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PREFACE

The integration of manufacturing constraints and their optimization within the
design process of mechanical products and systems are now an industrial priority.
Following the first two IDMME conferences in Nantes in 1996 and Compiégne in
1998, the purpose of the IDMME2000 conference was to present recent
developments in these areas and new areas within the product and process
development theme.

The original initiative of the conference is mainly due to the efforts of the French
AIP-PRIMECA group (Pool of Computer Resources for Mechanics). The organizing
committee and the local organizing institutions (Concordia University, Ecole
Polytechnique de Montreal, and McGill University) contributed to the success of the
conference.

The presentation of 190 papers and the presence of more than 225 researchers
coming from more than 20 countries demonstrate the success of the initiative.

This book contains 57 of these papers selected by an International Scientific
Committee :

Chairman: C. Fortin (Canada)
Co-chairmen: P. Chedmail (France), G. Cognet (France),

C. Mascle (Canada), J. Pegna (Canada)
J. Angeles (Canada) P. Martin (France)
J.L. Batoz (France) C. McMahon (U.K.)
J.C. Bocquet (France) M. Mantyli (Finland)
A.- Bernard (France) J.L. Maxwell (USA)
P. Bourdet (France) N.M. Patrikalakis (USA)
A. Clément (France) J.P. Pelle (France)
D. Cochran (USA) B. Peseux (France)
D.Coutellier (France) D. Play (France)
A.- Dalsky (Russia) M. Pratt (USA)
D.A. Dornfeld (USA) B. Ravani (USA)
D. Deneux (France) A. Riviere (France)
G. Gogu (France) C. Rouchon (France)
C. Gosselin (Canada) R. Soenen (France)
J. Guillot (France) S.H. Suh (Korea)
H. Hagen H. (Germany) S. Tichkiewitch (France)
H.L.J. Kals (The Netherlands) M. Tollenaere (France)
F. Kimura (Japan) H. Van Brussel (Belgium)
T. Kjellberg (Sweden) A.F. Van Houten (Netherland)
F.L. Krause (Germany) M. Véron (France)

F. Le Maitre (France)

X1
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The above specialists cover a large spectrum in computer science applied to
analysis, design and manufacturing in mechanical engineering problems.

The integration of manufacturing constraints and their optimization in the design
process is becoming more and more widespread in the development of mechanical
products or systems. There is a clear industrial need for these kinds of
methodologies. Important - but still unsolved - problems are related to the definition
of design processes, the choice of optimal manufacturing processes and their
integration through coherent methodologies in adapted environments.

Four main topics are addressed in this book :

e design theory : process and modeling,

e control, measurement and tolerancing,

e manufacturing : modeling and planning,

e optimal design of machines, structures and components.

By the end, apart from giving a thorough theoretical background, a very important
theme is the relation between research and industrial applications.

The editors hope that they contributed to the development of the challenging
research domain of Integrated Design and Manufacturing in Mechanical
Engineering. We hope that this book will be of interest for engineers, researchers
and Ph.D. students who are involved in the optimization of design and
manufacturing processes. It will be a mine of examples and ideas, and we wish that
it will contribute to the improvement and the development of concurrent
engineering.

The editors

Patrick Chedmail, Gérard Cognet, Clément Fortin, Christian Mascle and Joseph
Pegna
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GERALDINE MARTIN, FRANCOISE DETIENNE, ELISABETH
LAVIGNE

CONFRONTATION OF VIEWPOINTS IN A
CONCURRENT ENGINEERING PROCESS

Abstract. We present an empirical study aimed at analysing the use of viewpoints in an industrial
Concurrent Engineering context. Our focus is on the viewpoints expressed in the argumentative process
taking place in evaluation meetings. Our results show that arguments enabling a viewpoint or proposal to
be defended are often characterized by the use of constraints. One result involved the way in which the
proposals for solutions are assessed during these meetings. We have revealed the existence of specific
assessment modes in these meetings as well as their combination. Then, we show that, even if some
constraints are apparently identically used by the different specialists involved in meetings, various
meanings and weightings are associated with these constraints by these different specialists.

1. PURPOSE

In new design and production organizations, design is often the work of a multi-
speciality, multi-location team, manoeuvring, according to the moment, with the
same aim (co-design) or different aims (distributed design). In the collective design
process, co-design phases are specifically devoted to the assessment of the global
solution, integrating the solutions produced by the different designers at time t, or to
the assessment, by his/her peers, of a solution produced by one designer at time t.

A first study was focused on the coordination processes in distributed design
(Martin, Détienne & Lavigne, 1999). The aim of the study presented in this paper is
to analyse the viewpoints brought into play in co-design. The chosen design context
is a Concurrent Engineering process. This framework seemed to us to be the most
relevant for studying the topic of " viewpoint ", as the simultaneousness and
confrontation of viewpoints during the development of the solution are assumed to
be favoured by working in Concurrent Engineering (Darses, 1997).

Aerospatiale Matra Airbus has conducted the re-engineering of its design
processes in a Concurrent Engineering procedure, in order to better master costs,
schedules and quality in the design of its products. This industrial development is
assisted by cognitive ergonomics research work, which is the framework of this
study. We are analysing this setting up of a Concurrent Engineering methodology.
The industrial aim is to derive ergonomic recommendations at software level (digital
mock-up, technical database) and organizational level (meeting methodology,
definition of roles) in order to assist the confrontation and integration of viewpoints
in multi-speciality design.

After a brief presentation of our theoretical framework and working hypotheses,
we present an empirical study aimed at analysing the use of viewpoints in an

3
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4 MARTIN, G., DETIENNE, F., LAVIGNE, E.

industrial Concurrent Engineering context. Our approach is strongly oriented by
cognitive ergonomics work on the notion of constraint, and linguistics work on
argumentation.

2. THEORETICAL FRAMEWORK AND WORKING HYPOTHESES

The confrontation of knowledge and the integration of viewpoints is at the heart of
the cooperative mechanisms implemented in co-design. A new research topic is to
characterize the viewpoints of the various players involved in collective design
(designers themselves, and production and maintenance specialities) and the
cooperative modes that enable these different viewpoints to be integrated.

During the design process, different viewpoints are implemented. On the basis of
the work performed in different disciplines - Artificial Intelligence (Wenger, 1987),
cognitive ergonomics (Rasmussen, 1979; Darses, 1997), ethnomethodology
(Bucciarelli, 1998), Computer- Supported- Cooperative Work (Schmidt, 1994), an
initial general definition of the notion of “viewpoint” would be : “ for a person, a
particular, personal, representation of an object to be designed”. We are now going
to develop this definition further.

In the representation of the object to be designed, and also of its design, design
constraints seem to us to play a predominant part. For design problems, the solutions
are not unique and correct but various, and more or less satisfactory according to the
constraints that are considered. The designers develop and assess design solutions
partly according to their own specific constraints, which reflect their own specific
viewpoints, in relation with the specificity of the tasks they perform and their
personal preferences (Eastman,1969; Falzon et al,1990).

Constraints are cognitive invariants which intervene during the design process.
The notion of constraints has been understood from different angles (1) according to
their origin - prescribed constraints, constructed constraints, deduced constraints, (2)
according to their level of abstraction, and (3) according to their importance —
validity constraints and preference constraints (Bonnardel,1999, Eastman, 1969).
Futhermore, Bonnardel distinguishes various relationships between constraints.

