodi-
cal PDMS-introduction. This ensures an immediate iteration to enhance the 
PDMS-capability. The company indirectly holds a standardized procedure as 
roadmap for a PDMS-implementation. A detailed description of the methodi-

The results of each step are achieved deploying adequate methods e.g. the 
AS-IS-analysis. Even the single steps are as far as possible in a chronological 
order, iterations between them are reasonable and inevitable. The realization 

affected process. Thus the content is target-oriented, supplemented and sup-
ported by prior evaluation and allows constant controlling throughout the 

can consequently be eliminated.
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A company’s current capability for deploying a PDMS is described by the 

Capability Scorecard

-
ating the current PDMS-capability of a company, which considers strategic 
PLM related targets as well as it takes their interactions and PDMS-param-
eters to account

Fig. 3:

The aim of utilizing the CSC is to determine the PDMS-capability, which is 

with concrete advice. At the same time it offers the ability of monitoring the 
changes in PDMS-capability effected by accomplished improving activities. 
Fig. 3 illustrates the CSC-structure.

Basis for the development of the CSC is the so called Balanced Scorecard

BSC incorporates strategic approaches including derived targets. Additional rea-
sons for this choice are a clear structure, an ease of use and a deep understanding 
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The strategic targets, presenting a major part of the CSC, should be achieved 

the company’s essential views for a successful system implementation.
Following perspectives are integrated into the CSC:

• The Financial Perspective enables an assessment concerning the eco-
nomic potential of introducing a PDMS. Companies often describe this 
perspective as the most essential one. Typically the assessment examines 

Cash-Flow.

• The Product-Perspective considers the actual adequacy of products to achie-

e.g. the complexity of product structures or the state of standardization.
• As part of the Process-Perspective the processes to be evaluated are 

measured concerning their current practicability of being implemented. 
In this respect the number of sub-processes and the completeness of do-
cumented process data are the main indications.

• The IT-Perspective analyses the existing IT-infrastructure. This concerns 
system-requirements as the compatibility of system interfaces or an ade-

• The  examines a company’s 
structural organization with respect to PDMS peculiarities. Special interest 
lies on the explicit and entire assignment of rights regarding data objects.

Each perspective is represented by an Activity Matrix (AM). Fig. 4 dis-
plays the matrix belonging to the Process-Perspective. Within the AM the 
transfer from strategic into operative level is conducted. Also the actual 
evaluation of the PDMS-capability is performed by using models represent-
ing each perspective. The Financial Perspective

-
ing parameters and are controlled by PDMS-functionalities. Therefore, an 

system-functionalities into account. The more functionality can be deployed 
without any changes in models, the higher is the grade of a model’s PDMS-

required reengineering efforts for implementation. Utilizing a weak-spot
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analysis, target oriented improvement strategies can be induced. The de-

Fig. 4: Structure of the Activity Matrix „Process“ illustrated by the considered 

3.3 Example of an Evaluation in Industry

As part of the methodical approach a weak-spot analysis was conducted. The 

5. In the examined company, customer individual prototypes were created 
by the responsible engineering designer accessing already available products 
which nearly met the requirements. All respective documents such as sets of 
drawings or bills of materials were edited manually without documenting any 
references. Records were stored by using the analogue form of paper within 
the archive. This proceeding caused an uncontrolled high number of variants.

A high potential for optimization in the area of the unambiguousness of 
process data evidently exists. The lower the measured value and the greater 
the area of a single assessment criteria, the higher is the potential for optimi-

digitally create prototype documentation as shown in Fig. 4 were utilized to 
improve the current state.
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Fig. 5:

After application of the business process reengineering to the investi-

maturity increased drastically: the PDMS-maturity was enhanced from 2.87 

spanning processes was fully achieved.

4 Conclusion and Prospects

This paper introduced an approach which allows evaluating a company’s 

The second module describes the actual evaluation of the PDMS-capabil-
-
-

eters. As result a decided measurement for every single variable is conducted. 
Additionally it provides target-oriented improvement methods, which can 

-
eration loop is proceeded to evaluate the effects of the previously conducted 
enhancement. Thus a continuous and purposeful controlling along a PDMS-
implementation is assured. To measure and improve a company’s PDMS-ca-
pability the approach generates reliable output for implementation phases.
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Medium-sized businesses will only deploy the CSC if the evaluation ef-
forts are manageable and adapted to their needs. A computer-aided proce-
dure should be preferred and builds the basis for future research projects.
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Lifecycle Information Model for Higher 
Order Bifurcated Sheet Metal Products
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Department of Computer Integrated Design, Faculty Mechanical 

Abstract

objectives such as high quality products at reasonable costs and delivery on de-
mand and on time, innovation is a continuously required challenge. Many technical 
systems are based on concepts resulting from analyzing and understanding nature. 
Bifurcated structures are basic principles in the evolution of nature in particular to 
maximize stiffness while enabling light weight structures. Higher order bifurcation 
products are therefore a consequent approach based on mapping of evolutionary 
natural principles onto technical systems. The relevance of higher order bifurcation 

-
-

approach is being developed. This contribution presents the concept of a new life-
cycle information model for higher order bifurcated sheet metal products developed 
in the collaborative research centre 666. The main approach is based on a method-
ological understanding and a holistic description of the lifecycle. Originating from 
the lifecycle approach the architecture for a lifecycle phases integrating information 
model has been derived.

Keywords
Information model, sheet metal, cold forming, high speed cutting
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1 Introduction

Bifurcated structures are very important for technical objects. The applica-
tions of bifurcated structures are dedicated to e.g. light weight design, en-

-

Bifurcated structures are applied in many technical applications such as 

of shapes or surface shapes for heat exchange.
Traditionally manufacturing of bifurcated structures in particular sheet 

metal parts requires to premanufacture single parts which are later assembled. 
This differential manufacturing method, however, often includes some disad-

-
requested thermical impact in case of welded connections or nonconstructive 
stress concentration in case of screwed or riveted joints. Furthermore differen-
tial components are typically heavier, error prone and more expensive.

design and manufacturing of bifurcated sheet metal products. Manufacturing 
technologies for the creation of integral sheet metal parts are based on ex-
tensive massive forming or cutting processes and constrict the sheet metal 
product variety.

Fig. 1: Holistic approach for integral sheet metal design with higher order 
bifurcations
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-
search focus of the collaborative research centre is based on a holistic ap-
proach covering all phases for the creation of bifurcated sheet metal products 

generation and detailed design, operation planning, analysis, simulation and 
optimization as well as manufacturing. In Fig. 1 the holistic approach for inte-
gral sheet metal design with higher order bifurcations is shown.

The integration of splitting processes and cold forming of sections by 
-

ances of the CRC 666. Through the availability of these new manufacturing 
technologies a new potential for the development of sheet metal products 
has been provided. The challenge, however, is to enable product developers 
to design and engineer bifurcated sheet metal products in an integrated prod-
uct creation process which includes product engineering and development 
processes, manufacturing planning processes, analysis, simulation and opti-
mization processes as well as manufacturing processes. Fig. 2 illustrates the 
fundamental principle for manufacturing bifurcated sheet metal products.

Fig. 2: Fundamental principle for manufacturing bifurcated sheet metal products

integral sheet metal design with higher order bifurcations 
is to provide computer based integrated platforms for a seamless support of 
the entire product engineering and development processes, manufacturing 
planning processes, analysis, simulation and optimization processes as well 
as manufacturing processes. The concept for a seamless computer based 
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support of the whole process chain is to provide an integrated information 
model representing the engineering solutions of the associated lifecycle 
phases. The integrated information model and the associated lifecycle phas-
es are bilaterally constraint.

Consequently a lifecycle methodology for higher order bifurcated sheet 
metal products has to be developed based on which the architecture for the 
integrated information model is being developed.

2 Lifecycle Methodology for Higher Order Bifurcated 
Sheet Metal Products

The focus of research of the Department of Computer Integrated Design, 
TU Darmstadt, is a highly adaptable information model that integrates all 
product description data for the sheet metal product, all factory data of the 
manufacturing process and all simulation data of the testing process. The 

-
logically optimized geometrical representation, factory data, e.g. boundar-
ies of production techniques and process management data. The research 
activities continue pursuing new aspects of lifecycle-orientated modelling 
of product and factory data. The lifecycle methodology for branched sheet 
metal products consists of mapping, integrating and recombining data for 
collaboration purposes. These collaboration processes occur between differ-
ent groups of people during the whole process chain of creating branched 
sheet metal products beginning. This product development process consists 

• Gathering and analysis of the customer requirements for their unique bran-
ched sheet metal product. Each anticipated value of any possible require-

called taxonomy for sheet metal products. This is necessary to set up an 
algorithm based process to transform the fuzzy requirements into quan-

-

affecting all succeeding product development stages. And vice-versa, all 
succeeding product stages constrain the range of values for the exact inner 
properties because of certain restrictions for machine parameters etc. From 
the information technology point of view, it has to be assured to map the in-
formation of customer requirements, outer and inner properties in a highly 
adaptable manner to guarantee the capability of development for both the 
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product creation process as well as the involved technologies.
• All exact inner properties for the desired sheet metal product regarding 

the appearance are passed on to two-pass mathematical optimization pro-
-

thematically optimal geometric shape and topology of the sheet metal 
product. The term topology in the sense of this paper describes the way 
and order of operations the sheet metal part is bent and spitted. It must not 
be misconceived as actual location of e.g. vertices and edges in the sense 
of the geometrical representation.

• This optimization is done by mathematical algorithms considering ex-
pected loads and gain improved strength properties for the component. 

-
tions. Usually there is a vast amount of possible unrolling, i.e. the se-

different versions of one product in the lifecycle information model. All 

part of the information model.
• In the next step the 3-D model of the 2-D representation of the unrol-

ling is created. This is done automatically by an extension for the CAD-
System of the designer. This extension is connected to the main informa-
tion model and uses the information of the 2-D representation.  The main 
information model contains a geometry data model that comprehensively 
and non-ambiguously describes the geometry of the optimized integral 
sheet metal parts with higher order bifurcations. The only thing the engi-

represent the result of the integrated HSC-processes in the bending and 
splitting processes. The result the 3D designing instance is a fully de-
tailed 3D-model of the sheet metal component. Again, new information 
is gathered. The representation data of the 3D-model is mapped into the 
product model part of the main information model. 

• As now the design phases of the product lifecycle are passed, the next 
steps are the production planning for the desired sheet metal product, the 

-

parts in a continuous production line with a high output, the entire pro-
duction line has to be planned in detail. Important information for this 
planning is the determined geometry of the part, the chosen unrolling of 
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constraints as well cost and cycle time data. This given information can 
be used to set up a virtual simulation for the entire production process to 

this process. Again all simulation results as well as the production line 

model and referenced to all relevant base information. This part of the 
information model is a factory data management instance of the main 
information model.

• This factory data model also consists of the machine parameters of the 
real production process of the branched sheet metal product. Every pro-
duction run represents accumulated sets of machine parameters for all 
involved processing steps. The arrangement of the single processing steps 
in the production line is registered as well.

• To evaluate the material characteristics and the durability of the produced 
sheet metal part, destructive and non-destructive material test are performed. 
The outcomes of these tests are analyzed for new technical expertises. 

While the various new technologies are consecutively enhanced, several 
cycles during the branched sheet metal product creation process are con-
ducted to optimize the results of the creation process and to achieve planned 

-
elling process will be highly dependent on results of the production planning 
and the production simulation process. Each previously not assessable shift 
of any production constraints, e.g. maximum split depth or previously unre-
alized restrictions, will force to readapt the geometric model of the product. 
The early phases of mathematical optimization are hinge on the possible 
machine parameters in quite same way. And of course the evaluation of the 

-
rithms, geometric modelling as well as setup for the production line.

Especially all technological improvements trigger a technology-push to-
wards the early phases of developing sheet metal products. A common life-
cycle-oriented approach aggregating all product information regarding any 
stage in the lifecycle improves the quality of information exchange between 
downstream and upstream lifecycle stages.

In particular the tight informational interdependencies between products 
properties, optimization, design, process planning and manufacturing need 

entire lifecycle of sheet metal products of higher order bifurcations.
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3 Information Model Architecture

A seemless integration of product information throughout all phases of the 
product lifecycle can be provided through an integrated information model 
[2, 3, 4]. In CRC666 an integrated information model for sheet metal prod-
ucts of higher order bifurcations is developed which represents on one hand 
the respective lifecycle phases and on the other hand the dependecies be-
tween the lifecycle phases in different details.

Fig. 3 shows a high level view of the architecture of the integrated infor-
mation model which consists in three major components: 

Fig. 3: Architecture of the integrated information model
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In the integration core the abstract structure, element, parameter and con-
straint are represented, which generalises the common aspects throughout 
all the lifecycle phases. Based on the integration core, the lifecycle phase 

designt, analysis, process planning, manufacturing
and resourcing are built by specifying the appropriate classes in the core. 

represented in the lifecycle model design, which consists in turn in the life-
cycle models requirement, solution  and detailed design. The analy-
sis information during the development is represented in the lifecycle model 
analysis. Information about processes and resources are represented in the 
lifecycle models: manufacturing  resource.
Based on the component design, manufacturing and resourcing information, 
process plans can be modeled and optimized with the lifecycle model pro-
cess planning. Integrated process chains can be modeled with the lifecycle 
model engineering process. In the lifecycle model management change con-

In the following paragraphs, the integration core and the representation 
of the lifecycle phase development are explained in detail.

3.1 Integration of the Lifecycle Phases

In order to integrate the entire lifecycle from development to manufactur-
ing, integration on different level of details in the represention of lifecycle 
phases is required: on the model structure level, on the model element level 
and on the parameter level. Fig. 4 shows the most important classes in the 
integration core.

On the high level, the structural integration is supported through the class 
core structure view, which consists in core structure, core element and core 

-

-
grated through the common abstract core element. 

On the parameter level, cross-lifecycle-phase constraints between the pa-
rameters for parametric cross-model integration [6] can be established. 
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Fig. 4 The integration core of the information model

3.2 Representation of the Lifecycle Phases

-
resented in the respective lifecycle models. 

Fig. 5 shows the most important classes to represent the information in 
the early lifecycle phases. The development of higher order bifurcated sheet 

-
ing is based on mathematical optimization of the form and topology of the 
bifurcated sheet metal product. The result of the mathematical optimization 
is a tree representation of the product: the solution tree. A solution tree is 
made up of solution nodes and solution edges. Solution nodes represent the 

The sequence of the nodes is represented by the solution edges. Solution 
nodes have 2D- geometric informations. So on the grounds of a solution, the 
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Fig. 5: Representation of product information in ther early lifecycle phases

generated with the help of design features on the basis of the solution tree 
and the design engineer can then modify the design functional and aesthetic 

milling etc. Design features represent the geometric representation.

achieved by the transformation of the solution tree to the geometry structure 
made up of design features. Constraints can be built between the parameters of 
the solution nodes and of the design features, so that a geometric change on the 

In analysis, FEM-model is built on the geometry of the detailed design.  
-

ric and analysis parameters can be eventually built to integrate the design 
and analysis. The structural transformation from design to analysis and the 
parametric integration of design and analysis is still in the development.
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4 Scenario Product Development

On a scenario for the development of a poster stand, the concept of the in-
tegrated information model is illustrated. The detailed design starts with a 
solution tree. To generate the 3D-geometry, the solution tree will be trans-
formed in to the gemetric representation. The solution tree is represented 

model for the solution tree in the integrated information model. In the life-
, bend

and lfsplit

a mathematical optimization process is presented. The solution nodes 
bend and lfsplit has also 2D-geometric informations such as ,
bending or gap angle, radius and material thickness. The concrete sequence 
of production by a lining up of bending and/or sheet metal splitting pro-

To generate the concrete three-dimensional geometry these solution nodes 
-

geometry of poster stand. In Fig. 6 to the left, the poster stand is automati-
cally generated in a CAD-system from the solution tree at the right side.

So the integration of solution and shape generation can be achieved 
-

ing and detailed design.

Fig. 6: Scenario in product development
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5 Summary

The research focus of the collaborative research centre is based on a holis-
tic approach covering all phases for the creation of bifurcated sheet metal 
products. is to provide computer based integrated platforms for 
a seamless support of the entire product lifecycle. A concept based on a life-
cycle methodology and an architecture for the integrated information model 
is presented in this paper. 

The architecure consists in three major components: lifecycle model for 
the respective lifecycle phases, integration core for the integration of the 
lifecycle phases and the management of information and process.
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Abstract
In this paper a person-centered, actor-driven project simulation approach is present-

sequence is determined by means of a bounded rational choice model accounting 

small number of input parameters. The project manager is, for instance, not forced 

with historical project data from a company of the German electronics industry. 
-

tion from the historical duration.

Keywords
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1 Introduction

Product development projects nowadays are carried out according to the 
Concurrent Engineering paradigm. As a result, the number of persons in-
volved in product development projects and the number of concurrently per-
formed projects permanently increases [21]. The process of managing such 
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parallel projects is often referred to as multiple project management. When 

Research on Project Management proposed many methods, for example, the 

and Review Technique. With respect to the challenges of Multiple Project 
Management though, these methods and tools provide effective support 
only in theory. For instance, it is not possible to model and simulate itera-
tion loops and resource dependencies adequately. Furthermore, probability 

-
-

development projects [20].

shortcomings when modeling and simulating dynamic and concurrent prod-
uct development projects. 

2 Related Work

These shortcomings strongly stimulated research in simulation of complex 
product development projects since the 1990s. Simulation models of prod-
uct development processes can be distinguished into three differently ab-
stract approaches: system dynamics models, discrete event process models, 
and discrete event queueing models. 

System dynamics models of product development processes [9, 11, 23, 

-
erties and, hence, cannot be distinguished, system dynamics models may 
have shortcomings when supporting operational project management. The 

In process models of product development projects the model structure 
usually maps activities and precedence relations between activities. The dy-

-
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cess models described in literature [3, 4, 8, 10, 12, 26] assume that resources 
cannot be limited. These models are, therefore, not capable to map the prob-

-

product developers as trivial resources. Hence, there is no process model 
that is capable to model the bounded rational behavior of product developers 

In queueing models of product development processes the progress of a 

-

presented in this paper belongs to the actor-driven models.