The use of particular combination of constraints, characterizing a viewpoint, will
also determine the level of abstraction at which the design object is represented. The
representation of the object to be designed is characterized according to an abstract-
concrete line or abstraction hierarchy (Rasmussen,1979). The different levels of
abstraction are integrated into each state of the solution. This can reflect functional,
structural or physical representations all along the design process (Darses,1997;
Darses & Sauvagnac, 1997). Factors such as the field of expertise and specific
technical interest play a role in this representation. Indeed, several participants see
the design object differently according to the specificities and constraints specific to
their speciality. In addition, for the same speciality, the representation will be
variable according to the problem to be solved.

So, our approach is based on the following assumption: a viewpoint is (1)
specific to each speciality ; (2) dependent on the problem to be solved; 3)
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characterized by a level of abstraction, i.e., functional, structural or physical, (4)
characterized by the implementation of a certain combination of constraints.

Our working hypothesis is that viewpoints are expressed, more or less explicitly,
in multi-speciality meetings, aimed at co-design, in particular, the assessment of
solutions. It is thus on the analysis of these meetings that we have focussed our
empirical work.

In design activities, the assessment intervenes (1) to appreciate the suitability of
partial solutions to the usual state of resolution of the problem, and (2) to select one
of the solutions envisaged (Bonnardel,1999). The finality of this assessment is to
make the decision to change one of its components, or to pursue the design if the
assessment is positive (Darses, 1994). It is in assessment meetings that we should
observe the confrontation of the viewpoints of the various participants in design.
Owing to the collective nature of the activity, viewpoints should be expressed, more
or less explicitly, through argumentation (Plantin, 1996). In the argumentative
dialogue, a proposer will express a viewpoint that will be argued about by presenting
a certain amount of information substantiating the initial proposal.

3. METHODOLOGY

3.1 Context

We conducted this study during the definition phase of an aeronautical design
project, lasting three years, in which the participants work in Concurrent
Engineering to design the centre section of an aircraft. These participants use
Computer Assisted Design (CAD) tools and a technical Data Management System
(PDM). About 400 people with 10 different specialities are involved. These
specialities are the traditional design office specialities (structure, system
installation, stressing), specialities that used to intervene further downstream
(maintainability, production) and new specialities that have appeared with the
introduction of CAD and PDM tools..

3.2 Collection of data

All the specialities work on the same part of the aircraft but each person according

to his technical competence. “Informal” inter-speciality meetings are organized, as

needed, to assess the integration of the solutions of each speciality into a global

solution. We took part in 7 of these meetings as observers:

¢ Five meetings involved upstream design office players (designers from structure
and systems installation specialits);

¢ Two meetings involved upstream-design office and dowstream players (from
production or maintenance specialities).

On the basis of audio recordings and notes taken during the meeting, we

retranscribed the full content of the meetings. Each meeting involved 3 to 6 players.
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We conducted interviews afterwards with the various participants of meetings to
validate the coding we had made and make explicit a certain amount of information
that was implicit in the meetings.

Our second concern was to identify what representation each specialist had about
constraints: in particular the representation of the meaning assigned to a constraint
expressed a certain way and the ordering between constraints. For each meeting, we
collected the constraints used (either explicitly or implicitly) and presented the list to
each participant of this meeting. Our question concerned:

e for each constraint: to give their meaning;

e for all constraints: to order them as a function of their importance in this

design-problem-situation.

3.3 Coding scheme

The protocols resulting from the retranscriptions were broken down according to the

change of locuters. Each individual participant statements correspond to a “turn”.

Each turn was coded according to the following coding scheme and broken down

again as required to code finer units. Our coding scheme comprises two levels, a

functional level and an argumentative level.

*  The functional level highlights the way in which collective design is performed.
Each unit is coded by a mode (request/assertion), an action (e.g., assess) and an
object (e.g., solution n). At this level, a turn can be broken down into finer units
according to whether there is a change in mode, activity or object.

e The argumentative level brings out the structure of the speech on the basis of a
dialogue situation. We coded the proposals for solutions made and the different
types of arguments used by the speakers during the meetings.

4 RESULTS

Our results concerns the assessment modes, their temporal organization and the
involvement of constraints in the viewpoints expressed through the argumentation
process.

4.1 Assessment modes and temporal organization

On the basis of the coding of arguments, we have revealed the existence of
analytical, comparative or analogical assessment modes in these meetings. This type
of result is similar to the assessment modes analysed in individual design
(Bonnardel, 1999). In addition, we have highlighted combined assessment modes,
e.g. analytical/analogical.

We found that different assessment modes are used in the order shown in
Figurel, whatever the meeting:
*  Stepl: Analytical assessment mode of the current solution;
e Step 2: if step 1 has not led to a consensus, comparative or/and analogical

assessment is involved,;
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* Step 3: if step 2 has not led to a consensus, one (or several) argument(s) of
authority is (are) used.

r Proposal for solution (MI)_]
T

| Divergence : Proposal rejected (M) I
1
Iﬂ\alytical assessment of the solution (M1 and M2) |
]

I Analogical or comparative assessment (M1 or/and M2) |

ivergence
Convergence )
|_ Argument of authority (M1
Divergence
Convergence t

I Argument of authority [MZJJ
')

Divergence

Figure 1. The argumentation process

Firstly the current solution is assessed. This is made using an analytical
assessment mode. Arguments used by the two (or more) specialities may use more
or less explicit design constraints. Specialists M1 use arguments to convince
specialists M2 and M2 does the same thing. Based on this analytical assessment, a
consensus is rarely found.

If no consensus has been found, then M1 and M2 use either an analogical
assessment mode or a comparative assessment mode of the solution or both. The two
types of assessment may also be combined. This can lead again to a consensus
toward the imtial solution or toward a proposed alternative solution.

Arguments used are arguments by comparison and arguments by analogy. An
argument by comparison compares several objects in order to assess them. This is
typically the case in the comparative assessment mode. The current solution is
compared to one or several alternative solutions in function of the way they meet
constraints.

An argument by analogy makes use of a precedent which is a typical case used
as a model for the current case. This is typically the case in the analogical
assessment mode. The current solution is compared to an analogous solution
developed and already assessed in the past, either in the same project or in another
project. By referring to a model of analogous reasoning the current solution is
considered to be the target and the analogous solution is considered to be the source.

If no consensus has been found, either M1 or M2 propose one or several
arguments of authority. Any argument can take the status of argument of authority
depending on specific factors of the situation. This argument is presented as
inconstestable and therefore it has a particularly strong weight in the negotiation
process. We have found that an argument can take the status of argument of
authority depending on :
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* the status, recognised in the organisation, of the speciality that expresses it.

* the expertise of the proposer. The argument is going to make reference to a
person recognized by all to be an expert in the speciality. It will be something
like “ It’s Alphonse who said it would be more logical like that to pick up on
these parts of the stringers”.

e the “shared” nature of the knowledge to which it refers.

This generally leads to a consensus.

4.2 Contraints involved in the argumentation processs

Constraints used in the argumentation process to express viewpoints are of two

kinds:

* Prescribed constraints independent of the speciality or skill-independent
constraints: those constraints are prescribed in the design specification and, a
priori, shared by all the players of the design process;

*  Derived constraints specific to a speciality or skill-dependent constraints.

We found that, even though some constraints used by different players in a
meeting are the same at a surface level (same terminology), these constraints may
have different meanings in the viewpoints expressed by players from different
specialities. Also, the level of refinement selected may be different according to the
speciality.

Selection of a meaning for a skill-independent constraint
We observed that the same constraint (the same terms are used by different players
in a meeting) can have different meanings according to the speaker's speciality.

In this case it is necessary to distinguish the two slopes of the sign, the signifier
and the meaning. The meaning can have the same generic seme for different
speakers but a very different functional seme. For example, a cost constraint can, for
one speciality, mean “production cost” and, for another speciality, mean “design
cost”. It seems particularly true for general constraints prescribed for all the players
of the design process (e.g., the cost) as opposed to constraints derived by a speciality
(e.g., structure).