-

-
tional behavior of human actors.

Steidel [27] developed another actor-driven simulation of product devel-

The activities cannot be split and must, therefore, be completed in one step. 

mapped with Steidel’s approach. 
Adler et al. [1] developed an actor-oriented simulation model in which they 

address the issue of multiple project management. Unfortunately, also this ap-

Finally, it appears that most of the discussed discrete simulation ap-
proaches have been validated quite poorly. Some authors have modeled and 
simulated real product development projects, however, none have compared 

of statistical methods, e.g. hypothesis testing.
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3 An Integrative Simulation Approach

model for the management of complex development processes. The integra-
-

the partial model of tools being used for product development.

Fig. 1: Partial model of products

The partial model of the product to be developed is depicted in Figure 1 as 
an entity relationship model of different decomposition levels of a product 
and its relevant properties [25]. The lowest level consists of so-called com-
ponents that are interconnected by so-called interfaces. Interfaces between 
parts or subparts often need a close cooperation of the persons involved. 
Therefore, interfaces in our model can induce communication efforts.

The partial model of the operational structure

responsible for this transformation, adequate tools and resources etc., can be 

is no longer necessary to specify explicit predecessor-successor-relations.
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Fig. 2:
phases

-

-
ed. Thus, the concept of so-called quality gates is realized in the simulation 

In the partial model of the organizational structure organizational relations 
-

process. An organizational unit can be either a position that is an organization 

The most important partial model is the model of the person
The simulated persons are the driving force to initiate any action in the de-

-
-

cess next and how to process it.
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Fig. 3: Organizational structure of a team

According to a bounded rational decision model as described in [18, 20, 

Fig. 4:
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-

be assigned a high priority. Furthermore, if a person permanently processes 

assesses opportunity costs. Therefore, the person evaluates how much time 

There are several additional concepts being covered by our person mod-

reader may be referred to [20, 24].
-

The model is capable of simulating two or more projects with parallel 

-

individual performance. With our tool partial model we modeled functional 

available software or hardware tools in product development, but only such 

The conceptual model was transferred into a formal quantitative model. 

-

In order to be able to verify the simulation model a large number of simula-
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parameter variations were computed.

5 Model Validation

In order to validate the simulation model we collected historical project data 
in a company of the German electronics industry. The company develops 
and manufactures electronical and mechatronical components and modules. 

designing and calculating connection diagrams, doing layout designs of 

barcode based labor time system could be accessed. This labor time system 

The simulation model was parameterized with this data and simulation runs 
-

Fig. 5:

The simulation results were reviewed by some experts of the company. 

allowed us to formulate the crucial null hypothesis for a project planner. 
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was analyzed. The normal distribution of the output data was validated with 
the Kolmogorow-Smirnow test. Finally, we were able to test the null hy-
pothesis with Student’s t-test. The simulation results showed that the null 

the real project duration and the simulated durations occurred. Moreover, a 
sensitivity analysis was carried out in order to study how the output changes 
if the main input parameters are varied.

6 Conclusion and Implications for Multiple 
Project Management

In order to plan multiple projects with the presented approach a project man-

The simulation results consist of virtual courses of action for the projects. 
While exploring the results the project manager can assess if the assigned 
deadlines can be met. With trial and error he or she can then change some 

-

For a more detailed analysis the project manager can model the underlying 

-
ming and provided helpful comments on the model. Parts of this paper up-
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Abstract
Pattern languages were originally invented in the 70s as an approach to capture 
design experience in civil engineering and architectural design. During the last de-
cade the approach has been bruit about in the software community. In engineering 

yet not been applied. Because pattern languages have been applied in a wide range 
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1 Introduction

Experiences from several decades of industrial production show that prod-
ucts and product creation processes are getting more and more complex. 

-
-

tiveness and sustainability of a company. 
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guidance systems are applied in technical departments to provide informa-
tion about development processes [1]. They idealize the addressed processes 
to provide generally applicable information. The structure of the content is 
either process oriented or product oriented. If in case of a process oriented sys-
tem information about products and technology is required, the engineer has 

according to a certain process in order to get information about this process. 

searches for information with the contact data of an expert. This approach 
supports the exchange of implicit information between staff. It is feasible 
in case of a special problem occurring, but it is not feasible to establish an 

mentioned in the context of this paper. In their entirety they provide a huge 

in a way that the contained information is easily accessible. But the informa-

3 Pattern Languages

3.1 The Pattern Approach

As described above, some current approaches are capable to support the 

-
posal to originate state-of-the-art results, can still be primarily found only 

in an easily accessible way. Beyond this, pattern languages aim at some 
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-

Pattern languages were originally invented by Christopher Alexander [3, 

to capture design experience and to communicate the according solutions 
with customers. During the last decade the approach has been bruit about in 
the software community. Currently, pattern languages have been applied to 

pedagogy pattern languages have been applied [13]. 

pattern languages have yet not been applied. The domains described above, 

concerning their design orientation, interdisciplinary collaboration and cus-
tomer awareness. Thus, pattern languages are supposed to provide a similar 

-

and the philosophy behind it.

3.2 Syntax and Semantics

The central idea behind pattern language is that, due to complexity, humans 
have evolved archetypal concepts, which solve recurrent problems. These 
concepts are called patterns. Within a pattern language all patterns have 
a uniform format and structure. The structure of the original patterns by 
Alexander is constituted by a set of topics [3], which can only be found with 
minor amendments in other patterns languages:
• The unique and descriptive name of the pattern.
• A ranking
• A picture illustrating an example of the pattern.
• The context, in which the pattern can be applied. The context consists of 

the patterns which are supported by the actual pattern.
• A short statement delineating the recurring problem referred by the pattern.
• A detailed description of the problem comprising a comment on the con-
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The solution must describe how the forces can be balanced or resolved.
• An archetypal solution of the problem illustrated by a diagram.
• References to supporting patterns. These references point to other pat-

leading from a most general top-level pattern over larger-scale patterns to 

or even more ways from the top level pattern. Thus, the set of all patterns 

-

Fig. 1: The structure of a pattern language

comprises words and grammatical rules, which describe how the words 
can be related to each other resulting in a clause. If in case of patterns the 

language. The clauses constituted by this grammar are sequences of pat-
terns describing a set of constitutive solutions. If a problem correspond-
ing to a certain pattern somewhere occurs within the lattice, a subset of 

-
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terns are discarded. Each chosen pattern in turn entails a further subset 
of chosen supporting patterns. As a result a sub-lattice evolves, with the 
original problem as the join. The paths down from the join constitute a set 
of clauses with the original problem as the subject. This set can be seen as 
a text, which is written in the pattern language, expressing the user’s ideas 
of solving the problem.

4 About Pattern Languages in PLM

integrating theories and methods from discrete subareas within the product 

planning, production, sales, maintenance and disposal. Currently, a bunch 

methods on the one hand and the methods and theories of the subareas with-
-

evolving comprehensive set of methods continuously applicable during the 
whole product lifecycle as an interdisciplinary lingua franca.

4.1 Conclusions from Applying Pattern
Languages in Other Disciplines

A common motivation for the application of pattern languages throughout 
-

-
rived. From the application to object-oriented software development the an-
swer to the question, whether it is at all possible to apply pattern languages 

To represent the lifecycle of a product, three models are required [17, 
18]: A product data model, a process model and an organization model. The 

The product data model constitutes the product structure with the integrated 
product components as well as the properties of the product.  The organiza-
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behavioral patterns. All of them are referring to software objects. Because 
product data is stored by software objects in most systems, the principle of 
structural patterns is directly transferable to product data models. Creational 
patterns describe constructs to create software objects. Because product cre-
ation processes can be modeled object-oriented [19], the principle of cre-
ational patterns can be transferred to product creation processes by referring 
to the modeling objects via creational patterns. In [19] even an example to 
model responsibilities is stated. This can easily be extended to an object 
oriented role model, which can be addressed by behavioral patterns. The 
role model becomes an organization model, if it is amended by the related 
organizational structure. Thus, a combination of behavioral and structural 
patterns will be appropriate to describe organizational constructs. Because 
all three models, consequentially describing the product lifecycle, can be 
addressed by pattern languages, it becomes apparent that pattern languages 

-
-

tate them to participate in the design process [4]. For similar reasons pattern 
languages are applied to HCI design [1]. Users on the one hand do not un-
derstand the technical jargon of software engineers and software engineers 
on the other hand have only a vague cognition of the application domain. 
Pattern languages are applied to establish communication between both par-

4.2 Applying Pattern Languages to PLM

Current pattern languages for software development only cover a single 

-

-

groups to be addressed.
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subareas. Dependencies between different areas are represented by overlap-

-

approaches to realize value-added chains according to the strategies and ap-

the strategy-section the strategical goals can be seen as the objects to be 
designed. The design objects in the operation-section are the products and 

the design tools are the design objects.

Fig. 2:

language has to be developed as well as the structure of a pattern and the 
contained content. The grammar of Alexander’s language structures pattern 
according to the spatial structure of the addressed design objects, i.e. pat-
terns addressing large-scale objects refer to patterns addressing comprised 
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different lifecycles and various engineering disciplines. Thus, an approach 
with time as a primary structuring criterion supplemented by the spatial size 

Additionally, the design object is required as third structuring criterion. A 
structuring criterion regarding the involved engineering disciplines is not 

-
mon interdisciplinary lingua franca.

patterns. The following amendment might increase the usability of the pat-
tern language: In [20] the approach of a context cube was proposed to gen-

-

engineering context, which the pattern is appropriate to be applied in. This 
will guide the user to express solution ideas according to his current context 

and the engineering object he has to design. 
-

-
ous subareas within industrial design, engineering design and production 

pattern languages a challenging, but very rewarding mission. Especially the 
development of sub-languages describing the following topics seems to be 

-
ational level, integration of customers into the design process, collaboration 

-
laboration between mechanical design, electrical design and software de-

engineering, collaboration between engineering design and production plan-

to operational approaches, interconnection of PDM- and ERP-Systems and 
introduction of PDM-systems.
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5 Summary and Outlook

In architecture, the pattern approach has not been received well, because 

Obviously, architects were not inspired to apply pattern languages. In con-

management to cooperate with customers. Thus, there is some potential for 
pattern languages to be bruit about in these areas. The example of software 
development, where pattern languages are already very popular, endorses 
this assumption. 

This paper has accounted for the applicability of pattern languages in 

-

published at www.plmpatterns.org.

References

Düsseldorf

Wissensmanagement 4/01

of Reusable Object-Oriented Software. Addison-Wesley, Reading, MA

Design. Addison-Wesley, Reading, Massachusetts

Program Design 2. Addison-Wesley, Reading, Massachusetts

Sons, West Sussex



564

13 http://www.pedagogicalpatterns.org [2006/09/24].

Berlin

Development Environment. In: 16th CIRP International Design Seminar  

of the Design Process. In: ICED 01, Glasgow

A Concept for Supplying Engineering Design with Context Sensitive 



Development of a Strategy Tool for 
Environmental Compliance Management

Galway-Mayo Institute of Technology, Department of Mechanical 
Engineering, Galway, Ireland

Abstract
The EU environmental legislation restricts the use of certain substances in products 

involvement of the users.

Keywords

1 Introduction

With the increasing pressure of environmental legislation [1, 2, 3], the selec-
tion of the design and the manufacturing processes which comply with envi-
ronmental requirements have become evermore complicated and onerous on 

supply chain. In electronic or automotive engineering, for example, the goal 
of the designer is to determine the most cost effective design alternative in 
order to optimise the environmental compliance of the product, according 

related environmental legislation [1, 2].
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The design and evaluation of products against the criteria demanded by 
environmental legislation and the cost targets of the company has become 
an important challenge for companies all over the world [4, 5]. Whilst trade-
offs should include parameters such as quality, reliability, environment com-
pliance and cost [6], it is not possible to suggest a precise algorithm to cater 
to because the solution depends on various factors such as the type of prod-
uct, legislation or the company policy at that point in time.

The aim of this paper is to propose a decision-support model that can as-

-
signers in assessing the environmental performance of their products and 
their compliance with environmental legislation, as well as their effective-
ness and viability such that a balanced trade-off can be made between cost 
and environmental compliance, leading to affordability and sustainability 
over the product life cycle.

2 Design for Environment – The DFE Workbench

the most recent obligation placed on designers [7, 8]. In order to design 

which is focused on the analysis, synthesis, evaluation and improvement of 
the life cycle design of the product.

-
ules: the DFE module which is strictly related to design for environment, the 
cost module and the strategy module.

2.1 The DFE Module

The DFE module is a design for environment software tool integrated into 

advise the designer in the development of ESPs in order to meet the require-
ments of the latest legislation related to environment and the customers’ 

the Knowledge Agent and the Report Generator.
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Fig. 1: The DFE module [7,8]

The Impact Assessment System (IAS) is an abridged quantitative approach 

of environmental data. It automatically extracts the appropriate data from 
the CAD drawing. Based on this information and the processes associated 
with each component, environmental impact may be calculated for each 
component or for the entire assembly.

The Structure Assessment Method (SAM) is a complex methodology, which 
quantitatively measures and records data such as material compatibility/sub-

and types of fasteners, number and types of tools required for disassembly and 
total standard disassembly times and component removal times.

The Advisor Agent -
ated by the IAS and SAM tools; secondly to give advice to the designer on 
alternative structural characteristics in order to enhance either the environ-
mental impact or structural characteristics of the emergent design.

The Knowledge Agent provides advice to the designer in a consultative 

The Report Generator automatically generates reports on the product de-
signed by the user. Using the DFE module, several design alternatives can 
be generated according to the designer’s choice or the suggestions made by 
the tool’s advisor in order to improve the environmental characteristics of 
the product. IAS and SAM will calculate all indicators for each alternative. 

-
pact on the environment as well as on costs include: type of material, mass, 
dimensions, no. of fasteners. Any change to these parameters can result in 

impact and the total cost of the product.
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2.2 The Cost Module

The Cost module models various costs associated with the product life cycle 

the product’s cost and also permits comparisons of design alternatives at the 
early stages of the design.

changes in the design on the total cost of the product. To effectively compare 
alternatives, the designer must be able to accurately estimate costs for the 
complete system so that ‘what if’ scenarios can be built.

The output of the Cost module is intended to give the designer a summary 
of the costs of the entire product life cycle: production cost, use cost, end 

Strategy module. 

Fig. 2:

Production Cost
The production cost of the product is calculated using the ABC method 

[9]. The methodology is extended by using feature-based cost estimation in 

physical properties very early during the product design stage.
Environmental Cost

related to the product which represent environmental costs that have a direct 
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Use/operation Cost
The costs categories considered in the cost model for the use/operation 

phase are repair/maintenance cost and energy/fuel cost. Design parameters 

-

the entire product lifetime.
EOL Cost

associated to that particular option are modelled.

3 The Strategy Module

The consideration of environmental criteria in the product design process 

product design [6]. Consequently, it is important that compromises be found 
between environmental criteria and economic criteria. Such compromises 
can only be found by considering the need to respect the environmental 
objectives of the company, national and/or international environmental poli-

The Strategy module addresses this compromise situation. It uses the 
-
-

into monetary units, as well as those environmental aspects which cannot. 
-

ria analysis and evaluation.

3.1 The Analytic Hierarchy Process

-
tive constraints with technical information in order to examine the overall 
implications of each alternative [14].

-
cision problems can be structured [11]. AHP is not a substitute for decision-
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all of the available information about the decision in a system-wide and 
systematic manner and helps the designer prioritise the criteria in a manner 
that otherwise might not be possible [15].

3.2 The Strategy Module for Support of Decision-Making at 
the Design Stage

The challenge to the authors was to construct a strategy tool which included 
all relevant environmental and economic criteria and which could be ap-

and economic criteria. The AHP methodology was chosen for this purpose. 
Figure 3 shows the decision tree used by AHP to solve the design alternative 
selection problem.

Fig. 3:

pairwise comparison judge-
ments are made. An important feature of the tool is that it permits the direct 
involvement of the designer, which is very important considering that com-
panies differ in the criteria they consider important according to the type of 
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Fig. 4: Company types based on product’s life cycle and ownership

those that have the same parent node. According to the position of the compa-
-

Pairwise comparison matrices are then formed. Table 1 shows a matrix 
of pairwise comparisons of the criteria at level 1 in the decision tree with 
respect to the overall objective, i.e. obtaining the best design alternative. 

i j

Tab. 1:
in the decision tree with respect to the overall objective

i                \                j Environmental criteria Economic criteria

Environmental criteria 1 7

Economic criteria 1/7 1

The diagonal values of any pairwise comparisons matrix are always 1 as 
each criterion is compared with itself. The lower triangular part of the matrix 

a
ji
=1/a

ij

The next step is obtaining the relative importances of criteria and alterna-
tives
matrix as A=(a

ij
). If n C

1
, C

2
, …, C

n

then the relative weights are the normalised elements of the eigenvector 
w=(w

1
, w

2
, …, w

n
)
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where
max

 is the largest eigenvalue of A
In practice, to determine the relative weights the sum of each column will 

be made. Then each number in the matrix will be divided by the sum of the 

weight is obtained for each criterion.

the criteria at level 1 as:

and i i
The relative weights derived from pairwise comparisons of the criteria at 

level 2 corresponding to each criterion at level 1 are:

and i
j n
j = criterion at level 2 corresponding to criterion i at level 1
n i at  level 1
The relative weights derived from pairwise comparisons of the alterna-

tives at the bottom level with respect to each criterion at level 2 are:

and l l
k
m
Once all the eigenvectors have been obtained, the process of synthesis

can proceed. The absolute importances of criteria at level 2 corresponding 
to each criterion at level 1 will be obtained with the formula:

where
i
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j
n i at  level 1

before as:

where k
k

where l
k k
The scores of the alternatives will give the hierarchy. The best design 

alternative is the one with the highest score, max S
l
.

4 Conclusions

the legislative pressures and increasing consumer environmental conscious-

Based on AHP, the strategy tool supports the designer in structuring and 
evaluating different alternatives. It incorporates environmental consider-
ations and constraints stated by legislation and the ‘voice of community’ in 

alters the product design decision. The main advantage of the strategy tool 

the process and the result of the assessment is based on his/her judgement.

Cost Module and the Strategy Module, represents an integrated solution to 
the design of environmentally superior products.
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Engineering: From Competition to Cooperation

Abstract
The development of engineering systems is usually based upon the deployment of 

The objective of this paper is to discuss the relations between the software engi-
-

goals of our study are to minimize this expertise loss by identifying the correspon-
dence between the activities of the two cycles and to propose a common lifecycle 
for both SE and KE within the same system development project.

Keywords
Knowledge engineering, Software engineering, Knowledge processing

1 Introduction

The experience of the whole product lifecycle has shown that decisions about 
product development are made continuously during the development cycle. 
To enhance the communication within organizations, a general reference sys-

-
straints to balance aesthetics, manufacturability and functional objectives 
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dimensional space. People actively involved in software development need 
support in understanding and documenting not only the description of the 
software developed, but also the problem domain and the reasons behind de-

such support, and researchers begin to explore the integration of reasoning in 

understood that, one strategy to be competitive is to exploit and reuse their 
experts’ intellectual assets. Most of them are now investing on this capital 
reuse by setting up engineering activities that focuse on the capture and the 

-

contains the context of use of the data and information. The new generation of 

-
edge and expertise in order to facilitate problems solving. A Knowledge based 

some domains to arrive at a solution to a problem which should essentially be 
-

main of the problem, when confronted with the same problem [10]. However, 

to use different lifecycle models for different projects, depending on the na-

The objective of this paper is to discuss theses separations in order to put in 
parallel the activities related to each aspect of the system, and to identify the 

distinctions between SE and KE to illustrate how the two disciplines switch 
from a competition to cooperation. After that, the lifecycle models proposed 
in both engineering are presented. The forth section presents a synthesis to al-

analysis focuses on the engineering activities structuring during the develop-
ment of the KBE application. The questions are: should we set up two differ-
ent projects to develop a KBS/KBE system? How to deploy the two lifecycles 

at each stage of the software application development? At the end, we will 
-

ware lifecycle to allow a development of such applications using a common 
and a single lifecycle.
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Software Engineering and Knowledge Engineering are increasingly con-
verging into a common and a single lifecycle, as the two engineering dis-
ciplines are studied in more depth, and increasingly larger systems are 

computable solutions to real-world problems. Knowledge Engineering, on 
the other hand, is a fruit of the postindustrial society, with a switch from the 
need for manpower to the need for brainpower or, to put it differently, from 
manufacturing to mind-facturing [2].

A major debate has begun in the 1990’s on SE and KE. Some authors con-
sider them as two completely different branches of engineering, while others 
point out similarities in their development [1]. Kierulf and colleagues [12] 
clearly established the differences between SE and KE. These differences 
have sometimes led to a separated deployment and application of these two 
branches of engineering with the belief that they were mutually exclusive 
disciplines. Software engineering processes have traditionally been used to 
develop technical products to meet a client’s requirements. Requirements 

-

tightly control the system development process so that the products that are 
delivered at the end match what was originally thought to be required. The 
SE and KE concepts are introduced in the next sections as well as the exist-
ing lifecycle models in both disciplines.

The term of Software Engineering appeared in 1960’s to characterize the 
formalization of an engineering approach for software development. The 
aim was to identify, classify, and discuss the problems with large-scale soft-

-

by being series of steps through which the product development progresses. 
-

stood as the application of tools, methods, and disciplines to the production 
and maintenance of automated solutions to real world problems [5]. Farther, 
Blanchard [4] described it in considerable depth. 

development. It describes phases of the development cycle and the order in 
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-

each company adopts its own model, but all have very similar patterns. The 

3.1 General Model

It is composed of four major phases, and each phase produces deliverables 

-
larities between the deliverable of the implementation phase and require-
ments. 

Fig. 1: General lifecycle model

very well understood. It offers the advantages of being simple, easy to use 
and to manage, and its phases are processed one at a time and each one pro-

and new domains is not recommended because, it can lead to a high amount 

3.2 Waterfall Model 

-
eral model, the waterfall model views the whole software development pro-
cess as a sequence of phases and each phase has a set of goals and activities 
that need to be accomplished.

previous phase. This, a priori, implies that there are no constraints, which 
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impose that activities from the current phase should be done only in that 
phase. Adding to that, a complete cycle of execution of all the phases might 
lead either to the complete system or just a part of it, depending on detailed 
level of requirements. 

3.3 The V Lifecycle Model

requirements and ends with the formal validation of the developed soft-

requirements are listed. They have to be traced during the design of the 
system. At the end, they verify the complete and correct implementation of 

carried out under a controlled context.

and reused several time as well in the literature as in the industry. Among 
these models we can mention the incremental model, the spiral model, pro-
totyping, etc. 

3.4 Conclusion

According to Davis [8] each model is not particularly different, but they all 
provide different views of the same basic software development process. 

tools to monitor the activities and overall progress of software development 
focusing on the system’s structure. However, new systems generation tend 

manipulated and/or generated by the system. 
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presented in the next section.

-
ther research or industry. Organizations often spend a lot of time and money 

culture is mature enough for the implementation of such initiatives.
-

quirements, into text, drawings, or verbal messages. The main disad-

[15]. Knowledge management means attending to processes for creating, 

company’s performance and create value for that company [17]. While 

solve complex problems normally requiring a high level of human exper-

focused on three fundamental elements: people, processes and technology. 
All three of these elements complement one another and they are critical 
to the successful implementation of a KM and KE program. In this paper 

-
-

tential sources. The second phase, deals with the extraction of the identi-

through the system, in such away that every one can use it. However, 
-

tions, that is why the forth phase is necessary to ensure the coherency 

called management phase in order to manage, control and coordinate the 
.
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-
-

edge based engineering system. These KE activities are gathered into two 

-

Extraction: it consists in recovering and analyzing the concepts iden-

also highlighted. 
Structuring: its objective is to organize domain infrastructure semantically.
Formalization: in this step, the semantic concepts are represented syntac-

Otherwise, during problem solving, domain’s infrastructure and architec-
ture evolve and thus their states change. The different states will constitute 
the infrastructure of the system, and the transitions from one state to another 
will allow the system architecture construction. To allow this construction, 

ones regarding the problem that has to be solved by the system. 
Development: formalized concepts are translated in terms of classes and 
attributes to generate development code. 
Diffusion: it consists in putting the system at the disposal of the user to 

-
ledge updating.

development. It objectives are to specify the content of the system in terms 

capture and formalization during KBS/E development. This means that, 

-
dancies, especially during requirements gathering and system design. In 
order to minimize the potential redundancies we propose to integrate KE 
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One of the primary challenges facing KE in large scale systems develop-

of the KE process. Many systems employ different software solutions for 
engineering problems and then try to integrate them through a user inter-

available immediately to attend to the problem, or the organization may not 
even have a competent expert for every problem that may arise [4]. Adding 

-

and delays. To manage this problem, KE tends to establish guidance and 

from multiple end-users. 
-

second one, automation activities, gathers activities related to the integra-
tion and validation of the system. We started with the idea that, to develop 

problem user domain, its requirements, available solutions and new solu-
tions to be automated. However, developers do not and could not have a 
complete understanding of problem and user domain. Their objectives are 
to understand what the system should perform and how the user can interact 

-
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Fig. 2:
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5.1 Characterization Activities

Characterization activities consist of three main steps: project parameter 
-

aspect of the system. 
Traditionally, the analysis focuses particularly on what are the func-

However, the existing reasoning behind these functionalities is not cap-
tured. Thus, to increasing domain understanding for developers unfamil-

Introduced between project parameter analysis and system design, the in-

concepts during problems solving as well as their interdependencies. The next 

translate them on classes, attributes, functions, and procedures, and so on to 

Once coding is complete, the path of execution continues up the right side of 

5.2 Automation Activities

-

Comparing the integrated concepts and developed functions with the ones 

hand, and identifying the gaps between the requirements and the developed 
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Other criteria can be considered for the validation of the system. For ex-
ample, are the displayed results the same that the results expected by the end 

-
ily usable? Once the system validate, it will be introduced within the organi-

6 Conclusion

To support developers in efforts to implement systems that satisfy domain 
requirements and highlights the relationships between domain functions and 

-
edge engineering and software engineering lifecycles to support and improve 

was to put in
activities support and completes software engineering. These activities are 
rearranged to describe system development strategy with the distinction of 
the system infrastructure step from system architecture step. Such process 
will allow project manager to manage possible late requirement changing in 

integration. Such solution must be thought to allow effective system main-
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Applying KBE Technologies to the Early 
Phases of Multidisciplinary Product Design

A. Schneegans, F. Ehlermann

PACE GmbH, Berlin, Germany

Abstract
State-of-the-art tools and strategies applied in the early phases of product design of-

supporting these critical process phases combines automation power with outstanding 

to support multidisciplinary design investigations. Central to the Pacelab approach 

1 Introduction

The ever increasing complexity of products and systems, reduced time to 
-

place are the most critical challenges the engineering industries are facing 

product development process. The design of highly-engineered products 
such as aircraft, automobiles and other vehicles or components can be 
divided into three distinctive phases: conceptual, preliminary and detailed 

validation of a set of promising design ideas, proceeding from a given set 
of high-level business requirements for the future product or system.
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During the preliminary design phase, the product is sized, and analytical 
-

proach. Preliminary design typically hands over to the detailed phase where 

Decisions made in the conceptual and preliminary design phases have 

-

determine whether engineering teams can enter the subsequent phase with 

prototyping and production phases.

total life cycle cost is committed by the end of the preliminary design phase.

Fig. 1:

-
-

design investigations should by all means:

Consider the entire spectrum of feasible product options including those 

Regard the product or system as an integrated entity rather than only fo-
cusing on individual components

-
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This complex set of requirements must also be completed within a rea-
sonable time and cost frame, bearing in mind the decreasing life cycle of 
today’s products and omnipresent cost pressures.

A holistic, truly multidisciplinary approach is imperative to successful 
conceptual and preliminary design since early concepts are better quali-

Ultimately, the integration of individual disciplines provides a sizeable con-
tribution toward optimizing the overall design, or in other words: an optimal 
design is more than the sum of optimal individual components.

Engineering design is typically performed by several de-centralized teams 
which are frequently organized according to disciplines and/or individual 
components of the system being developed. These teams can be located 
in different departments or even different countries. Multidisciplinary de-

sharing information.
While it must be possible to change the focus and granularity of the 

picture of the system as a whole is crucial to steer clear of neglecting cer-
tain aspects or disciplines in favor of others. A typical example is over-fo-
cusing on geometry or falling prey to a part-centric approach, which pre-
vents engineers from regarding the system’s capabilities as a whole. The 
danger of isolated investigations is, of course, compounded if the project 
crosses department boundaries.

across the consecutive design phases, secondly from various discipline-spe-

-
ments obviously increases with the size of the design space explored. The 
design process, however, is inherently iterative; without the assistance of 
a dedicated software environment, a large portion of the design cycle time 
has to be spent on time-consuming, repetitive activities. As a result, fewer 

variants must be discarded a priori.

Finding a reasonable balance in trading off competing parameters therefore 
frequently becomes more important than optimizing a single variable.
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exhaustive exploration of the multidimensional design space calls for a so-
phisticated software environment that goes beyond the mainly feature-based 
CAD systems generally employed in this area today.

Fig. 2:

2 KBE in the Early Design Phases

phases of the product development process. KBE aims at computerizing the 

design to manufacturing and beyond.

rule-based automation of iterative activities and repetitive routines using 
a high-level programming language. In the realm of design, KBE can be 
employed to support a wide range of product design functions, applying 
formal design rules and constraints and leveraging a company’s design 
and manufacturing experience.

-
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ing applications that provide designers with dedicated tools for the capturing, 

-
-

mature product that has been successfully launched in the aerospace industry 
and various research institutions; prototype applications are currently being 
developed in the automotive industry.

Fig. 3:

Although complex products such as aircraft or automobiles come in a great 
variety of shapes and forms, most, if not all variants of a given product are 
constituted of parts that share certain functions and behaviors.

generic entities, which can be maintained centrally and then reapplied to 
new or changing design contexts.

derived from various engineering disciplines and accommodate them in a 

CAD-quality feature-based modeling capabilities with object-oriented pro-
gramming, enabling the usage of complex calculations within formulas. 
Geometric and non-geometric parameters can be captured within the same 
parametric model, which actively encourages both types of parameters to be 
considered simultaneously when the component is used in a design study. 
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Knowledge components typically consist of:
Engineering product data models which represent the engineering com-
ponents and their subassemblies in a hierarchical structure. Each of these 
objects is described by a parametric model constituted of parameters and 
formulas declaring relations between the former.

-
tegies and constraints. Analysis methods enable complex mathematical 
calculations to produce numerical results or to change the size, position or 
other properties of an object. Design strategies allow adding, modifying, 
shifting, or removing components. Both analysis methods and design 
strategies can act on individual components or on a more global level. 

industrial limitations.

Fig. 4: Knowledge distribution in a multidisciplinary environment

readily available to design engineers to rapidly build specific engineer-

to the repository, while existing components can be redesigned at short 
notice. Moreover, concurrent access to the data further encourages mul-
tidisciplinary collaboration, while allowing the data ownership to re-
main within the respective disciplines.
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-
el and determining the objective of the current design investigation. To set up 

between them. Component selection is mainly dependent on the granularity of 
the investigation and the design aspects and constraints to be considered.

By thus composing a system of parameters connected to one another 
through a system of equations, the user implicitly creates a mathematical 
model which will be used in the resolution process. The mathematical sys-

parameter dependencies transparent and manageable for the designer at all 
times. Impact and computation views allow a detailed study of which pa-
rameters are affected by a given input variable and which parameters affect 
a given output variable.

Fig. 5: Graphical representation of the mathematical system

The designer can freely determine the overall objective of the engineer-

-
puts to be calculated. The software conducts a combinatorial analysis of the 
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mathematical system and creates a resolution plan identifying the optimum 

and over- or under-constrained sections of the mathematical system are de-
tected and highlighted automatically.

Iterations of the initial engineering model can be made at any point of the 
process: Components can be exchanged or rearranged to compare scenario 
variations, and the objective of the computation can be reversed by turning 
output parameters into input parameters and vice versa.

The advantages of KBE technology also come to bear in product sizing: 

constraints violations are detected and reported automatically. In addition 
to sizing by means of numerical solving, the software supports the opti-
mization of products and systems as well as trade studies. The latter not 
only augment the interpretation and evaluation of the mathematical results 

them against any number of different scenarios.

Fig. 6: 3D geometry and trade study carpet plot

-
ported with a library of non-linear, constrained optimization algorithms, 
which can be supplemented with external optimization routines via a simple 
plug-in mechanism.
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While the optimizer supplies a single optimum solution for each compu-
tation run, trade studies compute a whole set of parameter variations at once 
enabling more complex investigations of how variables in the mathematical 

-

being exactly met.

6 Conclusions

It has been argued that the quality and innovative strength of engineering de-
-

edge as well as the freedom to creatively explore a wide range of prospec-
tive options in the early phases of the product development process.

The implemented solution shows that an integrated software environment 

not only streamlined by supporting and automating routine activities at the 
-

individual companies but also the progress in industrial design at large.
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A Way to Manage Calculation 

Grenoble, France

Abstract
-

-
lation projects. Our concern is to propose some simple and pragmatic ways to foster 

associating object handled during a calculation project with context descriptors. This 

1.

Keywords

1 Introduction

-
-

ity of the calculation activity, current industrial trends tend to externalise 
it, either by developing specialized and centralized in-house services, or by 

-

1
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tion remains mainly established on customer-supplier relationships. Such 
-

tomers from many different industrial sectors and with a large variety of 
problems. When companies have to achieve projects with many customers, 

practices of each customer.
Because of dead lines pressure and quality requirements of their customers, 

it has become crucial for calculation providers that engineers could be able to 

projects and between calculation engineers.
-

2 systems that perform 

provide technical support in selecting some analysis parameters for the cal-

they need. Moreover, such methods are confronted with some social barriers, 
as they oblige the users to conform to a stereotyped model and they could be 

among various classes of technical problems. The aim of this second class 
of approach is to provide engineers with project and profession memories. 
Complete models [11], samples parts of studies [14, 15] or complete processes 

-

-

methods or models that could be reused in several projects, especially when 
their usefulness remains uncertain.

the assumption that intensive collaboration between engineers will support 

Our concern is to propose some simple and pragmatic tools to foster this col-

2 Knowledge Based Engineering
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-
rently handled by experts during projects. Starting from the hypothesis that 
remembering the trajectory of a technical object’s use could help others en-

-
tion handled with the context of activity of calculation engineers. Finally, 
a prototype of software to associate these technical objects with their use 
context is presented.

2 An Investigation of Calculation Activities

and mainly consist in simulating and analysing the physical behaviour of 
mechanical devices under a particular focus. Deliverables are presented in 
the form of documents synthesizing relevant results and concluding on the 
product’s behaviour regarding the customer’s requirements. Therefore, engi-

Observation of engineers during several projects led to conclude that they 

Engineers ?

-

-



600 KBE 

behaviour and provide answer to the objective of the simulation. However, 
-

cess of the engineer. The evolution of such information depends on project 
-

ity management system, such project data are often well managed by engi-

The second type of information is resource for the accomplishment of 
project activities. Such information is useful for an engineer during its cal-

to post-process the results of a FEA calculation or he can state calculation 
hypothesis regarding the mechanical properties of a material with a standard. 

Support Data because they support an engineer 
in carrying out the activities related to his job. 

-

other contexts. Consequently, the evolution of Support Data in terms of speci-

during a project, and that they were not included in deliverables. 
Although, calculation job experience is built upon a broad base of proj-

-
cy, we observed that only few Support Data are shared between projects 

or sometimes in project archives. 
We observed in industrial context that Support Data represent a strong 

these boundary objects concerning particular engineering problems. 
-

on a project as it is time-consuming and often without any short-time ben-
-

sible in order to be integrated in day to day activities. Associating metadata 
to Support Data could help in identifying their content; nevertheless, their 
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use context might be lost. A way to overcome such barriers is to propose a 
pragmatic approach that enables to collect use context descriptors and as-
sociating them with Support Data during the project accomplishment. 