Selection of a refinement level in a hierarchical network of a skill-dependent
constraint

We found that some constraints expressed in the argumentation process may be
organized hierarchically along different levels of refinement. For example, a
maintenance constraint may be refined as three constraints: accessibility constraint,
dismounting constraint and mounting constraint. However, when we analysed the
skill-dependent constraints used for expressing the viewpoints of different players,
we identified some gaps between the level of refinement selected and used in the
argumentation process according to the speaker's speciality. For a constraint specific
to a skill, the level of refinement is more detailed for the speciality which represents
this skill and more general for the other speciality.
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Constraints weighting

Constraints used and their weighting, which also founds the viewpoint of the
participants, depend on several factors.

¢ The participant’s speciality;

*  The interlocutors;

*  The design-problem situation.

The selection of constraints depends on speaker speciality and on the
interlocutors. In general, constraints taken into account in a particular meeting are
those constraints specific to the specialities involved in the meeting in addition to
the prescribed constraints. However skill-dependent-constraint weighting depends
on speaker speciality. Whereas we found a high intra-speciality agreement on
constraint weighting, we found disagreement between specialities.

For exemple, in a meeting involving Hydraulic system intallation specialists and
Structure specialists, we observed that the constraints which are specific to
Hydraulic system intallation specialists are : system installation and frontier. The
constraints which are specific to Structure specialists are : structure and stress. Even
if most of these constraints are used by the two specialities involved in the meeting,
the way each speciality orders those constraints by importance is different. Each
specialist ranks his/her own constraints as more important than the constraints of
his/her interlocutors.

Constraints weighting also depends on the problem in hand. For example, we
observed for the same speciality, air system installation, that constraint weighting
varied between two problems processed sequentially in a meeting : the
maintainability constraint was ranked as being of average importance for problem A
and as being of high importance for problem B. Furthermore the production
constraint was evoked only for problem A.

5 DISCUSSION AND IMPLICATIONS

This paper presents an initial empirical study of viewpoints expressed through the
argumentation process in design. Our results have two kinds of implication.

We have shown that the argumentation process involves knowledge on the
current solution, i.e., the solution to be assessed, but also on other solutions, i.e.,
alternative solutions or source solutions. This is involved in comparative assessment
modes and analogical assessment modes. This result highlights the importance of
documenting the design rationale for the current solutions but also those for the
other solutions evoked.

We have also shown that viewpoints involve constraints which may be skill-
independent or skill-dependent. The meaning and weighting of these constraints
greatly depends on the multi-speciality context. This result should also be taken into
account so as to better support and document the decision process in design.
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S. GOMES, J-C. SAGOT

A CONCURRENT ENGINEERING EXPERIMENT
BASED ON A CO-OPERATIVE AND OBJECT
ORIENTED DESIGN METHODOLOGY

Abstract : Designing a new product progresses from needs and function specifications to a
detailed description of its physical components. The design activity involves many
contributors throughout the life cycle of the product, which starts with its specification
and ends with its destruction. This paper presents an object oriented design methodology
integrated into a human based and co-operative design life cycle. In order to apply this
methodology to industrial design projects, we defined two software environments using
human motor activity modelling and simulation linked to a Computer Supported
Collaborative Workshop in Design (CSCW). This methodology and the software tools are
now applied to student design projects in the field of concurrent engineering.

1. INTRODUCTION

Concurrent engineering methods and tools are increasingly being integrated into
industrial organisations to reduce costs and design time, but also to improve product
quality and value. These new organisations tend to introduce, very early in their
design projects, various dimensions such as the technical, human, organisational,
social, and economic points of view [1] [2]. Our research in this field has focused on
integrating human factors, based on input from product users, manufacturing
operators, etc., into the concurrent engineering design process [3]. Particular
attention was paid to product and process usability, but also to co-operation between
all those involved in the concurrent design process. This paper firstly reviews a
human based co-operative design process representing our own experience of
integrating human factors into concurrent engineering design projects before going
on to present an operational methodology based on object oriented concepts and
distributed design theory. Section 4 presents ACSP, a Computer Supported Co-
operative Workshop in Design (CSCW) environment developed to apply this
methodology to industrial projects. Section 5 will present some project results
extracted from ACSP design activity analyser module. Our results show how this
design methodology and the software tools can be applied to real industrial projects.
Finally, section 6 concludes the paper with a brief summary of the main points and
looks at what could lie ahead for research in this field.

2. HUMAN BASED AND CO-OPERATIVE DESIGN LIFE CYCLE

Working on various design projects associating product, process and activity
aspects, we have tested a pragmatic human based design methodology integrated
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into the concurrent engineering design life cycle [4] [5]. This design life cycle
includes the traditional phases of a design project such as the feasibility study, and
preliminary and detailed studies [6] [7]. Each phase interacts with the others through
feedback loops in order tevaluate, validate and optimise the results obtained.

The particularity of this design life cycle is that it is centred on co-operation
between all the design contributors involved in industrial projects (marketing,
design, ergonomics, engineering, manufacturing, users, operators, etc.). According
to Sagot [8], this co-operation can be difficult to manage in current design projects
because of differences in culture, language, knowledge, methods and tools specific
to each profession. With this in mind, we set out to develop new methods and tools
including new mediating objects [9] [10] in order to promote the above-mentioned
human based and co-operative design life cycle. These new mediating objects,
which describe the global Human-Product-Environment interaction in different real-
life situations (use, manufacturing, recycling, etc,), have been defined to complete
traditional technical data such as CAD files, technical sheets and specifications
describing the properties of products These co-operation supports include video
recorded data extracted from user activities on current products and processes,
virtual animated pictures presenting predicted usability of the future product in
various future uses, manufacturing, recycling and other situations.

3. OBJECT ORIENTED DESIGN METHODOLOGY

Modelling and simulation of complex systems before their actual design has proven
to be a valuable approach in mechanical system engineering. Modelling produces an
abstract representation of the system being studied which is then used as a basis for
simulation. Such representation requires a modelling approach to describe the
functional, structural and dynamic aspects of the system. Various other
complementary aspects are also considered in design projects, such as the physical
or geometrical aspects [11] [6].

The model we proposed in this paper is based on the “design worlds” method
developed by SOLHENIUS [12], which is divided into "domains" that we refer to as
"design domains" divided into "aspects". This model is also based on recent design
approaches such as distributed design methodology, mechanical systems
engineering, and object oriented concepts as applied in computer science [13].
Situated in a connectionist paradigm, distributed design methodology can be
described as a modular approach, where modules are connected in a network and
where communication plays a major role, allowing the solution to emerge [14] [15].
Each module seeks to achieve its own local objective and needs its own tools. It is
also necessary to exchange information between the different modules (interactions)
in order to reach the solution. Practical experience in modelling has taught us that
complex systems can be modelled and analysed provided we adhere to certain sound
principles such as modularity and abstraction [16]. Object-oriented approaches
adhere to these principles and provide a good support for building models that are
closer to real-world complex systems [17].

Based on these different observations, we chose to follow object oriented
coneceptsto-build-our systemicand.global design methodology situated in a
concurrent engineering field. This methodology considers that a design project, in
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mechanical system engineering, is a network of various interacting design domains
such as project, product, process, activities, etc. (Figure 1).
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Figure I : The design domain network. Functional, structural and dynamic aspects
considered in each design domain

Each of these design domains can be examined from several aspects (or models) in

interaction, as defined in the previous approach. In accordance with object oriented

concepts, we chose to develop three aspects in each design domain :

e a functional aspect, which describes the main objectives and goals of the
system,

e astructural aspect, defining the system elements and architecture,

e a dynamic aspect, which describes the chronological behaviour of the system.