2.2 A Way of Characterizing Calculation Projects’ Context

Many studies in the CSCW3 domain concern context modelisation to im-
prove mutual understanding and collaboration in virtual teams [0]. Studies 

Organization, person, activity and physical circumstances are generally pre-
sented as main context categories. In our approach, context of activity relate 

-
plying reduced size teams since a single engineer generally carries out a 
study. Consequently, context of activity could be characterised by project 

The name of the project in progress and the customer specifying context 
of the project. 

of the study.

-
tion particularities. While indicating his current activity, the user formalizes 

-
-

will be detailed for computational mechanics.
The observation of the calculation process at the activity level has permit-

ted us to identify three main phases in which different activities are succes-
sively achieved. The following activities characterize the context of activity 
during a calculation process:

-
vities are:
- preliminary analysis, 
- assumptions formulation,
-

- materials characterization. 

3
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tools may be used to build the simulation model. Related activities are:
- modelling,
-

-

- calculation processing. 
The results interpretation phase provides a conclusion on the product’s 
behaviour, by putting in relation the obtained results with the study’s in-
itial objective, criteria and assumptions. Main activities are:
- results post processing, 
-

- answering to customer.

-
ed in the next section.

Engineers’ Activities

Figure 1 resumes the points discussed in the last part. In the context of a cal-
-
-

-

fostering information exchange within a profession team. Such shared infor-
mation should be based on Support Data and activities described previously. 

use during a project. It does not aim at formalizing Support Data items’ 
content but rather at assisting engineers in characterizing the context related 
to their activities. 
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Fig. 1: Context, Activities and Support Data

Fig. 2: Association between Support Data and context of activity
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-

Support Data can be described by specifying a title, and giving a free text 

Context descriptors are memorised when a user handle a Support Data. 
The generic class ContextsDescriptors describe the generic part of the con-
text of a calculation project. Such generic contexts descriptors can be re-
corded automatically when the user log in the tool. 

The class ContextsOfIntervention memorises project’s context when a 

interaction with a Support Data is recorded, and a history list of interven-
tions is created. For example, users can document or modify a Support Data 

4

self-regulating principle. The class ContextsOfUtilisation has been devel-
oped to memorise the use of Support Data during a project. The purpose of 
this class is to associate Support Data with engineer’s activity descriptors, 

descriptors at the project, study and activity levels as it was described in 
-

ect context descriptors can be stored automatically and he just has to specify 

4 Conclusions

-

-

it possible to identify some ways of using it, and some experts of the domain 
within the company. 

4
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-
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Early Design

Sweden

Abstract
This paper discusses views on decision support in product development to identify 
factors of relevance when designing computer-based decision support for total of-
fers. Providing services in form of physical artefacts offered as ‘functions per unit’ 
is at the heart of total offers. Total offers gain access to possibilities to ‘design in’ 
value added characteristics into the physical artefact, e.g., maintenance, monitoring, 

-

number of plausible ‘what-if’ scenarios to improve the solution space.

Keywords

engineering

1 Introduction

Globalization, increased competition, dynamic and constantly changing 
business demands are no exception for manufacturing companies in the 
Swedish industry. In this scenery, the companies have to manage aspects 
that could be considered as not compatible. For example, customers’ want 
individualized products at the same time as industry has to strive for stan-
dardization, since cost and time savings are paramount to be viable. The 
competition is not only about providing high-quality artefacts, but also to 
provide added value, i.e., a shift towards providing services.
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The vision to differentiate physical products by supplying them as ser-
vices are captured within the idea to provide customers with total offers [1]. 

in itself a service, since what is provided is offered as ‘functions per unit’. 
Inherent in a total offer is the intention to provide customers with func-
tions in time and place ‘as-needed’ in a long term commitment. The sale of 
functions also gain access to possibilities to upgrade and remanufacture the 
physical product, as well as provide for ‘embedded’ maintenance.

However, services are developed differently than physical artefacts. One 
difference is, “Whereas goods are manufactured, services are performed”

-
ment process. From a service perspective, the physical artefact is “…just
one element in the total, ongoing service offering. For a manufacturer, the 
physical good is a core element of the service offering, of course, because it 
is a prerequisite for a successful offering”

Archetypically, the view on products as physical things is embodied in a 
product development perspective [e.g., 4-6]. Yet, the intentions to provide a 
total offer affects this view by increased intangibility, for example, in terms 

of the development process, i.e., to design those functions into physical arte-

business, design and manufacturing, accordingly affecting the product devel-
opment process in the same way. Besides insisting on coordination and com-

time is vital in this setting. Contemporary product development is extensively 

-

by tradition, bound to geometry modelling. Current tools, focused on hardware 

offers, since they do not provide an overview of a wider set of parameters. 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.  

Thus, the purpose in this paper is to describe views on decisions in prod-
uct development to identify relevant factors to consider when designing 
computer-based decision support for total offers. 
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2 Data Generation

In general, data for the study presented in this paper has been generated 

centre. Data for a functional product development process and a collabora-

for this paper. The participating companies are found within manufactur-
-

-

should include people who will get in direct contact with the tool that is going 
to be developed. Accordingly, the industry was represented by people from 
service, business, design and manufacturing departments. The academia was 
represented by people with different research interests. This made it possible 

-
shop runs in three phases, critique, fantasy and implementation phase. All 

problems about the practice ‘as-is’, and is in focus for this paper.

3 Approaches to Decision-Making

e.g., an established production process, since it is characterised by: a clear 
issue, reliable data, a structured context, thoughts that can be pinned down 

-

choice. Despite being a frequent description, this is an uncommon approach 

product development, when: the combinations of many elements into cre-
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boundary communication is vital. This approach suggests that actions might 

“…during which the uncon-
scious mind mulls over the issue. [Then]…

‘eureka moment’ 
turned off, e.g. in sleep. So, the actual decision of the choice to go for is more 

companies face disruptive technology. This situation is: novel and confus-

doing approach is supportive and encourages learning by doing [8]. 
-

ation in a binary way, assuming that the world is either certain or uncertain 

future as completely unpredictable. Actors that experiences very uncertain 
environments might not trust their gut-feelings and thus, suffer from deci-
sion paralysis. They focus on reengineering, quality management or internal 

range of potential outcomes or even a discrete set of scenarios is a simple 
insight that is extremely powerful to determine which strategy is best [9]. A 

4 Total Offer Readiness Level – the Idea

We have something to take into account which we cannot really do to-
day” and an increased intangibility in design decisions were emphasised 

support was recognized as important to engineering activities and an in-

for total offers. 
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The idea for a computer tool, to give insights in the maturity level of 
-

-

proven’ system, see Figure 1. The overview given by the ‘thermometer’ was 
particularly appealing. Though, it was also recognised, by the participants 

aspects and this is complicating product development, as well as the base 
for decisions. 

Fig. 1:

-

that including high level persons in the meetings was necessary to give the 

mentioned time as a constraint to gather the right people. “A meeting the 
same day would not be possible since there would probably be a drop off of 
90 %”
to gather most of the relevant people. 
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Collecting facts from existing computer support were mentioned as easy 
to access. Existing support were, for example, management tools for project 
costs and time or process management tools. Tools for process management 
were described as relating to roles and not to positions in the organisation. 
“How do I know who to talk with when problem occurs in the process?”, said 
one respondent. The possibilities to predict costs for manufacturing over a 
longer time span was mentioned as causing problems. Many decisions were 

been done in previous projects. However, the computer support for historical 
events was found sparse. Despite access to and possibilities to collect facts, 
the analysing activities were perceived as time consuming. The informants 
emphasised gut-feeling as important, and as a base for many decisions.   

The design process was explained as a continuous dialog with customers 
about boundaries and possibilities for the physical artefact. The dialogue 

even a very simple form of drawing. From this starting position, the process 
was described as a long chain of analyses to perform. The procedure to ac-
quire offers from subcontractors in the design phase was found particularly 
time consuming. One informant said “Here we work very traditionally. To 
make an inquiry, via our purchase department, we have to have a drawing of 
some kind. The problem is that documents like that do not exist at this point. 
Purchase staff has to make guesses sometimes, or describe, as best they can, 
what they want.” He continued, “And, you know, how you put forward your 
questions affect the answers”, and emphasised that the level of details is 
important. Being focused on an overarching level, small details, e.g., a bolt, 
can be forgotten, even though utterly important. 

realised that “some homework had to be done before”. This call attention to 
that “the right decisions are made long before” the design phase in product 
development starts.

5 Identifying Relevant Factors

The provision of total offers and the step towards designing physical arte-

These changes are in this context captured and addressed in a Functional 

offer, e.g., training, maintenance and services, which by some of its charac-
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These elements can be handled as separate in product development, for ex-

as having a holistic effect on the design of the product in early phases. 

for example, life-cycle issues, into account. Early on it is needed to provide 
a number of business scenarios to be considered, e.g., to develop a physical 
artefact for transaction, or to develop a physical artefact for a total offer, or to 

needs to handle ambiguity differently than traditional product development, 
e.g., to widen the design space and assimilate ill-structured goals into the de-
sign process. Activities in such a design process can be described as “…creat-

of competence, and mutual learning and understanding” 
-

stream activities, e.g., product use, monitoring, maintenance and recycling, 
-

start earlier than what is thought of. At this stage information about the project 
are sparse, even tough resolutions has to be made. Initially, gathering people 

essential to give the decisions validity and stability over time. Furthermore, to 
enable integration and movement of downstream experiences into early phas-
es, multifunctional design teams seem necessary. In this pre-design decision 

relevant resources and give an overview of when and how they can be used for 
the upcoming project. A supportive tool might also highlight what resources 

when problem occurs in the process. A tool for an overview of the maturity 

-
edge areas. This integration is fundamental, yet not trivial. The respondents in 
this study has emphasised that gut-feeling serves as a base for many decisions. 
In our interpretation this is particularly happening in a pre-design phase when 

-
puter applications. Knowledge can also be thought of as in constant change 
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computer-based support tool. Thus, a situation where people do not trust the 
result given by the tool can occur. In light of this, learning capabilities could 
be a relevant factor to the design of the decision tool. 

Secondly, people from divergent disciplines have different preferences for 
how to interact with a computer-based decision tool. This affects the visuali-
sation of the result and the interface. The type of decision tool discussed here 

This understanding has to be provided on the right level and in the way that 

instance, people from manufacturing functions are more interested in techni-

an offer and be able to communicate with customers. In turn, early input from 
this customer communication is crucial to designers, especially if the offer 
include new product development. Besides being easy to use and provide for 
substantial improvements in the design process, the decisions support tool 

Fig. 2:

-
els and from different views. It is important that the parameters represented 
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are separate, not integrated into one and the same ‘thermometer’, since it is 
the relations between these that are of interest and provide an overview. For 

readiness level is high. This indicates, e.g., that agreement for total offers 
with customers is under discussion, the company strategy and vision are 
in line with total offer businesses and customer needs and/or requirements 

for manufacturing is very low. This indicates, e.g., that the company might 
not have appropriate production equipment, that manufacturing procedures 
does not exist and has to be developed. And, it can also be seen, that the 

to go for a total offer in this case is not recommendable, since it will not be 
possible to provide the functions needed by the customer. However, based 
on this overview, resources to increase the readiness level for design and 
manufacturing can be put in. 

The shift towards service provision could be interpreted as new prod-
uct development, i.e., the product offered to customers has changed by its 
nature from primarily a tangible artefact to an intangible service. A ‘see-

a computer-based decision tool which allows visualisation of a number of 
‘what-if’ scenarios and/or a range of potential outcomes. In this way a bi-
nary view on the situation as either certain or uncertain [9] can be avoided. A 
decision tool which provide simulation opportunities support a virtual ‘do-

causing costly prototyping etc. The use of computer tools can provide swift 
access to information, yet the analysis of the result is human based. 

6 Conclusion

The aim in this paper was to discuss views on decisions in product develop-
ment to identify relevant factors to consider when designing computer-based 
decision support for total offers. The incitement for the study stem from a 

-
turity level in the company to be able to provide total offers to customers.

-
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parameter, thus integration of parameters into one readiness level should be 
avoided. Decisions for novel and unfamiliar situations could be supported 
by visualisation and simulation of plausible outcomes and a ‘learning by 

as another relevant factor. 
In this paper an engineering perspective has been prevalent. We have not 

considered a business perspective on computer tools to support total offers, 
still this is of most concern to improve decisions. Studies to further improve 
the understanding of parameters crucial to total offer readiness level is an 
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Abstract
In this paper we propose and investigate the possibilities offered by a new approach 

milling sequences helps the process planner in understanding and setting the opti-
mal strategy to reduce the part’s machining time. Most previous chaining approach-

a new approach adapted to complex parts with a multitude of 5-axes orientation, 
focusing on our restrictive chaining algorithm based on the previously extracted 

Keywords

feature recognition

1 Introduction

-
ware studied the recognition of manufacturing features which included in-
herently their chaining strategy. Then, the system studied how to sequence 
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the milling of these machining features. Within our approach, developed 
in the scope of the USIQUICK Project [9], we treated the problem in a 
completely different manner. Instead of translating the part into a set of 
machining features and pursuing with the process plan, we go to the low-
est level of the part geometry, enrich it with information and propose a 
chaining strategy to deduce the manufacturing sequence. For more infor-
mation, please refer to [1, 2, 4, 11].

-
ing sequences based on a restrictive chaining algorithm split into two main 

2 State of the Art 

Three generic major steps can be highlighted in the literature survey on gen-

on a part from the solid 3D model, the second deals with matching a ma-
chining operation to a feature, while the last groups the process operations 
into set-ups and sequence operations within each set-up. 

Considering feature recognition, most approaches rely on the attributes 

parts; therefore the tool axis is constant during the machining and is eas-
ily extractable from the overall shape [10]. Techniques for 5-axis features 

To conclude, most approaches mainly focus on geometrical aspects to set 
-

facturing constraints other than generic rules affecting geometry. Gaines et al. 
[3] propose an approach to construct complex features considering existing 

-

feature set considering various tool axis orientation for prismatic parts. 
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The proposed approach is quite innovative because it relies on the extrac-
-

chain sequences of planes encountered on aircraft structural parts, but is not 
limited to this family of parts. Techniques to extract machinability attributes 
from planar surfaces in a 5-axis context are detailed in [5].

3 The Restrictive Chaining Approach 

In the following we present the main guidelines for the restrictive chaining 
-

Fig. 1: Studied mechanical part 

The general algorithm is essentially composed of two main phases: sec-
tion 4 and section 5. The input would be a mechanical part. First, all the 
EMFs related to the current mechanical part are extracted. Once we obtain 
the EMFs, we study all the possible face sequences based on a 7 step se-
quential algorithm presented in section 4.

manufacturing constraints. A sequence is a continuous chain of faces that 
are potentially machinable along the same machining strategy. Machining 

machining sequence. Different face sequences computed in the previous 
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4 Face Sequence Extraction 

-

EMFs, Elementary Machining Features, are nothing but the different faces 
of the CAD part completed with many technical attributes. These attributes 

-
ent Machinability Analysis conducted along the many computed attributes, 
enable the face to search in its surrounding which other faces to machine in 

are the potential manufacturing tools to be used.
As told before, an EMF integrates a lot of attributes. We shall now intro-

Face type: this basic attribute refers to the face geometrical type. An EMF can 
be a planar face, a cylindrical face, a conical face, ruled face. An EMF face 

-
ween two others that perform certain functionality, or if the face is a stand 
alone face.
Machinability factor -
ling, and the attribute is added to the face. Some planar surfaces are sui-
table for both milling modes, it is then up to the chain sequence to force a 
certain machinability factor
Machining directions: the face different machining directions are the 
main input used in the second phase of our algorithm. Based on trade 
rules and common sense of process planners, an automation to extract the 
potential machining directions is applied on the part and stored within the 
EMF object.

Finally, an EMF is an attributed face. From all the EMFs, we generate an 
attributed face adjacency graph called a ‘chaining graph’, where each node 
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4.2 Chaining Links

differentiation is made through the sharpness of the common edge between 
two different parts. The sharpness is the term used to describe on how the 

Fig. 2:

-

light green set the guidance.

4.3 Chaining Graph

forward proposition to the different sections that we’ll be realized. The 
chaining graph is a normal part chaining graph which explicit the surround-

planar surfaces that will be end milled.
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4.4 Chaining Algorithm

The algorithm relies heavily on the ‘smart face’ ability to understand its 

2 Pocket chains construction

-

milling chains where simultaneous machining is usually performed. 

side or series of end milling EMF in multiple depressions.
4 Contouring chains construction

It is to mention contouring chains recognition is not restrictedly based on 

5 Flank milling ruled driven
The remaining ruled surfaces still unaffected to any sequence can propagate 

-

6 End milling chain

together.

would not indicate any chain. However in the particular case of being 
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Fig. 3:

By processing these steps, the majority of face chain sequences will be 
found. Tests were made on multiple parts and proved the proposed algorithm.  

-
proach of a machinability analysis, and the results are to be presented for 
the process planner to approve or to reject them. Sometimes, the same face 
belongs to two different sequences. That is often an indication that this face 
might be split and manufactured through two different chaining sequences.

4.5 Algorithm Execution

We propose to present how the algorithm proceeds in order to better ex-
plain the method to obtain the face chain sequences. We assume the EMF 

we end up the closed chains we pass to step three and studying open chains. 

requirements, we won’t show the next algorithm steps. However, the extrac-
tion process is the same.
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Fig. 4: Algorithm execution

Feature recognition and machinability analysis are local analysis phases 

phases are alternatives elements, such as a combination {feature, operation}, 

these alternatives elements to generate a plan that is optimal considering 

machinability analysis: it is clustering elementary elements into chain se-
quences in order to ease the set-up planning activity reducing the number of 
elements to deal with. Although no decision relative to the generation of the 

-
-

ing them to the planner. Given a machine-tool, the idea of this restriction 
is to propose the list of alternatives chaining sequences that are possible as 
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5.1 Manufacturing Fixture Constraints

The global constraints considered in this paper are due to the limitation of the 

Fig. 5: Rotational Constraints

overcome the possibility of rotation of the spindle about axis A. Therefore, 
-

considered machine-tool.

Fig. 6:



626 KBE 

The main idea is to add an extra step to the algorithm of section 4 in 
order to restrict the theoretical chaining considering some constraints that 

-

that are needed in the sequence.

5.2 Algorithm

The algorithm relies on an existing visibility based algorithm developed by 
-

based model that represents the minimum rotations needed on A and B axis 
for the spindle to reach the considered machining directions.

Fig. 7: Kang’s algorithm

max[ , , -
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0. Initialize i=1
1. Check the feasibility of the theoretical chain CS
  Compute the minimum spherical rectangle

  rotational axis ranges 
  ‡ If not  2 else CS is machinable

3. Construct the Sub-Sequence of CSi*

3A. Extract machining direction CSi*
  Compute the minimum spherical rectangle of CSi*

  rotational axis ranges
  ‡
    ‡ Substract the face Fj from CSi*, store the machin-
able
  sub-sequence CSi* . 
GOTO 2 with i=i+1

6 Results

From an initial chaining sequence, the presented algorithm may split it 
into sub-sequences that are locally achievable on the given machine-tool. 
Some faces may be present in several sub-sequences. The selection of the 

set-up planning phase, considering global constraints from feature interac-

Depending on the wishes of the planner and the process planning strat-
-

quences could ease the set-up planning orientation or the decision about 
the number of required set-ups.
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7 Conclusion

This article presented an inherent manner to compute the machining sequenc-
es. The result allows the process planner to imagine all the potential machin-
ing chains he can apply to realize the part. This effort done in a post design 
– pre process planning - phase provides essentially a certain understanding of 
the design which can reduce the time needed for the process plan generation 
and thus the total cost. This effort is being realized with Dassault Systemes 
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Belgium

Abstract
Product designers and other professionals spend a large part of their time in search 

-
-

sort to reinvention of the wheel. This paper introduces the McKnow platform, a 

orientation. Several offered functionalities are described, as well as conclusions 
from their experimental evaluation.

Keywords

1 Introduction

During the last few decades, the industrial world has witnessed a growing 
-

nized as a dominant economic factor for innovation oriented enterprises. 
This is not at all surprising. The value of a company is only partly rep-
resented by its tangible assets, such as buildings, equipment and capital. 

is often tacitly ungraspable, residing in people’s heads, but it can also be 

and manuals [7].



630 KBE 

-
-

-

of reinventing the wheel. Time studies indicate that, throughout a design 

in early conceptual design phases – on information gathering activities [8] 

product designers have to start from scratch, ignorant of research or devel-

exact details of the techniques or products they design. A survey by KPMG 
reports 63% of companies complaining about this reinventing of the wheel, 

This paper describes McKnow, a platform on which a collection of meth-

The next section describes the structure of the platform. The third section 
describes functionalities offered by the platform and discusses some experi-
mental results. The last section contains the conclusions of this paper. 

The McKnow platform was conceived in 2001 as part of a project conducted 

in Belgium, and has been the subject of continuous research since then. The 
project focused on automated and user-oriented methods and algorithms for 

-
opers and other professionals by reducing the time necessary to locate previ-

This paper discusses the platform and the functionalities it offers. 
Automation and user-orientation are two important aspects of all algo-

rithms that were developed as part of the platform. Extensive automation 
reduces the amount of time spent on maintaining the system, both by admin-
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management system to provide qualitatively better answers, tailored to a 

-
bination of data and information has been written down. Typical documents 

-
ports summarized in presentation slides, etc. Of course, not all documents 

is ungraspable and mainly resides in the employee’s head. It is, amongst oth-
ers, based on training, experience and feeling. In order to include this type 

written or read by this user, where written documents indicate expertise, and 

itself, but it points to the person who does have the relevant expertise. 
-

2.2 Structure

The basic structure of the McKnow platform is depicted in Fig. 1. The main in-
put for the algorithms developed on this platform are documents, as described 

-
ers. They are automatically retrieved, analyzed, and entered into the document 

concerning their current activities. As described in the previous subsection, 

written and consulted by the user. 



632 KBE 

Fig. 1: The McKnow platform

Based on these two groups, documents and users, explicit and tacit 
-

rized into clustering, matching and search algorithms. Clustering algorithms 
will discover similarities between different documents or users. Matching 

versa. Search algorithms enable the user to locate both explicit and tacit 

On top of these components reside updating mechanisms, which adapt 

as well as new documents or users entering the system.

2.3 Document and User Representation

The documents in the system are added to an index by converting them into 
vectors. Considering the scope of this paper, a full technical detail of this 
procedure is omitted.  For a good understanding of the next section, it suf-
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Dimensions: all words in the vocabulary of the document corpus
Weights: the importance of each word in the document, a weight of 0 being 
assigned to words that do not appear in the document under consideration

document vectors, and thus are vectors themselves, residing in the same 
space as the documents.

3 Functionalities

The algorithms developed on the McKnow platform can offer a wide range 
of functionalities, several of which will be discussed in this section. All 

is present in a company. This improved access will free up extra time for the 

-
tion. Its goal is to discover in which domains the company has expertise. 
This is mainly accomplished by clustering [4] the entire document corpus 
that can be found on the company’s intranet. Clustering will identify groups 
of similar documents. The content of a document is represented in the index 
by a weighted vector, and the contents of a cluster can be summarized by 

to importance. Generally, these stems are descriptive enough for the profes-
sional user to discern the various topics that are covered in the dataset. 

This procedure can be applied to an entire company, but also on a lower 
level, such as company divisions. Furthermore, it can be used to compare 
different divisions or companies to evaluate them for possible overlaps in 
expertise. This can be an indication of, for instance, redundancy within the 
company, or the need for a structural reorganization.

This functionality has been tested on several datasets, both from industry 
and the academic world. In general, the employed algorithms succeed in 

under consideration. An experiment with data from an engineering com-

strongly correlated with the individual projects conducted at the company.  
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as input to the algorithms, consisted of documents on various long term 
projects that had little overlap in technical content.

Another experiment was conducted using data from several research 
groups from three university departments. Some of these research groups, 
e.g.  Physiology and Accounting,  have little in common. Others, such as 

between different research groups, as well as distinguishing research groups 
that have no overlap.

-
in the company. The most important technique to provide this functionality 

-
ployee. It is advisable to assign multiple vectors to employees with multiple 

multiple domains, competing for importance within the vector. As such, 
stronger domains can suppress others, giving an incomplete view of the 
user’s competences. 

The user profiles can be integrated in a search engine, because they 
are identical in structure to document vectors. This means that it is pos-
sible to find expertise within a company simply by launching queries 
through the search engine.

multiple vectors, an employee can be situated in multiple clusters. These 
clusters can be used as a basis to construct communities of practice [9], 

This can be demonstrated with the following small scale test case.

used. These are all press articles, categorized according to a predetermined 
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Tab. 1: Reuters dataset

-
ments were used between users. The different topics were assigned to the 
users as shown in Table 2.

Tab. 2: Users with their respective expertise domains 

User Expertise User Expertise User Expertise

A
GDEF
GFAS C GSCI E

GSCI
GSPO

B
GFAS

GSCI

D
GSPO

GTOUR
GWEA

F
GDEF

GWEA

of topics. Most of these topics represent an expertise that is shared by several 
users. The results of the experiment are summarized in Figure 2. The under-
lying dendrogram describes the relationships that are discovered between 

calculated relationships between users are exactly in accordance with the re-
lationships expected from the overview in Table 2. An additional discovered 
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Fig. 2: Dendrogram of the clustering results

3.3 Search Functionalities

This section will describe several search functionalities that can be offered 
through the integration of the McKnow technology with a search engine.

for in the same way as a typical search engine does for documents. This allows 

The objective of a fuzzy search functionality is to expand the results of a nor-
mal search with other relevant results that are not found by the normal search. 

-

The problem of synonymy can be addressed by reducing the amount of 
dimensions in the vector space that contains the document vectors. This can 
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dimensions of this new space are called factors or concepts. These concepts 
are each a collection of dimensions from the original space, where dimen-
sions that frequently occur in the same context are mapped together, includ-
ing dimensions that represent synonyms [3]. 

By transforming a query to this new document-concept space, it is au-
tomatically expanded with similar stems from the same concept. The term 

together with other relevant words, thus expanding the result list with other 
relevant documents.

When two people use Google, they will both get the same results, even 

company, a product designer querying on a product name has totally differ-
ent interests than an accountant querying on that same product. 

the search engine. This is done by combining the query terms with one of 

other hand it adds relevant documents to the result list by expanding the 

Recently, an experiment on the effectiveness of several search functional-
ities was conducted  by the authors at an international engineering company. 
Part of this experiment involved the enhanced document search described 
here. A group of 20 engineers participated in the experiment, several of them 

-

-
-

increasing the precision of the selection procedure.
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4 Conclusions

-
-

agement. Key aspects of these algorithms are automation and user-orienta-
tion. Several offered functionalities are described as well as their evaluation 

perform well, thus supporting the desired functionalities. 
Deployment of these functionalities in a product development environ-

time wasted on searching for information and reinventing the wheel.
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Integration of Learning Aptitude into  
Technical Systems 

K. Paetzold
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Abstract
The higher level of intelligence of multi-disciplinary systems results from the op-
portunities coming along with further developments within informatics. This opens 
up new opportunities to develop cognitive technical systems, which independently 
improve and optimize their own performance. However cognitive abilities in techni-
cal systems are always tied to their embodiment. The acting in terms of the system’s 
intended purpose is based on data collected by the system from its environment or 
provided by the system itself. Furthermore it is necessary to integrate learning ap-
titudes in the technical system. The paper describes methods to include learnability 
for realizing cognitive abilities in a technical system. 

Keywords
Mechatronics; cognition; learnability; product development

1 Introduction

Integrating cognitive abilities into technical systems can be regarded as a 
consequent further development in mechatronics. Generally, the cognitive 
abilities of the human being are considered to be the ones that enable it to 

of handling it. This eventually redounds to the fact that terms being asso-

Therefore to enable implementing cognitive abilities into technical systems, 
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and psychology need to be incorporated for the interpretation of such terms 
in the context of the designing of technical systems. Decisive thereby is 
that cognitive abilities cannot simply be reduced to a high-performance 
information processing system. Rather it is imperative also to incorporate 
the complete system in its structure into the considerations. Therefore, con-
siderations on the embodiment of cognitive technical systems stand in the 
focus of this article.

2 Cognitive Technical Systems 

cognoscere
much as percipience, recognition. Modern cognition science subsumes under 
that term the properties of: percipience and recognition, encoding, memoriz-

the use of language. In order to acquire cognitive abilities, it is thus crucial 
that all those properties must be achieved. The degree of cognitive abilities 
is rather distinguished by the degree of development of those properties. For 
example, when a form of language is used for communication, as the human 
being does it, a very high cognitive degree is achieved. However, simpler 

can also absolutely contribute to cognitive properties. 

Fig. 1: Reference architecture of cognitive technical systems 
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The quintessence of cognition according to Strube [1] is “... the sum of 
mental representations and processes ...”. This means the notional digestion 
of the perceived. Analogically, cognition intervenes between the reception 

-
tioned eventually results directly in the cybernetic motivated control loop 
architecture, as it ultimately forms the basis of mechatronics [2]. From the 
technical point of view are a series of sensors and adequate actuators inte-
grated in an overall system, which are coupled by an appropriate informa-
tion processing system. Perceptive properties correspond to the perception 
of the environment as well as of the technical system’s own inner condi-
tions. Motor-functional control, so the generation of actions for the purpose 
of modifying or manipulating the environment must be assured by the sys-

Information processing in cognitive system has to assure the original 

For the technical realization, these properties partly provide a much greater 
challenge, since data and information received from the environment and 

the database with data gathered from the situation and the evaluation of that 

overall structure, the arrangement of sensor technology, and the actuator 
system’s capacity to act. 

cognitive abilities actually means an enhancement of the mechatronic 

-

programming is thereby described. 
Interesting in this respect is the circumstance that cognitive abilities in a 

system always build up on purely reactive systems. For the human being, 

-
pensable for survival. Cognitive abilities always require a reactive base sys-
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tem, which for securing the system’s existence in no case may be bridged. 
So from the technical point of view, the high development status within 
mechatronics is a very good starting basis for extending technical systems 
by cognitive abilities. For the extension of a reactive system by cognitive 
abilities, a multi-level approach is recommended, which is geared to the 
principles of cognition science [Stru96]. This approach implicates three 
levels. On the reactive level, an associative level builds up that forms the 
new interconnections between actuators and the sensory system on basis of 

-

Fig. 2:

In cognitive sciences, three specific features are named for cognitive 
systems [3]: 

The active integration into the environment and thereby the ability to ex-
change information with it 
The representation of system-relevant data of the environment and of the 

The learning and anticipating aptitude of the integrated information pro-
cessing system.

All three features still today present a great challenge for the technical 
realization. In the focus of this article however is the third point, which 
shall be treated more closely in the following. Thereby it is not the point to 

-
tion with learning. The emphasis of this article is rather on the aspects of 
embodiment. The objective is to describe what aspects are necessary for ar-
chitecture approaches to support the learning aptitude of technical systems. 
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learning from the viewpoint of psychology and cognition sciences and from 

3 General Structuring of Learning 

3.1 Forms of Learning

In psychology and cognition science, the term of learning is explained by 
-

[4]. In connection with the description of cognitive abilities, learning is to be 
-

ceeds. When learning is considered as a process, a procedure is described by 

as well as non-cognitive controls of behavior and actions, Strube [1] sug-

cognitive regulation, for which reactivity is ensured by simple continuous 
control systems and feed forward control loops. On this level no learning 

cognitive level is the highest level in this model. From the view of cognition 
science, it is characterized by intention management and planning and ac-
tion control. This is basically equivalent to learning by insight that means, 

undoubtedly is the greater challenge for the technical realization, since at-
titude changes occur uncontrolled in most cases, resulting from spontaneous 
recognizing of structures of a problem being confronted with. 

The associative interface level is connected with associative learning, 
also named conditioning. In conditioning, successfully performed reactions 

-
nite und stimulus-reaction couples [5]. From the view of cognition science, 

-
ulus is learned to a reaction already having command of, with instrumental 
conditioning new behavior patterns are acquired by trial and error. 
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From the description it becomes clear that classic conditioning can com-
paratively easily be integrated into technical systems by gathering exten-
sive sensor data, which then have to be scanned for patterns and repetitions. 

into the technical system as here the feasibility is required that the technical 
system can determine internal objectives and act motivated. In addition, a 
possibility for self-regulation is required for the technical system. 

The effectiveness of learning in the upper levels also very strongly depends 
on the abilities of the technical system. These result from the purpose of the 
system, its basic implementation in the domains, and its integration into an 
overall system. So the abilities are characterized by the embodiment. 

3.2 The Learning Process 

Decisive for further considerations is that learning represents a process, which 
can be promoted by system architecture. Thus the learning process can be 
described as a property, which is essential to be developed, not a feature that 

-
tures. When considering the process of learning closer, sub-processes can be 

-
terns and regularities are to be recognized, conclusions must be drawn, result-
ing actions and operations need to be evaluated, and memorizing capacities 

The learning process represented can be integrated into the architecture of 
technical systems. As input for the learning process, a stimulus is provided 

learned action that serves as triggering for the actor system and therefore 
needs to be adjusted to the same. In case information cannot be perceived or 

Within this learning process, now also both forms of conditioning can be 
-

tioning primarily relates to the evaluation and analysis of sensor data, it can be 

viewpoint, it is imperative to construct the sensor technology so that relevant 
data from the environment as well as from the system itself are gathered as 

data fusion but also of recognizing patterns stand in the foreground. 
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Fig. 3: The learning process [6]

Instrumental conditioning as basis for purposeful non-instinctive acting acts 
on the assumption that each action is followed by a consequence. Compared 
and evaluated are now action-consequence combinations for the acquisition 
of new behavior patterns. Crucial thereby is that on the one hand that behavior 
patterns are followed by a consequence, which is agreeable if that behavior 

-
-

ment learning are already successfully applied in information processing in 

oriented. In the technical realization, on the one hand actuators with reactions 

adjusted simple operations, but also result from a sum of operations. Finally 
also here need results to be compared to the system’s objectives to enable 
evaluating of operations in the context. 

The highest form of learning, learning by insight, integrates the learner, in 
this case the technical system, stronger into the learning process by develop-
ing new behavior patterns through observation and consequential emulation. 
Important functions are thereby abstracting and the drawing of conclusions. 
The form of learning is very much depending on a high-performance infor-
mation processing system, but also necessitates the technical realization of 
attempts of self-regulation and motivation.
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4 Conclusions for the Designing of Technical 
Systems

From the description of forms of learning it becomes apparent that in ad-
dition to the description and evaluation of the behavior of technical sys-
tems also motivation and situation represent important components, which 
need to be describable to enable implementing learning aptitude in technical 
systems. The technical system’s behavior is always to be interpreted in the 
context of the respective situation. Belonging to the situation description is 
in addition to the description of the environment also a description of the 
technical system and its present inner conditions. Already the description 
of the environment for cognitive technical systems is very complex due to 
the desired autonomy of such systems, since an unstructured, at least semi-
structured environment is to be assumed. Acting as appropriate to the situa-
tion is only possible if the system is able to acquire all relevant environment 
parameters to the extended possible and to bring them into an applicative 

independent from the one of the developer, since technical system and de-

for objectifying are inevitable for the situation description. 
That objectifying undoubtedly represents a great challenge for the de-

veloper, since he or she quasi has to put him or herself into the technical 
-

the starting point of all considerations for development, but the behavior, 
so the way of reaching the principal objective, comes stronger to the fore-
ground. Along with that goes the consideration of a multiplicity of sub-
ordinate targets that cannot be hierarchically coupled together anymore, 
but appear as a multiple target system with heterarchic character. That 
phenomenon cannot be handled by classic logic anymore, here the use of 
poly-contextual logic is offered. 