In this configuration, other design aspects such as physical or geometrical
models are directly linked to the structural aspect of the system. For example,
applied to the product design domain, this kind of association generates functions
commonly found in PDM (Product Data Management) systems.

Concerning the interactions between each module, two levels can be
differentiated : internal interactions in each design domain and external interactions
between design domains. For the internal interactions, they are carried out with well-
known current design methods such as F.A.S.T. (Functional Analysis System
Technique) diagrams for structural/functional interactions and Statechart diagrams
for structural/dynamic interactions. A Statechart is a structured and hierarchical
formalism based on finite state automata which describes the dynamic behaviour of
the system. External interactions are also defined between design domains. For
example, in a design project, it is very useful to link a part of a manufacturing
process to the corresponding elements of the manufactured product (structural aspect
of the product / structural aspect of the process interaction).

The particularity of this design methodology is that it treats human activities (the
activities of users, manufacturers, designers, etc.) as an effective design domain
linked to the other product, process and project domains. This activity dimension is
integrated into our object oriented design methodology in order to integrate
ergonomics in the human based and co-operative design life cycle shown above.

In order to test industrial projects using this human based concurrent engineering
design methodology, we specified two software environments : MANERCOS
(Module d'ANalyse pour I'ERgonomie et la COnception des Systémes [18]) and
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ACSP (Atelier Coopératif de Suivi de Projet [19]), which represents the main
subject of this paper.

4. ACSP: A COMPUTER SUPPORTED CO-OPERATIVE WORKSHOP

ACSP is a web-based environment, which employs the object oriented methodology
and organises the co-operative activities of the design contributors. This web-based
application, supporting the previously mentioned concurrent engineering design life
cycle, has been defined as a Human Computer Co-operative Workshop system
HCCW, and is also termed Computer Supported Co-operative Workshop
environment CSCW [20]. The ACSP exploitation module is divided into four main
sub-modules managing data from the project, product, process and activity design
domains. Each design domain includes various design data describing functional,
structural and dynamic aspects. For example, various types of data integrated into
the ACSP environment can be displayed :

e project data, such as human and material resources (structural aspect) or task
planning (dynamic aspect),

e product data, such as product assembly including the different product elements
(structural aspect) linked to CAD files (geometrical aspect) or functional
specifications (functional aspect) available in different situations in the
product’s life cycle (Figure 2),

e process data, such as process architecture including the different machines
(structural aspect) linked to CAD files (geometrical aspect) or process dynamic
sequences describing various manufacturing, maintenance, recycling, etc.
operations (dynamic aspects).

e activities data, such as various Human-Machine-Environment interactions in
different life situations (structural aspect), multimedia documents describing
dynamic sequences like video-recorded data from human work activities or
virtual films extracted from MANERCOS simulations, as illustrated in Figure 2
(dynamic aspect).

Figure 2 : ACSP interface describing a geometric model linked to an element of the product
structural decomposition and an_exaniple of activity data integrated into the ACSP
environment
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These data are completed with internal and external interactions in the design
domains and even communication features (email, forums, etc.).

This exploitation module is also completed with an administration and a designer
activity analyser module.

The administration module includes several features for managing projects,
design contributors, specific company needs, etc., such as creating, modifying,
deleting, storing and archiving data with the Data Base Management System
included in ACSP.

The designer activity analyser module has been defined to perform research
activities in contextual design process modelling within the field of concurrent
engineering, using designer activity traceability when designing with this CSCW
environment. Traceability analysis features, showing how designers are applying the
proposed methodology, are available in the ACSP environment.

Client workstations at
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BT i el ACSP Server at Belfort-Montbéliard
\.,,- e University of Technology
L

CAD, CAM, FEM, . .. Client workstations
etc., tools @ in Companies
Figure 3 : ACSP client-server architecture connected to a database through a Web Server

From a technical point of view, ACSP can be defined as an asynchronous CSCW
including a Data Base Management System connected to various Computer Aided
tools : CAD/CAM tools, Finite Element Method Processors, etc. (Figure 3).

Around 50% of ACSP features have been implemented. ACSP is available as a
Web Server with security layers managing user access. The system has a client-
server architecture available for heterogeneous environments (NT, Unix, Mac, etc.).

5. APPLICATION IN DESIGN PROJECTS

The object oriented design methodology based on the human and co-operative
design life cycle through the MANERCOS and ACSP environments have been
applied to six student product-process design projects. Among these six projects,
only one is centred on designing a manufacturing process. The five other projects
are traditional mechanical system design projects linked to their manufacturing
processes. Around 60 design contributors were involved in these projects. The
average number of design contributors in a project group is 10 :

e 6 or 7 engineering students, including a project manager,

e 1 or 2 teachers in mechanical systems engineering,

e 1 or 2 engineers from companies.
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The engineering students are all beginners to the aforementioned design
methodology. They are also involved in a three-week training course with a fictive
project before working on their own industrial projects.

During these industrial projects, for a period of four months, design contributors
share, exchange, capitalise and re-use project, product, process and activity design
data in a concurrent engineering context.

To manage research activities in concurrent engineering design process
modelling, we use ACSP as an experimental research tool to analyse designer
activity in the above mentioned design projects. The first quantitative and qualitative
results from the ACSP designer activity analyser module relative to these projects
are now available.

For example, as illustrated in Figure 4, it is possible to analyse the time evolution
of the designers' actions on design data (creating, modifying, and deleting actions)
compared to the number of connections to the projects.
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Figure 4 : Evolution of designers' actions on design data (create, modify and delete / project,
product, process and activity data) compared to the number of connections to the projects

Through this diagram describing our first quantitative results on designer activity
analysis using the ACSP experimental tool, it is possible to identify three steps in
the project development cycle :

e a familiarisation step, in which design contributors discover at the same time the
purpose of the project and the detailed ACSP functionalities. This step can be
considered as a observation step where designers make more connections to
their project than actions on data. We can observe a high level of deleting and
modifying operations compared to the creating actions,

e a capitalisation step, in which design contributors create and modify a high
number of design data per connection on their project. This step can be
considered as a period of intensive activitywhere designers contribute to filling
the ACSP_database. This_intense activity period also introduces a significant
number of deleting actions on data, but still a low percentage compared with the
number of data creation and imodification activities,
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e a regulation step, in which design contributors manage the design data
capitalised previously. They make some adjustments to data, integrating the
interactions between the design domains to achieve the final goal of the project.
During this step, designers usually connect to gather information and perform
less actions on design data than in the previous capitalisation step. They also
have more creation action than modification and suppression actions.

After this global overview of these first results, it is now interesting to have a
look at the distribution of actions in the various design domains. For example, as
illustrated in Figure 4, it is also possible to analyse the time evolution of the
designers' actions (creating, modifying, and deleting actions) in relation to the
project, product, process and activity design data. This Figure shows that design
contributors work on project design domain data during the entire period of their
project. We can also observe an intensive period of activity from the beginning of
the project until the 5™ week, corresponding to the previously explained
capitalisation step. It is significant to specify that all these actions on project design
data are only carried out by the project managers, which corresponds to six
designers out of 10.

Concerning the product and activity design data, we can observe a significant
level of actions from week 5 to week 7. From week 8 to the end of the project, these
actions decrease to less than 15 actions per week for activity data and a mean level
of 50 actions per week for product data.

Concerning the process data, a low level of activity throughout the project can be
observed. This can be explained by the low rate of projects involving the design of
manufacturing processes.