In addition to these aspects, questions of self-regulation gain very much 
in importance. Self-regulation however comprises three more prerequisites 

• The cognitive technical system must amplify itself and is consequently 
subject and object in one 
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The two other processes of self-regulation are self-observation, so the 
-

servation includes on the one hand that the technical system is informed 
about its current inner conditions, which today may be assumed as state-
of-the-art. Here is the automat theory available to the developer as a high-
performance method for interpretation respectively description of inner 
conditions. In self-evaluation, the behavior observed before is compared 
with performance criteria from earlier experiences. Those performance 

The integration of motivation into cognitive technical systems implies that 

the behavior is either continued or in case of nonconformity with the exist-
ing performance criteria, it is necessary to build up new behavior patterns. 
Building up new behavior patterns is based on logic categories of learning 
according to Bateson and Goldammer [8], which this article cannot dwell on. 

stands for moving. The meaning of it is that the behavior of a cognitive 

generally be understood as a readiness for behavior or acting, by which the 
own system activities are oriented towards a certain target. Motivation is an 
indispensable prerequisite for learning additional new behavior patterns or 

sub-ordinate targets of the cognitive systems, strategies can be developed, 
which enable coincidental exploring and so learning by trial and error at all. 

-
ate motives, so to answer the question what a technical system generally 
wants, on the basis of which then questions of self-regulation as well as of 

A basis for the description of human behavior control is provided by the 
pyramid of needs according Maslow [9]. A transference to technical sys-
tems is absolutely possible for the lower steps while the upper steps, which 
are characterized by quality of life and self-realization in contrast require a 
technical interpretation. If a technical system actually follows an intention, 
it must have a certain intentionality, which means, inner conditions have to 

-

agents. An interpretation in the sense of overall structure design of technical 
systems is necessary here also. 
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5 Summary

To enable integrating cognitive abilities into a technical system, not only a 
high-performance information processing system is required, but also it is 
important to incorporate also the structure of the technical system into con-
siderations. The importance for the possibility of implementing motivation 
and self-regulation into a system was demonstrated. To enable the adapta-
tion of behavior patterns in line with the technical prerequisites, a potential-
ity to determine and to evaluate consequences for the system is required. 
Presented within the scope of this article were only approaches, the concrete 
detailed formulation of individual methods is subject of further research. 

References

1 G. Strube, Wörterbuch der Kognitionswissenschaft. Klett-Cotta, 1996.

Systeme, 2003.
3 G. Strube. Modelling Motivation and Action Control in Cognitive Systems. 

Berlin, 1998.

6 G. Görz, C.-R. Rollinger, J. Schneeberger. u.a., Handbuch der Künstlichen 
Intelligenz. Oldenbourg, 2000.

7 K. Paetzold: About the Importance of Modelling and Simulation 

04.02.2006.



Department of Manufacturing Engineering and Management,  

Industry and society face a range of new challenges concerning innovative 
competences, methods and approaches, in order to develop new products 
and systems on a competitive basis. These are challenges which ensue from 

the new globalised context. 

elements. But these new types of ‘extended products’ are often left to be 
handled by methods and approaches based on earlier industrial practices.
Increasing demands for individualization and customization of products 
are being called for, along with demands for short response time and dy-

technological opportunities.

-
ployees with a diversity of attitudes to intellectual challenges, sustainabi-
lity and responsibility. 
Societal demands on improved effectiveness in use of resources, incorpo-

and ethical aspects along with improved competitiveness. Responses to 
these challenges will increasingly demand for product innovation and the 
development of new business concepts.
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Innovative activities can no longer only be supported and solved within 
dedicated development departments, but have to incorporate a multipli-
city of competences and business activities. Accordingly, company orga-
nisation and new collaborative patterns and competences cutting across 

-
turing, strategy and technology will be needed.

following these new challenges also demand new competences from engi-
neers. Traditional training in natural sciences and technical disciplines with 
supplements from social sciences including ethical, social, economic and 
management issues can not in itself provide these new competences. As a 
consequence, new engineering curricula have been developed within design 
and innovation at a number of technical universities in Europe and the US. 
In order to support the development of new competences and enable indus-
try in meeting these challenges the development of new methods, concepts 
and understandings based on research and exchange of experiences between 
research and industry are needed.

Under the label of ‘user-driven innovation’, it has been pointed out in 
-

erences could become a new driver in the innovation processes in Danish 
companies. Users have always been present in the product development 
processes in some way or other. So the question is, how new insight in use 
processes and users interaction with products can improve innovation pro-
cesses. In this paper it will be stressed that user oriented innovation involves 
the inclusion of many sources users, but also
on markets and technology. The paper hereby aims to qualify particular 

notion of ‘user-driven’ innovation is built. The paper elaborates on how a 
broader, yet more nuanced understanding of user oriented dimensions may 
contribute to the tight coupling between product innovation processes in 

-

innovation process. The point will be made that the support of user ori-
ented innovation processes will have to deal with development of new 
approaches, methods and competences as well as methods for their imple-
mentation. The challenge will be to change existing perspectives on users 
in the product development process which calls for a reconceptualisation 
of the entire product development process emphasising the staging, fram-
ing and management of innovation.
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As a response to the new demands for developing industrial and societal 
competences in innovation, DTU has developed a research program in de-
sign and innovation in the context of the broader Danish research consor-

1. The aim 
of the research program is to strengthen the capabilities and competences 
of industry to develop new products and systems that can improve prosper-
ity and welfare in society. The idea is to assist industry in handling these 

managing design and innovation and develop and implement new methods 
and approaches in product development. The ideas presented in this paper 

between colleagues at the Department of Mechanical Engineering and the 
Department of Manufacturing Engineering and Management at DTU. 

-

-
logical development and innovative processes. However, the idea of contra-
dicting a technology-driven and a user driven innovation is misguided, and 
grounded in an old-fashioned notion. Firms are being confronted with the 
complex challenge of having to combine technological and science-based 

conservative in a product development situation. Technological options oth-

-

1 CIPU is the result of many years’ of industrial and academic collaboration towards a 
nationwide campaign for innovation in product and service development. Read more on 
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the use of medical products in use situations can, for instance, yield unique 
-

integral role in the medical 
and the evidence-based research tradition. Insight mediated through video 

-

In order to manage this type of challenge, there is a need for new meth-
ods and approaches as well as new ways of organising these methods in 
innovation processes. Research into design, product development, and in-
novation points to a diverse range of product and user-related dimensions 

and methodological approaches utilising more profound perspectives on us-
ers throughout the entire development process.

-
es toward organising the innovative interplay between the diverse constel-
lation of actors and specialisations, which enter into innovative processes. 
How can rather different groups of users with different perspectives, bases 
of values and cultures enter into an innovative interplay with the develop-

ledge and insight when it comes to concrete product areas. Which, and 

process of product innovation?
Products will increasingly have to function in a complex and heteroge-

and practice, as well as association with other artefacts. It is indispensable 
for innovative processes that creative and successful translations of attribu-
tion of meanings toward the product are achieved in relation to actor rela-
tions. Innovation is an open process, whose result cannot be given á priori 

-
ment and change in any local context of application. Innovative processes 
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-
partment, e.g. that of product development. Coordination often involves dis-

human resources and technological research and development, foresight as 

such interaction organised, so that innovative solutions are encouraged for 
all involved? These challenges become all the more clear when the issue 

A range of methods are available for companies to improve communications 
with users and to depict user preferences. These include description of use 

user ethnographies. The term ‘user ethnographies’ includes the translation 
of user observations into design spaces in order to challenge the designers’ 
conceptions of users. User-driven innovation should not just focus on us-
ers and their preferences, but on the way users are ‘created’ in the design 

These departments may have different ‘sensors’, tools and ‘observatories’ 

implication being that diverse interpretations of user preferences compete 

instead of being the outcome of conscious choice.
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Fig. 1: Inscription, script and description

as designers and interact with product development in companies. Following 
from von Hippels research, the question may be phrased, as to how lead us-

products and users, it is shown, that users are being constructed along with 
the development of products [15]. Research within innovation economy and 
sociology of technology [16] has pointed at the complicated interaction be-
tween design and use as two different actor worlds, and that appropriation of 

-
ment of a stable use. The interaction between design and use may be seen 

intermediate and ‘end’-users. In the food sector, for example, this point is 
rather obvious and can be illustrated by the user-producer chains from soil 

-
ing and serving. Product development may involve larger or smaller part of 
the chain but will inevitably include co-construction of products, business 
relations and user-producer relations.

Also the interaction between development and use may vary along the 
‘biography’ or the ‘product life’ of a product. Synthesis oriented approaches 

-
velopment [11] suggest an array of methods to be applied along a products 
life cycle from idea over conceptualization and product design to manufac-
turing, distribution, sales and scrapping, recycling etc. In this perspective, 
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service systems. Also new approaches in conceptualization [10] may favour 
user orientation by emphasising analysis of user contexts and scenarios for 

engineering practices, technology and a range of other sources.
-

ing a product varies among relevant actors and over a span of time [2] may 
interchange by closure and stabilisation processes turning a volatile product 

line of research would be the domestication of products emphasising the role 
of scripts and how designers inscribe meaning into the product and how users 
‘describe’ and translate these meanings. It is a challenge for user driven innova-
tion to study these phenomena and to develop methods being able to support 

The multi-actor perspective on design and innovation points to the nego-
tiated character of design and innovation processes. The design space can in 
other words, in principle be informed by a broad range of concerns. These 
stem from a multiplicity of actor-positions, from the product design and 

well as to disposal or possible ‘reuse’. Compared to the traditional charac-
terisation of the relative passive nature of the ‘diffusion’ of products in so-

focused on the ‘use’-end of innovations. Here, the very active interplay of 
products and social actors come to light, in situations of appropriating inno-

-

the cultural meanings play a role in how technologies are appropriated, ob-

an integral part of the economy of the household. At the same time it trans-
forms the very context which it enters into, through this process of integra-
tion along practical, symbolic and cognitive dimensions. What is of interest 
in this regard, is that products may be domesticated differently in different 
contexts of use, i.e. that the product or the innovation do not determine
what the one characterisation of use may be. Different contexts, thus point 
to different dimensions of the product quality or properties. The very unit 
of analysis concerning the domestication of technology is thus broader than 
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-
ference, as well as various stages of the product life cycle – where differ-

context of engagement with the product. 
-

ple strategies are enacted by various actors, through their respective sense-

development and innovation. 
The conception of products as well as of services and systems encompass 

a range of material, social and symbolic aspects of artefacts. This means that 
materialised products entail an object-world which refers to visions of use and 
users which extend beyond the products’ functional aspects, as is traditionally 
construed. This object-world covers expectations, interpretations and visions 
tied to the product. In a corresponding manner, the expectations tied to imma-
terial products will often implicate the existence of material artefacts, which 
render the immaterial products and their use possible and meaningful.

In this scheme of things, design deals with the creation of new actor-worlds 
and new arrangements and orderings of social and material relations of a hy-
brid character. Heterogeneous elements of actors, artefacts, visions and busi-

of such ordering of processes and the bridging of boundaries between local 
and global perspectives are crucial challenges for the managing of innovative 
processes. This inter-disciplinary perspective serves as an indispensable guide 
in the development and consolidation of a new integrated discipline and per-
spective on design processes and innovation.

4 Innovation and Design as Social Processes

sociotechnical process involving processes of synthesis. Our contribution 
to the understanding of design as a sociotechnical process draws upon the 
theories form the new sociology of technology as well as cultural studies of 
technology. Here design is seen as the outcome of an interaction between 

-
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lems to be solved and their different approaches and preferred solutions. 
Recent studies inspired by a social science approach consider engineering 
design as a collective and social process of creating material artefacts [5] 

in a mutual process. Innovation is thus about changes in some or all of an 
existing set of identities, expectations, beliefs and languages. This broadens 
the scope of the design process to include the attempts to order and struc-
ture the object worlds including the social interactions and user interests 

participants and representations is crucial for the outcome [4]. 
-

sign processes must spend time and energy discussing, listening, propos-
ing, and arguing with one another about their respective proposals which 

product development. Priorities that can not be reduced to management 
decisions, but which often engage a range of people beyond cross disci-
plinary product development teams. 

Concerning the understanding of innovation, we allude to Pavitts ‘gen-

and exploitation of opportunities for new or improved products, process-

Innovation is inherently uncertain, given the impossibility of predicting 
accurately the cost and performance of a new artifact, and the reaction of 

one of the most important innovative processes. 
-

Callon [6] describes translation as the following set of actions: problemati-
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sation, interessement, enrolment and mobilisation. Through the translation 
processes, if they are successful, facts and technologies are made strong and 

-
portant in the staging and management of design processes, in the creation 
of organisational spaces for design and in the framing of meaning and the 
generation and selection of ideas for product development.

-

-
cessful, facts and technologies are made strong and durable preconditions of 

management of design processes, in the creation of organisational spaces for 
design and in the framing of meaning and the generation and selection of 
ideas for product development.

5 Shortcomings of Linear Models

Despite the need to focus on processes and content in design processes and 
innovation, the dominant methods and approaches do not address these is-
sues in an adequate way. The widespread ‘stage gate’ models predominantly 

-
ing projects. Emphasis is on commissioning and evaluating projects while 

decisions concerning the composition of cross disciplinary or departmental 
teams. Here, established departmental interests and organisational politics 

-
sion of players and perspectives. From an organisational and management 
point of view, these are very important features, but they do not necessarily 

-
-

tent of ideas and their potential alignment with company strategies. 
The ‘front end’ activities are often more important for the generation of 

new product ideas and product conceptualisation than the selection of team 
members after project commissioning. But the front end activities are nor-
mally not included in the stage-gate model and are of a more fuzzy nature. 
Also Cooper, one of the fathers of the stage gate models, indirectly admits 
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in the up-front or predevelopment activities. Unfortunately, these early stages 

companies experiences that ‘stage – gate‘ models falls short in offering suf-

An example from industry could illustrate the point. The hearing aid in-
dustry is an example, where strong disciplines from audiology, materials 
engineering and hardware people have had a major role in early phases in 
product development. In the linear stage model, the front end activities of-

the traditional modelling of product development, but increased dynamics in 
-
-

involving heterogeneous players with a range of diverse perspectives on what 

certain but limited role in the product development process. 

6 Sociotechnical Spaces

-

and groups within the organisation as well as from the outside world in a 

as activities which span across a range of organisational departments or 
functional divisions, where these often would have different perspectives 
or emphases on design. The perspectives on design and innovation, within 
the organisational frame of such activities, also often vary over time to-
gether with shifting projects and political agendas. For these reasons, it is 

-
ment will increasingly entail the arrangement of interaction between actors, 
competences, artefacts and organisational agendas involving programs of 
organisational change which bear upon product development activities. 

design and innovation, particularly in the early, informal design stages. For 
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organisational mindsets, without compromising the established organisa-

The staging of innovative interactions within or around a sociotechnical 
space can strengthen and bring about new innovative performances and the 
ability to change. Innovation in product development can be strengthened 

new spaces for design and innovation, through the reorganisation of interac-
tion among established spaces. 

may be guided by established methods, practices and rules of thumbs, the 
-

-
ing, product design, manufacturing engineering and production in a US 
American supplier to the car industry. Innovative solutions demand a trans-

-
riety of sources as the main process in the constitution of sociotechnical 
spaces for product idea generation. The point is here, that multiple players 

or machines as translators. A question is whether and in which meaning 
these translations can be managed and how they contribute to the constitu-
tion of a sociotechnical space for innovation and product design with its 

-

as a contribution to understand the distributed character of sociotechnical 
complexity and its management. In a socio-technical design spaces social 
players interact with one another, with technological artefacts, and manage-
ment concepts and technologies. A similar concept concerned with strategic 

-

of development’ proposed by Jørgensen and Sørensen [12].

others excluded. A socio-technical space can therefore be seen as a target for 
diverse political concerns and perspectives in organisations. A socio-tech-
nical spaces approach allows not only for the potential opening of spaces 
for scrutiny and exploration, but also for the bridging of ‘spaces’ otherwise 
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rendered distinct and without immediate or obvious relevance to one an-
other. In this light, the facilitation of particular views and combinations of 

implementation and change. 
The sociotechnical constitution of these spaces and the contradictions and 

challenges these poses for managing are increasingly becoming an organi-
sational issue. In a situation where no single actor, ingenious inventor, bril-
liant designer or company founder can act as interpreter and translator of 
trends in societal needs nor can have an overview of specialized generation 

-

situations from use, future environmental demands, ethical debates as well 

research departments, universities etc. 

7 Challenges for Management of Innovation

A company developing and supplying equipment for the medical sector has 
developed a strong position in the design and manufacturing of their prod-
ucts through a long term strategic orientation towards user needs and inclu-
sion of user experiences with their products. The company has chosen to 
translate the user experiences through professional groups of intermediate 
users, in this case the nurses active in providing care for the end users. This 

group being dependent of the care and advice concerning the qualities and 

-
tuted through the interaction between design engineers, stomi products and 
the communities of practice established among the nurses. 

But, the choice of translator also has consequences for the innovation 
process. As a result of the long term interaction, established practices of 

become dependent of and adjusted to incremental innovations. More radi-

channel of translations of user needs. 

departments may have developed methods for translating user needs based on 
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statistics on sales numbers, prices and user categories described in terms of 

community of practice or of a service department being able to actually meet 

questions or those concerned with trends in materials, audiology or medical 
specialities it is obvious, that they again offer very different translations of 

Figure 2 illustrates how socio-technical spaces may be constituted through 

Fig. 2: Staging of early phases in product design

-
nated throughout the innovation process. This seems to be a new challenge, 

-
ment. Companies instead often rely on implicit and emergent strategies. We 
therefore suggest in this paper, that the development of new concepts and 
practices regarding the role of translators are relevant for the management of 
design and innovation. 

-
sion and exclusion of organisational players and the mutual translation of 
players and content of change. Accordingly, we may suggest management to 
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The concept of socio-technical spaces should help analysts and practi-
tioners to identify spaces and the possibilities for ‘spacing’ and ‘staging’ 
of design activities and change processes. These may entail the creation, 

-
evant translators. The construction and selection of translators may be an 
important handle in the staging of selective mechanisms. A debate on the 

debate of visions and ideas for product development. An example of an im-
portant concept that should be further developed in order to analyse and 
characterise the role of translators would be the notion of boundary objects 

Finally it is important to point at relevant tools and strategies for the cre-
ation of change in established organisational practices. Many barriers for 
innovation are construed through organisational politics and the views and 
perspectives being either openly articulated or just practiced in silence. 
Here, design approaches or management concepts can act as the new change 
agents together with mindful organisational players.  
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Future Trends in Product Lifecycle  
Management (PLM)

M. Abramovici

Ruhr University Bochum, Department of Information Technology in 

Abstract
-

sational approaches and enablers for the effective management of product devel-

industrial partners. 

Keywords

Engineering Collaboration

1 PLM State of the Art

the central management approach in engineering in the manufacturing in-

much more than just a piece of software.

models and IT tools for managing product information, engineering 
pro-cesses and applications along the different phases of the product 
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distributed, interdisciplinary collaboration between producers, suppli-
ers, partners and customers [1].

While PDM was ICT driven and had a narrow focus on the ma-nagement of 

all data, processes and applications for the entire lifespan of a product.
-

ess meta model managed by a database management system and a central 
controlled data vault for the storage of all created proprietary models and 

Fig. 1: Basic components of the product lifecycle management approach

-
sifying, modelling, retrieving, sharing, disseminating, visualising and ar-

-

-
ment methods and tools.
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-

CAE and integrated enterprise software such as ERP, SCM or CRM sy-

-

engineering collaboration support, user access management and data analy-

-

-

-
cal documents, the support of engineering releases and change processes as 
well as their strong integration with CAD and ERP and data systems. The 

lifecycle activities outside the product development, as well as of integrating 
mechanic, electronic and software components. Another problem of avail-

customising efforts. In spite of intensive standardisation activities, general 
-

cesses are still missing.
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2 Expected PLM Developments

This space considers following development directions:
the general approach instantiation for different industries or application 
domains

the covered phases of the product lifecycle
the supported process types
the covered product types

Fig. 2:

The following sections describe the main expected trends within this de-
velopment space, showing some examples from results achieved in research 
projects carried out by ITM Bochum, Germany.
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2.2 Instantiation of the General PLM Approach

-
uct meta-data and routine engineering processes. A lot of special templates 
are available for the automotive, aerospace and machinery industry. Future 

pharmaceutical, textile, chemical or medical technology industries [3]. A lot 

sectors such as hospitals, insurances or service-companies.

2.3 Considered PLM Users

including various distributed sites. Some recent research activities address 
-

es will also integrate development and service partners as well as customers 

The solution developed in this project allows customers to evaluate virtual 
product models during the development process of a new product by providing 

on his experiences, his satisfaction with the product use and more improve-
ment proposals, which can be used by the producer for the development of the 
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Fig. 3: -

2.4 Covered Phases of the Product Lifecycle

-

-
ods and tools will better support the management of other downstream prod-

planning and simulating the digital factory,
-

line product catalogues, 

places and online product catalogues,
operation monitoring, optimisation and maintenance of the product dur-
ing its usage,

-
ried out by ITM Bochum in cooperation with some IT and automotive 
companies [7].
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2.5 Supported Process Types

the management of engineering support processes and 
product-related/strategic management processes

-
agement, technical product documentation, product and process compliance 

Fig. 4: Example for the visualisation and documentation of product and engineer-
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-

data from PDM systems will allow the visualisation of the current project 
or product status, reports showing the values of product or process metrics 
as well as historical analyses or forecasts. Fig. 4 shows an example of a 

-

product information over the whole lifecycle in real-time without an own 
power source. These embedded information devices in industrial products 
contain data processing and storing functions with a sensor reading capabil-
ity and are able to gather signals from several sensors and to send them to an 
external environment. The availability of these product attached information 

real product life as well as the integration of real and of virtual product life-

of production, product operation and product recall and recycling is followed 

be intangible products such as software or services. This service lifecycle 
management was addressed by some research projects [10].

-
ucts and product related services. Compared with static physical manufac-
tured products, PSS’s are characterised by complex and dynamic relation-
ships between the physical components and the related services during the 
whole PSS lifecycle. The main goal of PSS is the optimal customer solution 
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and customer satisfaction. PSS providers are responsible for the pro-duct 
optimisation during the whole product life. The management of PSS needs 
to consider the close relationship between the producers, the PSS providers 

for PSS is being developed by ITM Bochum in the interdisciplinary Basic 

by the Ruhr University Bochum and the Technical University of Berlin.  The 

models for PSS and PSS lifecycles, methods for the support of dynamic PSS 
changes during the entire PSS-lifecycle, methods for the executive decision 

optimise the PSS in real time during the PSS operation, Fig. 5.

Fig. 5:

3 Conclusion

-
ment of product related data, engineering processes and integration of vari-

-
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tive or aerospace industry have achieved a lot of quantitative and qualitative 

will grow and could gain similar importance to current ERP initiatives.

-
ties could bring a substantial contribution to more effective use and a larger 
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Modeling, Evaluation and Design of 
Product Quality under Disturbances 
throughout the Total Product Life Cycle

F. Kimura
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Abstract
Comprehensive computer support for engineering activities in product design and 
manufacturing has been developed, and effectively used in industry for reducing 
product development lead time and enhancing total product quality. However due 
to rapid increase of product complexity, the product design process becomes very 
complicated, and technological errors in product development phases and subsequent 
product failures have now become a big issue. Current product modelling technology 

behaviour prediction in practical environment. This paper surveys recent progress 

approach for product behaviour prediction under various disturbances is shown, and 
its applications for product quality evaluation and design are discussed.

Keywords

1 Introduction

For new product design and manufacturing, a concept of digital engineer-
ing or virtual manufacturing has become very popular, and a variety of 
compute aided tools have been practically used in industry, such as CAD/
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now indispensable for competitive product development in a wide range of 
industry, such as automotive and electronics industry. 

Current computer aided tools are very effective for reducing lead time to 

However they are still not very much effective to enhance product quality 
and reliability, and to predict and prevent potential product failure or safety 
problems. In this paper, current developments of computer aided technology 
for product developments are discussed, and future trends of technology 
developments are considered.

such as cars and electronic products, are becoming very complicated. Under 

time and resources for verifying product quality, reliability and safety. 
Most of such product quality problems are said to arise at the product 

design stage. Many product quality errors come from product design errors. 
There seem to be many reasons, such as:

High complexity of recent products,
Extremely short lead time for engineering,
Incorporation of new technology,
Unexpected usage by new customers,
Environmental considerations, etc.

with the above issues. Particularly capability of modelling products is very 

widely used in industry. However those models can only represent prod-
uct nominal information, and cannot deal with various disturbances arising 
in whole product life cycle, especially in product usage stages. Following 

Product behaviour simulation based on physical principles,
Representation of various disturbances in real world,

discussed, and requirements for modelling real world objects are considered. 
Then approaches to product modelling under disturbances and product 
quality evaluation methods are explained with several case studies. Finally 
requirements for the next generation modelling for product quality are 
discussed.
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2 Virtual Manufacturing

A concept of virtual manufacturing has been well discussed [1, 2, 7], and 
practical systems have been implemented [8]. Here only characteristic 
features of virtual manufacturing are explained according to Fig.1.

Fig. 1:

It is very important to characterize essential features of virtual 

are important. Once product information is designed, associated engineering 

performed. System architecture should be as open as possible, so that any 
standard software can be plugged in the system.

For coping with the product quality issue discussed in the Introduction, 

virtual manufacturing systems, product models can represent complicated 
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product assembly and systems, but their capability is very much limited. 
Comprehensive simulation of product behaviour based on various engi-
neering simulation methods is in principle possible. But it is not feasible 
in practice, because the problem size is too large for normal computational 

ambiguous.

Fig. 2:

philosophy and decision are required for achieving optimal life cycle product 

product usage phase by introducing high-quality manufacturing processes, 
or by systematic maintenance in usage phase. It is effective for optimal life 

behaviour and quality. Here product quality is considered as a degree of 
discrepancy of product behaviour under disturbances from the nominal 
product behaviour without disturbances.

4 Product Modelling under Disturbances

For product quality evaluation, product behaviour is analysed under various 

modelling with disturbances is shown in Fig. 3 [5, 9]. 
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Fig. 3: Product Modelling with Disturbances

as forming and machining errors, assembly inaccuracy, material deterio-
ration, wear, fatigue and corrosion in product usage phase. Most of those 

-

Models can be given in various formats, such as tabulated data, statistical 
approximations and computational procedures. Disturbance models are add-
ed to nominal product models which consist of assembly and parts informa-
tion. For mechatronics products, multi-body dynamic analysis with rigid body 

-
erty is changed, and contact conditions among parts are given by various func-
tions. Commercially available engineering simulation software can be used by 
customization for inclusion of disturbances.

Several case studies have been performed for testing the feasibility of 
product modelling with disturbances. Fig. 4 shows an example of a simple 
paper feed mechanism. A sheet of paper is driven by a Roller A, and after 

easy to simulate a nominal behaviour of this mechanism. However it is very 
complicated to precisely predict paper movements under various disturbing 
conditions, such as wear, surface condition and positional change of rollers. 

paper with a set of different disturbing conditions. By sensitivity analysis, 
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Fig. 4: Modelling of a Paper-Feed Mechanism under Disturbances

5 Evaluation and Design  
of Product Quality

For product quality evaluation, it is important to identify roles of product 
components for achieving product functions. Critical components for 
certain functions should be designed with care, and other components are 
carefully designed without excessive quality. Product components are called 
as features which collectively mean parts and assembly.

Additional information of product models is necessary for functional 
description. A general relationship among additional modelling information 

procedure for product behaviour under disturbances, as discussed in the 
previous section. Disturbances which may lead to possible product failure are 
accumulated in the Failure Mode Database. This process can be interpreted 

Functional Relations among Features describe functional meaning among 
features. For example, some feature transfers certain force to a mating 

between them. Product designers should specify such information in parallel 
with product model creation as means to transmit their design intention to a 
design system. By applying a set of rules, a system can generate a Related 
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Feature Graph for Functions. This graph shows a list of related features for 
achieving a certain function. If products are complicated industrial products, 

designers. To generate this list by computer support is very effective to 
reduce human effort and errors. 

Fig. 5: Evaluation of Product Quality based on Failure Behaviour

Deteriorated behaviour analysis in the left side of Fig.5 performs a bottom 
up analysis of product behaviour. It enumerates any possible behaviour 
variations due to disturbances. But, it does not directly identify seriousness 
of such behaviour variations or product failure. Related feature analysis in 
the right side of Fig.5 performs a top-down analysis of product functionality. 

does not directly show potential failure probability or criticality of related 
features. By comparing the both analysis, failure possibility, its criticality 
and associated features can be exhaustively examined. It is a basis for 
systematic product quality design.

Several case studies have been done for verifying the feasibility of the 
above approach. For illustrative purpose, a part of a related feature graph 
is shown in Fig. 6 in the case of a radio-controlled model car. Each box 
represents features, and functional relations are represented by arcs. 
Steering input from a top directed arc propagates to tyres. By assigning 
failure behaviour analysis results to corresponding features, product quality 
evaluation can be performed.
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Fig. 6: Relationship between Product Functionality and Part Feature

of the Next Generation 

For supporting product design in the total product life cycle, particularly product 
creation process, current product modelling has many limitations. Current 
modelling scheme is very rigid for supporting a model evolution process from 
an initial conceptual product model to a detailed product model.

As shown in Fig. 7, model structure, properties and attribute values should 
be gradually elaborated in model evolution process. Flexibility in evolution 

as long as possible if enough information for decision is not available.

becomes possible. At any stages of design processes, quality requirements 
can be exactly mapped to product information. Current modelling scheme is 

to individual products. It is strongly required to capture such model ev-



683Kimura

based on product modelling, product quality design can be systematized 
as a routine design process.

Fig. 7: Dynamic Evolution of a Product Model

7 Summary

Product quality is considered based on the discrepancy of product behaviour 
under various disturbances from product nominal behaviour. For systematic 
consideration of product quality design issues, a concept of product modeling 
with disturbances and functional feature analysis is proposed. Feasibility of 
the proposed concept is evaluated by several case studies. Further research 

proposed concept on top of current computer aided engineering systems.

from Japan Society for the Promotion of Science by the Grant-in-Aid for 
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Hype or Reality: Service Oriented Architecture 

Can Help You Achieve Innovation That Matters

C. An

Abstract
Products are becoming more complex due to rapid technical innovations, especially 
with the increase in electronics and software content even inside traditionally me-
chanical products. Furthermore, the design and supply chain of products have be-

of major subsystems. These challenges are causing manufacturing companies to 

We‘ll discuss how the current progress on enterprise application and infrastructure 
-

panies to allow creation of highly integrated product lifecycle management pro-
cesses, from the product concept to the product maintenance and retirement, while 

changing business environments.

1 Executives are Searching for an Adge in an 
Increasingly Competitive Environment

-
ber of internet addresses will increase from 4.2 billion today to more than 
35 trillion subnets supported by Internet Protocol 6, each of which could 
connect millions of devices. In 2006, the world produced more transistors 
than grains of rice. By 2010,supercomputers will execute one quadrillion 

-
pected to double every 11 hours.The average car will have 100 million 
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lines of code by 2010 – the Airbus A380 already contains more than a bil-
lion lines of code today.

-
tioned during an IBM survey in 2006 see the ability to proactively manage 

-
petition, escalating client expectations, technological advances, regulatory 

-

Business decision support and collaboration
Flexibility and responsiveness
Integration with the value chain.

percent of CEOs rated business and technology integration of great impor-

of them believe that they are executing satisfyingly. CEOs are embracing 
change by innovating. The top innovation priorieties are

of the business

Infrastructure and Operations: Innovation that improves effectiveness 

In manufacturing industries companies, fully leveraging product lifecy-

software. Key areas are
Business Decision Support and Collaboration: Single view from which 

business decisions
Flexiblitity and Responsiveness: An infrastructure that can adapt to new 
business models and rapid business change
Integration with the value chain: Integration with the rest of the value 

-
lying to product development, but a source of all product information, 
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to Address Changes in the Business World

Fig. 1:

A variety of value chain elements are interconnected with various func-

Fig. 2: Interconnection of value chain elements with various functions and appli-
cation domains
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3 Product Lifecycle Management and Service 
Oriented Architecture

-

-

processes and information. Without service orientation, integrating existing 

the idea is not completely new, now is it time for service orientation:

Widespread adoption of open standards permit improved business 
flexibility
Best practices for effective governance are available now

need for a customer centric organization

The current situation in many manufacturing companies around the world 

Fig. 3: The current situation in many manufacturing companies
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This is multiplied by the increased complexity across supply chains/value 

Fig. 4:

components, see Fig. 5.

Fig. 5:
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Fig. 6:

Productivity gains of up to 20%
Shortened order-to-delivery cycles
Shortened design cycle time up to 30%
Reduced IT expense of 5%
Shortened simulations runs from 72 hours to 4 hours.



The Future of Product Development in India

Abstract

its economy. India is a fast growing economy. We use a brief historical, socio-

its economic and social growth. In this context, current and future trends of PD 
Products

the act of designing, without limiting to only those created by industry in a mar-

1 Introduction

India has 1.2 billion people, with 3.4% of the world’s landmass but 16% of 
its population. The economy of India is the 3rd largest in the world as mea-
sured by PPP, and 10th largest if measured in USD exchange-rate terms [The 
Hindu, 2005]. It has the 2nd fastest growing major economy in the world, 
with a GDP growth of 8.9% in 2006–7. Due to huge population, its per 
capita income is $3,300 at PPP and $714 at nominal [17]. India has a highly 

of the world’s 2820 [Ministry of Education. The quantum and quality of PD 
as practice both impacts and is impacted by that of education and research 
on PD. This paper analyses progress in India in these areas, and predicts 
their trends in the next decades.
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2 Historical and Socio-Economic 

-
ing from early settlements in Afganistan in 10000-8000 BC [1]. It subsequent-

-
ture, used uniform weights and measures, made tools and weapons, and traded 
with other cities in India and abroad [11]. This was followed by growth of city 

-

Arabs to learn Indian numerals; these were later transmitted from Arabia to 
Europe that gave it its misnomer ‘Arabic’ numerals [6].

Before the British colonized India, it had one of the largest GDPs in the 
world. An estimate by Maddison [2001] puts India’s share of the world in-
come at 22.6% in 1700 AD, comparable to the whole of Europe’s share of 
23.3%. This fell to 3.8% in 1952. India followed a socialist-inspired ap-
proach for most of its independent history, with strict government control 
over private sector participation, foreign trade, and foreign direct investment 

reforms by reducing government controls. The GDP has seen a correspond-
ing progress. During the socialist-inspired phase, GDP growth was 3-3.5%, 
but gained momentum since the 1990s with a growth rate of 6%. Subsequent 
growth has been 6.0-8.5%. Growth in Indian economy is fuelled by 3 sec-
tors: agriculture, manufacturing and services.

Agriculture and allied sectors accounted for 18.6% of the GDP in 2005 
-
-

yields per capita, there is huge scope for improvement, in yields as well as 
growth, which is stagnant in this sector. Manufacturing sector has 27.6% 

Economic reforms brought foreign competition, privatised some public sec-
tor industries, opened protected sectors and allowed consumer goods produc-
tion to expand. Indian private sector, handled the competition by squeezing 
costs, revamping management, designing new products and relying on low 
labour costs and technology [16]. Indian industry is going global through 
acquisitions, and credit-worthiness of some is better than that of GM and 
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Ford. The Services
in 1990s from 4.5% till 1980. It has the largest GDP share, 53.8% in 2005 
from 15% in 1950 [17]. IT industry accounts for 1% of its GDP or 1/50th of 
its services. Business services are growing the fastest: the no. of telephone 

3 Major Drivers for Development

features of development in India, its primary reliance on its domestic mar-
ket, focus on consumption rather than investment, on services more than on 
manufacturing, and on high-tech
China’s growth is fuelled by improved infrastructure and foreign invest-
ment for selling low-priced goods to the West, while India’s growth is due 

6 major drivers for the Indian economy:
The market size, with the growing middle class with increasing purchas-

It grew from 10% of the population in 1980s to 25% in 2001 [2]. India is 
the only country where the size of its working population will grow in the 
next decades: 57.7% in 2001 to 64.3% in 2026 [15]. The 3rd major driver is 

 of the leadership in 
st -

-

nd, entre-
preneurial capability, is traditionally cultivated by yet another community. 