6. CONCLUSIONS

All these items illustrate our first global results extracted from ACSP designer
activity analyser module when managing projects in an academic context involving
engineering students, teachers in mechanical systems engineering and professional
engineers. The next step will consist in introducing the ACSP environment to
industry in order to manage the same actions with professional designers.

This experience with the ACSP environment, using specific human factor
features, shows that users browsed among activity data with new co-operative
supports based on product usability functions and on human activities,
manufacturing activities, recycling activities, etc. These new co-operative supports,
such as structured data (life situations, usability functions, etc.) and documents
(video films and human virtual simulations) generated with MANERCOS and
shared through ACSP, seem to ensure co-operation in the design process. Supports
such as these would also appear to assist the design participants to collect
information, identify problems, search for new solutions, evaluate concepts, etc.
during creativity sessions.

This set of results, combined with greater emphasis being placed on agent
concepts, an extension of the object oriented approach, could open up challenging
new ways forward for research in this field.
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A METHOD AND A SUPPORT FOR A BETTER
INTEGRATION OF MECHANICAL SIMULATION IN
THE DESIGN PROCESS

Abstract. World wide competition in industry has dramatically increased the use of computational
mechanics techniques which are nowadays a key factor of the design process. Nevertheless, the use of the
simulation techniques in a more systematic way and in the early stages of the design process gives rise to
numerous problems. Even the state-of-the-art “integrated” CAD software tools are unable to give efficient
solutions to these problems.

Following a brief bibliographical revue of different research works related to this subject, the present
paper proposes, through the SG3C software, a working methodology and a supporting software tool in
order to provide some elements of solution to the different problems related to integrating computational
mechanics in the design processes. The conceptual model is first presented. A simple example of a design
situation is then used to show why the SG3C system is interesting for the numerical simulations
efficiency. Some particular features such as modelisation guidelines, process tracking, knowledge
management and co-operative work are underlined.

1. INTRODUCTION

World wide competition in industry has dramatically increased the use of
computational mechanics techniques in the early stages of the design process of
products and systems. The industrial stakes expressed in terms of cost, schedules,
quality and capitalisation issued from simulation are essentials but the arising
difficulties still remain important. An efficient implementation of these numerical
techniques supposes more particularly a high level of integration of computational
activities in the design process. This integration should not be based only on the
tools, but also on technical know-how and industrial organisations.

Concerning with the area of computational mechanics, a new issue in some
industrial companies is to transfer some simulation activities from structural analysis
department to design offices in order to achieve the required level of integration. In
this case, design technicians are trained to computational mechanics techniques and
have to support the most classical problems required by their design activity (linear
problems for example). In this scheme, the traditional specialists of computational
mechanics are in charge of scientific support of technicians activities while they still
keep the responsibility of the more complex studies. This support consists mainly in
technical assistance or supervision either in the definition of more adequate
calculation models according to the objectives and context of simulation, and in the
critical analysis of computational results.

During the 90’s, a lot of research work has been done to provide solutions to
these difficulties of integrating computational simulation in engineering design.
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Some works propose software environments which enable more or less automatic
idealisation of the product geometry to make it ready for a simulation process. In
that way, Shephard [1] describes the computational mechanics process as a
succession of idealisation steps and presents a framework of an automated analysis
idealisation control system in an engineering design context. Other works based
more particularly on geometric criterions (for example [2,3]...) have similar
purposes.

The area of artificial intelligence seems to be another way of integrating
computational mechanics in the design process. In this manner, some research works
try to provide modelling and analysis assistants. Dym [4] describes a computer
system based on symbolic representation of knowledge involved in engineering
modelling and computation. Model-based reasoning (MBR) techniques are used to
represent structure, function and behaviour explicitly. In [5], Turkiyyah proposes a
knowledge-based framework for assisting users in setting up, interpreting, and
hierarchically refining finite element models in a structural engineering domain. An
expert system defines an appropriate mathematical model for the structural
mechanics problem and performs interpretation operations, leading to model
refinements. The research presented in [6] develops a multilevel product model that
supports Simulation-Based Design (SBD) of mechanical systems, from preliminary
to detailed design stages. A global database is used to support both CAD and
simulation data. This database is accessed by the different actors for defining
simulation models.

Those research works carry out interesting contributions to some specific aspects
of the problem of integrating computational mechanics in the engineering design
process. Nevertheless, none of them takes into account the whole problem. From our
viewpoint, three main issues are not fully answered :

- Integration is generally considered as a problem of data transfer from the design
process environment (CAD systems) to simulation software tools. The
information feedback from simulation to design is poorly achieved.

- All along the design process, many models are created to simulate the product
behaviour. This multiplicity of models is a source of difficulties in managing
models and ensuring consistency of the whole process. Very few research works
take this problem into consideration.

- The crucial question of capitalising and reusing both simulation and design
knowledge is more or less present but does not receive satisfying answers.

The present research work has been driven to give solution elements to the three
above mentioned problems. A design organisation and a supporting tool are defined
in order to provide a satisfying level for integrating computational mechanics in the
design process of products. Our research also provides practical answers to
capitalisation and reusing questions.

2. CONCEPTUAL MODEL

The definition of a conceptual model is a necessary stage to reach the above
mentioned objectives. This conceptual model has been created from structuring and
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formalising computational mechanics present practices [7]. The first step is to
identify and to define the different entities handled by designers and analysts. The
second step is to provide different links between the entities, in order to capture and
to express rationale and consistency of the integrated analysis process.

2.1. Identification of level dependent entities

At the very global level of a simulation process, two different classes of entities are
distinguished : the Project entity and the Instructional Case entity. A Project entity
consists in the whole of design models and simulation data explicitly associated with
a particular product in the context of a particular design project. An Instructional
Case entity (see [8]) includes one or more complete simulation process related to a
particular problem. This problem should be sufficiently general to allow the
Instructional Case to be separated from any Project entity. The so-defined
Instructional Cases should answer either modelisation problems (for example, a
simulation process drawn to define a model well adapted to represent the stiffness of
a bolted assembly) or design problems (for example, a sensitivity analysis driven to
get the influence of a fillet radius on a stress concentration factor).

PROJECT : SAMPLE
Design
Model | &

| Mechanical
|  Model

e
| Design
Model

= =Y
Simulation
Goal

g| Simulation
Goal

Simulation

= ] Basic step
) Temporal link

Conclusion

—+ Dependency link

Figure 1. Representation of the project “Sample”’

The distinction between these two high level entities is interesting from a strategic
point of view insofar as it is a support for identification and capitalisation of
knowledge provided by mechanical simulation.

Going to a higher detail level in the conceptual model, the Project, as well as the
Instructional Case can be broken down into one or several simulation Cycles. A
Cycle corresponds to one complete simulation phase, that means a process starting
from the definition of a particular goal for simulation, continuing with constructing a
calculation model, obtaining numerical results and analysing these results. A Project
is made of numerous cycles corresponding to the different product specifications.
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Refining the conceptual model and structuring the Cycle contents, six different

Steps are identified [7] and briefly described below :

- The Design Model contains at once geometrical (CAD data), technological and
functional descriptions of the product. It represents the whole set of information
usually handled by designers and required for computation.

- The Simulation Goal explicitly defines the objectives of the running simulation
Cycle. It also describes the situation of the product in its environment from
which loads and boundary conditions will be deduced, and some specifications
on the context in which the Cycle will be created (cost constraints, time limits,
required accuracy...).

- The whole set of mechanical assumptions are gathered in the Mechanical Model
which is a representation of the product from a mechanical behaviour point of
view, without any consideration about the numerical method and software tool to
be used for computation.

- The Result contains all data provided by the calculation tools sufficient and
necessary for the analyst interpretation.

- The Conclusion is made of two parts. The first one includes an estimation of the
computation results credibility. The analyst has first to put trust in the simulation
Cycle. The second part consists in interpreting the Result and drawing
meaningful conclusion for the designer.

Finally, several attributes aim at describing and structuring more precisely the
contents of each step. However, it is to be noticed that the Steps still remain semi-
structured entities, preventing from excessive locking of the simulation process.

2.2. Links between entities

Links are necessary to represent progress and consistency of the simulation process.
They occur at each of the four levels of the conceptual model. Two kind of links
may be distinguished : Temporal links and direct Dependency links.

Temporal links express the approach of constructing the simulation process.
They also represent the logical connection in the definition of Steps attributes, Steps
themselves, Cycles, or ways between Project and Instructional Cases. This kind of
link is of great interest for tracking and capitalising the computational mechanics
process. In fact, it allows capturing and preserving a process for solving problems at
a more or less global level, depending on the considered detail level.

Direct Dependency links have their advantage in the maintainability of the
simulation process when engineering changes occur. Following the modification of
an entity (functional requirement, geometrical data, computational mode, etc.), they
allow to track the other entities open to be affected by the modification. The
decision of propagating modification remains in the users responsibility. So, these
dependency links are a kind of support to prevent simulation process from
consistency loss, all along the design evolution. Figure 1 shows an example of the
project “sample” viewed throughout the presented conceptual model. This small
project consists in two analysis cycles.
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3. USER GUIDE OF THE METHODOLOGY

The previously described conceptual model has been implemented in a software tool
named SG3C (in French "Systtme de Gestion des Connaissances Calcul en
Conception"). This tool can be viewed as a support for the presented working
methodology. Some principles for implementing and using the tool and the
methodology in a design process will be now explained. An example of a design
situation involving computational mechanics activity is used to illustrate the subject.

The example describes the design progress of an industrial system : an hydraulic
press for stamping of small mechanical parts. The list of functional and technical
requirements has been drawn up in order to guide the designer who has to carry out
the study. The evolution of the design process has led to a first solution for a part of
the frame of the press : the supporting beam (see figure 2).

Figure 2. First CAD model of the supporting beam.

The designer has now to check if its solution fits the technical requirements, and
more particularly those concerning the rigidity of the device. The conceptual model
previously described will help him to achieve this task. Starting with the existing
Design Model (CAD model of the beam, technical requirements, materials
definition,...) the designer has first to define precisely a Simulation Goal for this
problem. In this case, the Simulation Goal could be the following small text : "verify
that the deflection of the beam is less than 1 mm under the maximum load due to the
hydraulic device. The beam is supposed to be clamped to the frame of the press.
High confidence in the calculation is required."

From this point, the mechanical analysis process can be started. Using the data
contained in the Design Model and in the Simulation Goal, mechanical assumptions
can be made. For example, even if a good accuracy is required, a beam model can be
adopted because of the geometry of the part, and considering that only a global
result (displacement) has to be calculated. Some guidelines can be proposed to help
the designer to achieve the modelisation tasks. The whole of the resulting
mechanical assumptions constitute the Mechanical Model, as illustrated in figure 3.

All is now defined for choosing a resolution method and a software tool adapted
to the problem. Some additional parameters can be required to carry out the
simulation of behaviour such as the finite element type, the discretisation level,...).
The parameters can be adjusted according to the data contained in the Design
Model, in the Simulation Goal and in the Mechanical Model. In the example no
particular parameter is needed : this very simple mechanical problem can be solved
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with basic tools, well adapted to the design office context. All the input data of the
simulation software constitute de Simulation Model. Once the Result have been
obtained, the designer can draw up his conclusion : "the calculation seems to be OK.
Deflection of the only beam under maximum load exceeds the required total value
of one millimeter. The supporting beam has to be rigidified".

Elastic material : E=210000 Mpa 2

Small displacements

Other parts of the frame are very stiff

T 000N 3 $ ......................... _4-.20
I | |
I I

200 200 : -0

Figure 3. A Mechanical Model for the supporting beam.

This first part of the example shows that the decomposition and structuring of the
calculation process into several well defined steps can be a helpful means of
carrying out an efficient mechanical analysis in an industrial design context. Some
other features of the presented conceptual model are introduced now in the
continuation of the example.

The designer choose to add ribs to the supporting beam in order to get a more
rigid behaviour. This decision implies the definition of new design parameters such
as a number of ribs, a location and an orientation for each of them. The designer can
connect to the SG3C software system in order to get some help for defining the
design parameters values. SG3C database contains a description of the different
processes of analysis previously carried out by the designers and mechanical
engineers of the company. These processes are easy to understand as they are
structured in several cycles, described themselves as a succession of the six basic
steps presented in the conceptual model. The user can access to any step of any
cycle by the way of requests based on a few keywords.

In the case of the press, the keywords lead the designer to the conclusion of a
previous calculation which aimed at determining the optimum orientation of a rib in
order to increase the flexural stiffness of a U-sectional beam by means of a
sensitivity analysis. This previous calculation was identified as an Instructional Case
because of a certain level of generic knowledge. The Instructional Case is
considered to be close enough to the designer own problem, so the conclusion can
be directly reused for the supporting beam design. It is to be noticed that in some
situations the previous models could be partially reused to get new results for the rib
orientation problem. Modifications of these old models are intended to make them
fit the new problem. Finally, in other situations only the way in which the old
problem was approached (i.e. sensitivity analysis on a basic structure geometry)
could be interesting to reuse.

Helped by the Instructional Case, the designer now defines a new solution for the
supporting beam and needs to check it again. But the new geometry gives rise to
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some modelisation problems and the designer is not skilled to achieve this task. So
he decides to get some help from a specialist in mechanical analysis and contacts an
engineer at the calculation office of the company.

In their discussion, they define together the new Simulation Goal which can be
nearly the same as the first one. Only the parameters which characterise the context
of analysis might have changed. Indeed, some time has gone by since the first cycle
of the process and the forthcoming analysis cycle has to be carried out within two
days. It’s now the turn of the engineer to connect to the SG3C software system and
to consult the same Instructional Case the designer did. The specialist wants to find
out some useful information for the model definition. Once the Mechanical Model
and the Simulation Model have been defined, the Result is obtained.

As it was done for the Simulation Goal, the Conclusion is drawn up in co-
operation between the designer and the calculation specialist to ensure the efficiency
of the analysis process : with this new design, the deflection of the beam is less than
the required limit. So, the design process of the hydraulic press can be continued.

This second part of the example explained how the conceptual model and the
SG3C tool can support a co-operative process between a designer and a calculation
engineer. It was also pointed out that SG3C can be a useful tool for solving
modelisation problems or design problems by means of the Instructional Cases
stored in the database.

During their work, the designer and the calculation engineer have defined several
steps described below. These steps can be stored in the SG3C system database so
that the related information can become available for all design actors of the
company. Some other features are also available such as the possibility to get an
automated simulation report, which is possible when all necessary data are available
from the database. This feature also contributes to have a defined level of
standardisation and document structuring at the company level.

4. CONCLUSIONS

Nowadays, some commercial software try to give solutions to the crucial problem of
integrating calculation in the design process. Unfortunately, the proposed integration
level is dramatically low. Only a few well formalised data such as geometry or some
material descriptions could be concerned by a process reduced to a more or less
automated data transfer operation.

This integration problem is of socio-technical order and appears to be very complex.
The arising difficulties also concern working methodologies, organisational
dynamics, education and training. Moreover, they are beyond the analysis area and
should probably concern the whole of the design actors. So, the solution cannot only
be a software tool.