IT and manufacturing industry.
Financial structure of the Indian economy is relatively sound. External 

rate has been 4.39-5.6% in the last 5 years. FDI increased by US$20b in 15 

-
creased from 26% to 28% in 1 year [5]. The 5th major driver is awareness of 
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the consumer and availability of information. Authorities in India have been 
bureaucratic and non-transparent in providing information to people. While 
this trend continues, there is growing strength in the consumer and human 
rights forums, introduction of the Right to Information, and increasing use 

th major driver is 
open access and competition, which gives an opportunity to all competitors, 

-
edge resource-effectively.

4 Major Roadblocks to Development

st

poverty, is a serious problem. Although down from 36% people 

with substantial reduction in poverty. The 2nd poor health and 
sanitation support. Infrastructure and personnel are inadequate, and AIDS 
threat to become an epidemic. India’s health expenditure is US$99 per cap-
ita compared to China’s US$261 [18].

The 3rd lack of uniform and quality education to the 

from 18.3% in 1951 to 64.8 % in 2001, but it is still poor at 65.38%. In rural 
India, 75% of schools have one teacher for many classes in a single class-
room. Public expenditure on higher education is another indicator: while 
China spends $2798 per student, India spends $406. Poor infrastructure and 
teacher-salary are major reasons. Resulting impact on India’s research? Its 

huge corruption -
bezzlement, etc. Yet, India’s corruption may be declining, as seen by its 

to 2.9 in 2005 [7].
The 5th inadequacy of physical infrastructure and basic 

amenities. Since 1950s, India allocated half of the total budget of its 5-year 
plans for infrastructural development. However, this was in the hands of the 

and investment non-scalability. India’s low spending on power, water, con-
struction, transportation, telecommunications and real estate, at 6% of the 
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GDP compared to China’s 20%, is a major obstacle to its development.
The 6th lack of adequate protection of knowledge capital.

-

[14] and by Indian companies copying designs and products. Without effec-
tive measures against these, development will be costlier.

Environmental degradation in India is growing faster than its GDP. There 

-
cally proportional to energy consumption, this is to be expected. The other 
environmental threats come from rapid development in a country with no 
overall environmental protection policy. Environmental degradation will be 

deployment of cleaner technologies, products and services.
Terrorism and insurgency

their lives due to militancy in Jammu-Kashmir alone. The second is the 
‘people’s war’ groups’, an extremist communist movement prevalent in re-
gions under acute poverty, primarily as a reaction to the sharp difference in 
economic and social status of the poor, and the social apathy and corruption 
in reducing this. Terrorism is a major obstacle, damaging resources, and 
disrupting peace which is essential for growth in an economy.

5 Technology and Product and Development in India 

Technology/product development in India is divided here into 3 phases: pre-
history till independence, pre-liberalisation, and post-liberalisation.

From prehistory till independence, India developed indigenous technolo-

towns with underground drainage and civil sanitation. Weights and scripts 

-

textiles. The earliest industry relocated from India to Britain was textiles and 

India as the world’s leading textile exporter. However, the technology, designs 
and raw cotton were initially imported from India while India’s indigenous 
textile mills were being outlawed by the British. In 1500 BC, Indian wootz 
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minimal signs of rust. The famous ‘Damascus steel’ swords were made from 

crucible steel. Shipbuilding was a major export industry in India, with Arab 
and Portuguese sailors as clients, until the British banned it [13].

The pre-liberalisation
mixed economy. Areas were demarcated between public and private sec-

but with sub-optimal use of resources. Private sectors had no competition, 
and corruption was used to maintain monopoly. The industrial and services 
sector grew very slowly during this phase. While the regime gave industrial 
sector time to produce most items indigenously, little incentive existed for 
products to be resource-effective. However, some engineers of high compe-

During the post-liberalization
by 4 factors: Removal of the license Raj, entry of external competitors, 

-

for them to compete globally. The sector grew at 10-11%, culminating, e.g., 

the sector’s GDP share is still lower than in China, and scope for job cre-
ation through mass manufacturing. A trend among global enterprises is to 

-

A related movement is grassroots innovation - locals solving problems with 
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The current growth in Indian economy is fuelled by two sectors: manufac-
turing and services. PD is the engine of growth in both these sectors, and its 
practice should crucially impact growth. The factors which accounted for 
50% of GDP growth in 50% of the OECD countries in the 1990s are: foster-

of these drivers indicate the importance of PD as crucial for growth [12]. 
From the story of development in general, and that of products and services 
in India, we learn the following lessons:

Availability of market is crucial for growth of PD, which in turn drives 

class. The growing trend of offshore PD outsourcing is another opportunity. 

products that meet their needs at their very low income levels.
Availability of people

in India and will be higher in the next decades. Since much of the world 

rd need is a 
continuous supply of professionals with knowledge, entrepreneurial ability 
and motivation to compete. India traditionally nurtured these in separate 
communities, while PD needs their integration. The above could be ensured 
only with sustained, quality education at all levels, especially in design and 

teaching in India has been synthesis-driven, focusing on the aesthetic and er-
gonomic, .
Technology education, in contrast, has been analysis-driven, teaching exist-
ing technologies with little stress on synthetic thinking, design approaches 
and tools. This bi-polarity must give way to a holistic design education with 
focus on all aspects of the product, a tenet on which the design programme 
at Indian Institute of Science is founded.

new opportunities for 
PD.  Infrastructure must improve for better growth; greater expenditure in 
this should create new PD opportunity. Health and safety is rapidly develop-
ing as a service, but opportunity exists for PD, especially for the ‘bottom of 
the pyramid’. Education and environment should present new technology, 
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product and service opportunities, impacting on poverty, corruption and in-
surgency. Protection of knowledge is essential for a suitable PD environ-

larger number of people of livelihood for whom choice is limited.

7 Future of PD Practice

will thrive in high-tech areas, e.g., semiconductor industry growing from 
US$3.25b in 2006 to US$43b in 2015. Focus will extend from the consum-
erist, cost-sensitive middle class to its lower part and to the ‘bottom’ of the 
pyramid. Major growth sectors are aerospace, automobile, infrastructure, 
consumer electronics and health. Environment and safety will be major con-
cerns, and drive PD as consumers demand more and stricter environmental 
protection laws are implemented.

Export of products and designing will continue to grow, if quality PD 
-
-

signs cutting down cost to performance-led jobs creating IP. This will drive 
quality PD education, and see growth in partnerships between industry and 

faster rate due to its greater demand in a developing economy. A trend in 

products, creating opportunities for employing designers. Human capital is 
a major resource of India. The chaotic, tolerant, multicultural, multilingual, 
democratic, ambience of India will remain a favourable, distinguishing fac-
tor in shaping its innovation potential [4].

8 Future of Education and research in PD

Education and research in PD must improve at all levels, with these trends: 
There will be manifold increase in design education in India, as seen in the 

Design education will be offered as undergraduate and postgraduate pro-
grammes, in many areas of specialisation such as automobile-, animation- 

-
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competitiveness, distinguishing leaders from rote developers. Training in 
-

training and updating product developers and grassroots innovators with 

Related bodies for recognition and control of design practice, education 
and research will emerge as the design community grows, leading to design 
policies, councils, conferences, journals and funding programmes. A major 

design. While humans are naturally good synthesisers and problem solvers 
as are basic to design, these get suppressed during formal education promot-

on design and PD should be as commonplace as Physics, promoting design 

of the intellectual content of research in design, among traditional scientists 
and engineers who control academic resources in India. Another is the frag-
mentation in design academia about its identity and intellectual challenges. 
However, demand for personnel for growth of this sector will drive demand 
for trained teachers and researchers, fuelling growth in design research. This 
is offered in 3 institutions only, with IISc pioneering the 1st PhD programme. 

-
ers and education in general, and that in design in particular will critically 
depend on 3 factors: an internationally competitive pay scale to attract the 
best to join academia in India, an open competition in regard to recruitment 
of teachers in education institutions based on merit, and a higher investment 
in the academic infrastructure. Major research areas in design in India will 

-
search in human factors, culture and aesthetics will grow. Major advances 
will be in interfaces with emerging technologies, e.g., nano-technology. 
Applications will be both traditional, craft-based, small scale sectors and 
high-end aerospace, automobile and allied sectors.
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9 Conclusions

This paper attempts to predict trends in PD in India in the context of its 
historical and socio-economic past and present. Major trends in practice are 

bottom of the pyramid, and to low-cost mass manufacturing for job cre-

will play a major role in shaping these, as will global laws for protection of 

infrastructure would play a major role in this transformation.
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Abstract
Innovation is one of the most important phenomena for the further development 

of changes has gradually increased. To be able to participate in this world of fast 

development and its future issues. A number of research activities are illustrated to 
show important future directions of development.

Keywords

1 Success through Innovation

Innovation is one of the most important phenomena for the further develop-

the speed of changes has gradually increased. To be able to participate in this 

methods of product development and its future issues.
Innovation is the result of a number of different processes. In all cases 

it cannot be decoupled from invention. Innovation is the successful imple-

by research, can come from an inventor, a supplier, can be a follow-up of 
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customer demands, or may be a necessary reaction to new regulations. An 
invention describes the technical realisation of this conceptual idea. Finally, 

demands of current trends such as: global product development and produc-

functionality of products by mechatronic solutions, and distributed devel-
opment. Furthermore products alter to become more sophisticated, more 
individual and complex. On the other side partially products tends to be 
simply according to target group. Also a change concerning the ownership 
of products can be observed. For some products it is more interesting to buy 

This integration of products and services requires new procedures in devel-
opment of both to provide appropriate and aligned solutions depending on 
the underlying business model.

-
nies who did not see the need for 32bit computers lost the ability to sell the so 

-

aerospace, and mobile phones are examples for successful innovations.
Unfortunately the important meaning of innovation is still not recognised 

by many companies. Most of the large companies are aware about its impor-

is installed in order to promote innovation in a structured and controlled 

the meaning of innovation, but do not actively pursue process approaches or 
install tools to enhance innovation.

2 Approaches for Innovation Support

2.1 Controlled Speed for Product Development

In the last decade numerous approaches have been investigated in order 
to realise shorter product development times. Shortened lead times and 

Depending on the effort it is possible to accelerate processes dramatically. 
The system speed can be above what can be handled by complex non de-
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terministic processes. Systems can run in some cases in an automatic mode 
without the direct control of designers. There are the extremes of automatic 
and interactive design, Fig. 1.

Fig. 1: Automatic vs. interactive processes

-
proach, as it was performed by the foreman, who was responsible for the 

these could be performed with extra effort.

had been introduced for production. Comparing the current situation, there 
are similarities of to-day with 1850. After 150 years, a revival of integra-

use integrated process chains based on PDM systems and to further intend 
Digital Master instead of only product models. The Digital Master compris-

and process questions. This is not yet state of the art at industry, but it can be 
seen that the solutions are coming closer, as the demand is expressed from 
more and more companies.

A new dimension of performance in product development will be avail-
able with the upcoming grid computing [1]. Although Moore’s law will re-
main still valid in the coming years, it is important to see that grid comput-
ing can deliver an important contribution to increase computing power even 
on demand. This could mean that also SME’s could have such computing 
power available for the enhancement of product development processes. 
The need for more computational power emerges from raised requirements 
for the representation of real world physics in computer internal representa-
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Fig. 2. Grid computing cannot serve for real time purposes without delays. 
However it provides high performance services to companies which other-
wise cannot afford these on a conventional basis. It will be a challenge, to 

of the capability of grid computing. The biggest challenges may be the close 

Fig. 2: Grid computing

To be able to adjust the product development speed to an objective schedule 
due to the competition or the customer needs, it is more and more necessary to 
further develop the ability of predetermining the product development time. 
Simple calculations have always been used, mathematical optimization tools 

simulation seems to be an ultimate method. It can help to adjust to the needed 
development time, as by stochastic data the simulation is able to present a 
spectrum of probable times. By the possibility to select one of the probable 

-
ess. Besides of this result, also cost estimates can be performed and the neces-

The application of object oriented Petri-nets is a proven concept for this 
simulation [2]. It cannot only be utilized for complex products in mechanics. 

well as for distributed product development processes.
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Fig. 3: Simulation of product development processes

There are a number of further questions related to the control of product 
development speed. What is an economically reasonable interval of prod-
uct development times for a given product? How is it possible to adjust 
the product development with the needed product production and assembly 
time to come up with the demanded results? Is there a cost optimal solution, 
which gives time demands for the different sub processes? What about the 
time situation concerning the number of suppliers? Is there an optimum for 

development and the necessary project management compatible?

for Innovation

It is not unusual, that designers are confronted to apply more than 15 differ-

to come up with an even larger number of systems for providing more func-
tions. The opposite is nevertheless true. The reason for more functionality 
is coming from the demand, to support the product development processes 
even in cases where it is not really possible to-day and nevertheless to ease 
the use of this system world. In the following, a number of research activi-
ties are illustrated to show important future directions of development.

The early phases of product development are often dominated by styling. 
This is a domain, which is inherently important due to the emotional effects 
on customers and the way of differentiation between brands. Styling in our 
days also has to be seen under the capabilities of manufacturing. As frontload-
ing is a general demand for better, more effective product development, it is 
necessary to see also the usability of computer internal styling modules for 
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be generated in the computer with means which are accepted by the styling 

potential but requires to be further developed to come closer to the goal [9].
The interaction of the styling designer with the model has to be based 

not only on the visualization of intermediate styling steps, but also needs to 
provide forces as if the styling designer would model on a real clay model. 

Another system functionality is driven by the demand to support an in-
tegrated engineering and management of requirements during the whole 
development process. A direct coupling of requirements with product func-

embodiment. This way of processing is of big interest for industry and leads 
to a number of advantages in adaptive and variant design [3].

Fig. 4: Cooperation platform for mechatronics
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Another challenge is to open the current system world support mechatron-
ic engineering. In this case the requirements have to be distributed to me-

handled if a cooperation platform for mechatronics exists, Fig. 4, [6].

Fig. 5: Relations CAD, DMU, FMU, and Digital Factory

relation between CAD and DMU is obvious, Fig. 5. A CAD-model is used 

Thereby DMU functionality is focused to support visualisation and static 
analysis such as collisions predominantly. Actually only some simulations 

-
-

tions, etc. are not investigable in DMU.
To apply DMU methods for the development of virtual prototypes, it 

should be possible to include functional property data into the DMU, which 
is by that turned into a FMU. FMUs will be able to be used to describe the 

this will be mechanical properties, but soon followed by everyone, what 
is necessary for mechatronics. It is very interesting to see, that the Digital 

-
facturing processes.
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Fig. 6:

-

-

design is already used.

2.3 Computer Integrated Product Development Methods
are a Basis for Process Innovation 

Methodologies for design have been used since a very long time, unfortu-
nately without the success which would have been necessary for industry. 

for the less success than expected can be derived from the distance of some 

the obstacles.
-

mon. In some cases the change from conventional design to computer sup-
port is performed in just copying conventional methods into the usage of 

-
erized systems at all.
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The usability of computer integrated methods is very high. However, with-
out computers they could not be applied. To name some: FEM, Knowledge 

design methodology. There would be even a chance of customization for the 
singular methods. As design methodology describes processes of product 
development, it should be generated a set of computer integrated methods. 
The important question is which is appropriate for a particular class of prod-
ucts. One demand should be mandatory: The designer should be able to 
select the methods according to his needs in respect to the product.

-
tems on top of commercial basic CAD-systems generate a very high speed 
compared with the usage of the basic system only, there would be a big 

The idea would be to give the designer tools for describing the planned 

on. From this description requirements are derived which are used as search 

Wide Web. Assuming there would be a standard for subroutines, it would 
be possible to collect the needed functionality on the web. A system editor 
could help to generate the demanded software system out of this. It would be 
interfaced with the used basic CAD system. This means the designer could 

-

model. Designers should not become programmers, but certain under stand-
ing for the capabilities and demand of software systems should become an 
essential part of their education.

Quite another success factor can be derived from further development 
of product models. As earlier described, product models are carriers of all 
relevant product data in the factory. Because of the more and more upcom-
ing demand for the capability to do all steps of the product life in advance 
by virtual means, a new partial model becomes necessary [7]. This is the so 
called product condition model. It is a data collection over the life of a prod-
uct. It gives information about the need for maintenance as well as repair. 
It can warn about upcoming situations and it can document. The product 
condition model is of help for the user but also for the developer. The devel-
oper can have access to the data of singular products or can get accumulated 

computer integrated design methodology as soon as possible.



712 Closing Keynotes 

are Innovation Enablers

It is of strategic importance to analyze for two demands and capabilities. For 
this the method of roadmaps has been used since several years. For a company 
it should be mandatory to develop a roadmap concerning the own products 

sense to perform road map studies in about the same time frame. In 2006, 
the Berliner Kreis performed a neutral roadmap study concerning the top-
ics complexity, mechatronics and collaborative engineering and for 13 other 

strategic input to decisions to be made about methods and systems. The time 
span has been 10 years, but it is clear that the experience has to be repeated for 
getting guidance through the many available opportunities.

3 Conclusions

The ability to change is one of the most important issues for survival. It can 
be phrased that to innovate is a tool to change self-determined. Changing is 
often a creation of a crisis, but a planned crisis is always better than a crisis 

and methods as well as in tools can support the innovation of products in a 
dramatic way. Business opportunities are no longer only dependent on time, 
quality and costs, but also on the ability to innovate. Innovation is one of the 
best tools in society to cope with the demands of sustainability as well as 

goal, but planned innovation in product development. For this fundamental 
research and applied research are twin demands of the future.
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