The presented work was initiated from this point of view and consists in a first
contribution to the addressed problem. A structuring of the analysis process into six
well defined steps has been proposed in order to provide guidelines to the analysts
and to make a capitalisation of this process possible. Among the six steps, the
Design Model is the responsibility of the designer, while the Mechanical Model, the
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Simulation Model and the Result are the responsibility of the analyst. The
Simulation Goal and the Conclusion are particular steps as they have to be defined
by both the designer and the analyst in a co-operative way.

To complete the structuring, some links have been defined in order to catch the logic
of the analysis process and to prevent from consistency loss.

The methodology is supported by a software tool whose database is used to store all
the processes of analysis at the company level. Some of them, more generic, gain the
status of Instructional Case. An automated calculation report is also available from
the software.

All this framework makes possible some important features for the design project
such as tracking of the processes, guidelines for non specialists and also for
specialists in case of complex situations, some means of knowledge management,
and reusing capabilities of results, models or resolution processes.

In the forthcoming months, this work will be implemented in the design offices of a
company. Based on an analysis of the methodology and supporting tool in use, some
very interesting conclusions are expected.
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REPRESENTATION OF DESIGN ACTIVITIES USING
NEURAL NETWORKS:

Application to fuzzy dimensioning

Abstract: This paper deals with the problem of product mechanical design within the framework of
integrated design. It proposes a technique based on the fuzzy logic approach. The design process is
divided in several sub-problems (professions or points of view : Pov). Fuzzy approach allows the
comparison of the PoV to each other and the final solution emerges through a global compromise. This
approach allows the design process to be distributed in parallel tasks. The neural network (NN) tool is
used in order to encapsulate data and the analysis of each design PoV. So it allows a flexible decision
making in design process. Numerical advantage of this approach is discussed.

1. INTRODUCTION

Decision making during the conceptual design stage has a significant influence on
factors such as cost, performances, reliability, safety and environmental impact of a
product. However, knowledge of all the design requirements and constraints during
this early phase of product life cycle is usually imprecise, approximate or unknown
[1]. In this paper, the complex problem of mechanical design is solved using the
fuzzy logic approach, especially during the dimensioning phase.

Several authors study the mechanical design problems. Pahl et al proposed a
sequential approach [2]. Wooldridge used the multi-agent method [3]. Other works
tempted to solve this problem by using the fuzzy logic approach ([4-7]).

The fuzzy logic methods take into account the vague and imprecise nature that often
arises during the specifications stage as well as in the data choice, system boundaries
choice, unsatisfactory formulation of design objectives and constraints, and the
relative importance of the points of view. We use also neural networks (NN) to learn
and represent the complex data input-output mappings of each PoV. NN has been
found to be useful in performing nontrivial mapping function [8].

This paper is organized as the follows. First, the fuzzy logic and neural network
methods are presented. An industrial application corresponding to the study of an
aeronautic cladding system is presented.

2. FUZZY LOGIC OPTIMIZATION METHOD

The fuzzy logic approach has been introduced by Zadeh in 1965 [9]. Since that time,
several authors contributed to the improvement of this concept, with theoretical
contributions as well as with applications [4-7]. Feraille and Chedmail [6] proposed
a paralle] process to solve conflicts in design process. This model is described in
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Figure 1. Every PoV formulates the problem in terms of optimization of objective
function subjected to constraints. Hence, this problem is fuzzified and an
aggregation of the results of the whole PoV is performed. The crisp design problem
P, corresponding to a given PoV is formulated as the following:

min. F(x)
subject to the constraints : G(x)< 0, )

where x is the design variables vector. G(x) is the vector of constraints defining the

admissible domain, G,' is the i'h component of G(x). F is the criterion function.
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Figurel. Parallel design process from [6].

The transformation of the crisp problem P in a fuzzy one P is achieved in two
stages, namely "Fuzzy action" and "aggregation".

2.1. Fuzzy action

The first stage consists in fuzzifying the criterion and the constraints. A membership
function pp(F) chosen beforehand is associated to the criterion function F. This
membership function is described with a continuous range of values between zero
and one, according to the degree of satisfaction that one assigns to every value of F
independently of x. Knowing Ug(F), it is possible to calculate for every value of x,
the corresponding value of Up(F(x)) and therefore to get p according to x. This
function will be denoted pr(x). We apply the same procedure for every constraint G;
From pgi(G;), we calculate gi(x). The fuzzy constraints is defined as follows:

Jr® G : VxelR and G(x)e IR—-pgx)e[0;1]
TN I Gj(x) <0
> ¢ Bot0=1 (B GI)A, 0GiW<4a, ()

0 Gji(x) 2 Aj
Figure 2 : Satisfaction function of g.

The coefficient A allows the relaxation of the definition domain of Ugi(x) (Figure 2).
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A is not the same for all the constraints and its value may be chosen by the designer.
In order to approximate faithfully the behavior of the satisfaction function, a strategy
of sampling points is necessary. This set of points needs to be as full as possible.
Indeed, upper and lower values of each design variable have to be defined.

Assuming that x = (X3, X, ... , X,) represents the design variables vector and x; the i"
component of x. n is the number of design variables involved in the studied point of
view. We assume that x' is a particular value of x, sampled between Xy, and X
where: xl :(X;’ X; [RRX) xrll), Xpow = (xlowla Xlow2s - » Xlown)’ Xupp = (xuppla Xupp2s -+ » xupp,n)
The set X of all the sampled points in the domain (Xpow , Xupp) i defined as the
following : X= {x', xz, X} in R"= RP! x RP x ... x R where pk is the number of
components of the design variable x;; and r = pl x p2 x... X pn. For each value x',
and for each constraints G, we have to calculate G(x') and then pg(x'). Let's assume
that the global problem of mechanical design is divided in v sub-problems or point
of view. When it is necessary, the index j (or J) will be added to each one of the
parameters above, it designates the point of view number j= 1,..., v. For example X
={ xJI, Xj 2, .. X;"}. We observe that this calculation process is time and memory
consuming especially when n and r increase. This problem can be resolved by using
Neural Network (NN). We apply the same method to the fuzzy action of criterion
function. The membership function for the criterion is defined as :

IN: : VxeR, F(x)e R—up(x)e [0;1] that:

0 for F> F™
He(X) = Fﬁ- for F™" <F< F™™ (3)
1 F <Fmin

R represents the real domain, with F™ = F(X"™®) and F""= F(X™"). X"
respectively X™" represents the vector of values of the design variables that
maximizes, respectively minimizes, F(x) subjected to the constraints. The research
of X™ and X"™" is done in a relaxed domain D'. Figure 3 depicts a comparative
analysis of membership functions of criterion [4-6]. Regarding the other methods,
ours permits to find solutions with independence between all the points of view [10].

HF(X)

Our Process

ol

Fig. 3: Comparison of the satisfaction criterion.
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2.2. Aggregation
The second stage consists in aggregating all the membership functions

corresponding to the criterion and the constraints. The result of the fuzzy problem P
is gotten by associating a new aggregation criterion, @, chosen beforehand:

wp (X) = Q(Ur, Ui, Ha2,-- -5 Hon) “4)

Ur and Ug; are function of x. Up(x) is the satisfaction function for the PoV P. The
aggregation of all the points of view, can be described by the following equation:

Hgion(X) = W(Up 1, P2, -y HPn ) (5

It is achieved with a function  that represents the ability of every PoV to globally
satisfy the problem. Methods of aggregation are generally distinguished by the
choice of yand ¢@.In our approach, we use the same criterion for the two
aggregation phases. Namely the “min” operator as proposed by Dubois in [10].
From (4) and (5) we obtain the following relations:

Upvi(X) = min(Ue(x), HGi(X),..., Hgn(X)) (6)
Hgiob(X) = min(py(X), Lpva(X), ..., Upyy(X)) (7

Relation (6) is evaluated for every particular value x' in X. We assume that, for a
given point of view J, Xy and Xy, are identical for the criterion and for all the
constraints. Equation (7) is also evaluated for every x' of X. Numerically, this phase
requires X ow and Xy, to be identical for all points of view. Moreover, the set X must
be the same for all points of view. In reality, these numerical constraints are not
necessary in the parallel design approach. We propose to overcome these difficulties
by using the neural network tools.

3. NEURAL NETWORKS

In the previous sections, techniques of calculation of the satisfaction function of
each point of view (PoV), and the global satisfaction function have been presented.
We also presented the aggregation process of all these points of view. For a given
PoV P and for a given point x; in the extended space of design variables, the
previous method permits to calculate pp(X;). Selecting n points in the design variable
space gets the global satisfaction function and all the results. Theoretically the
discretisation step (size) can be chosen according to the PoV and according to the
extended interval size of each variable. In addition, the global aggregation did not
require having the same discretisation step and therefore the same vector X for all
points of views. It is necessary to develop a tool in order to encapsulate the
intermediate calculations. We propose a method based on the Neural Networks
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technique (NN). We use this heuristic tool in order to identify the satisfaction
functions of every point of view. A net topology, node characteristics and training
rules specify the NN model [11]. The goal of NN training is to produce a network
which produces small errors on the training set, but which will also respond properly
to novel inputs. The network generalises well if it is able to perform as well on novel
inputs, as on training set inputs [11].

The NN of each point of view are performed at the end of the internal process
analysis. For a given reference data and a given net topology, a bayesien learning
technique is used to identify the efficient neurons [13]. At the training stage, we
evaluate pj values of p(xy;) (i=1,...pj). Input vectors and the corresponding output
vectors are used to train a network until it can approximate a function. The following
input and output couples are used (X, Ly(X;;)). The approximation of the satisfaction
function is performed until the difference between the target output p(x;;) and the
network output Up(xX;;) corresponding to xj; is minimum. We minimize the average
of the sum of these errors.

T

1
mse =" 3, [ () — ()T (8)
k=1

I = pn X Piz X... X Py, I3 18 the number of sampled point x in the point of view PV},
psi is the number of sampled values corresponding to the design variable xj; of x;.

The obtained network N; allows to estimate the value of the satisfaction function
W(x) for any points x. These points don't necessarily belong to X; Furthermore, the
network does not need to evaluate neither the intermediates value of the constraints
nor the values of the criterion. We also observe that the size of the networks file is
generally very small in comparison with the size of storage of the set X and the
corresponding values of the satisfaction function. Hence the networks coefficients
are memorized. The project manager receives the networks results N; of every point
of view PoV. Then, he can calculate the global satisfaction function at each point.

KNglobal(X) = min(in(x)) (J= 1,...v) &)

By using neural network, it is not at all necessary to have the same set X for all
points of views. Moreover, the chosen set, X, by the project manager may integrate
supplementary information or constraints.

4. DESIGN OF AN ACCESS TRAP DOOR IN AN AIRPLANE COCKPIT

In this section, fuzzy approach is applied in the design phase. The industrial
application consists in studying an aeronautic cladding system. It is composed of a
door and a framework. This cladding system allows a manipulator to place a
pressurized oxygen bottle in an aircraft cockpit. We distinguish two systems: the
cladding system (S1) and a door (S2) as shown on figure 4. The cladding and the
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door are modeled with equivalent stiffened beams. L3 and L4 are the dimensions of
the trap door, e, the thickness of beams and e, the thickness of the door.

52: Door's model $1: Cladding's model
|l

s -

le - bl
F i

4 —1 28
L4
3 ¥
T 1
; i3
o 2a ———

Figure 4: Structural model of the systems S1, S2.

Among many aspects, we study the geometric, structural and mass PoV of S1 and
S2. Four sub-problems corresponding to three different PoV (mass, structural and
geometric) are used. A functional and structural analysis allows establishing the
following 5 specification tasks:

- a human operator must be able to put down in the cockpit a pressurized bottle.

- The door must insure the tightness of the cockpit.

- S1 and S2 elements must be light (aeronautic criterion).

- The deformations of S1 and S2 are limited.

Table 1 gives all the parameters and variables used by each point of view.

Table 1: Design parameters

dependent | independent
Points of view Parameters variables variables
PVI : Sl/nass a,b,p €
PV2: a,b,r L, L, Li, Ly
S1/geometric
PV3: a,bE v, fo Ly, L, Li, Ly, €
S 1/structure
PV4 :S2/mass P Ly, Ly e

Dependent variables may be obtained explicitly from the independent variables. The
hole dimensions are limited by three parameters a, b and r.

Mass point of view for the system S1 PV1 : Figure 5 represents the membership
function py (e corresponding to the mass PoV S1. Figure 6, depicts the output of
the difference (Upvi(€1)~ Unpvi(€r))-

Geometric point of view for the system S1 PV2 : Figure 7 depicts the
membership function corresponding to the geometric PoV PV2 depending of the
variables L; and L. The relative error is little than 0.01.

Structural point of view for the system S1 PV3: This PoV studies the
deformation of the elements of the system S1. The chosen criterion consists in
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minimizing the strain energy of the structure. We use the finite elements method to
calculate the displacements of the structure defined by figure 4. The NN topology is
defined as (3-10-8-1). The error is smaller than 0.03.

o | et . L

Figure 5 : Mass PV1/S1. Figure 6 : Relative error for PV1/SI.

T Pty L1100 P s 8, 020802

Figure 7: Geometric PV2/S1. Figure 8 : Structural PoV /S1 (e; = 6mm)

Mass point of view for the system S2 PV4 : This PoV leads to the minimisation
of the mass of the door. This door insures the tightness of the cockpit. Figure 9
depicts the best tendency that a candidate (L3, L4, €;) has to satisfy the mass PoV of
the system S2. The error is smaller than 0.01.

om0 S R, 1204

Figure 9 : Mass PoV 82 (e;= 22.8 mm) Figure 10 : Global membership function
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Aggregating all Points of view : The global function of satisfaction iy, gives the
global performance according to the design variables. At this stage, the network
results of all the PoV are gathered, and aggregated according to relation (9). Figure
10 depicts the tendency of the global satisfaction function (e1=10 mm, €2 =4.2mm).

5. CONCLUSION

The global design problem is broken down in several sub-problems corresponding to
every PoV or tasks. Our process succeeds in finding a solution domain with a global
satisfaction of all the points of view. One can notice the ability of our approach to
consider each aggregated satisfaction function as a macro point of view. It becomes
a component of a new macro problem. We have proposed to solve this problem by
using NN tools. Numerical results are obtained and compared to the sweep
technique.

F. BENNIS, P. CHEDMAIL, O. HELARY, IRCCyN - U.M.R. CNRS 6597, ECN, 1
rue de la Noé, B.P. 92101 - 44321 Nantes Cedex 3 — France.

6. REFERENCES

[1] W. Hsu and LLM.Y. Woon, "Current research in the conceptual design of mechanical products",
Computer Aided design, Vol 30, No 5, pp 377-389, 1998.

[2] G.Pahl & W.Beitz, "Engineering Design", The Council — London, Springer, 1995.

[3] M.Wooldridge, "Agent-based software Engineering", IEEE Proceeding in Software Engineering",
144(1): 26-37, Feb.1997.

[4] S.Rao, “ Mutli-objective fuzzy optimization techniques for engineering design ”, Computers &
Structures, vol.42,n°.1,pp. 37-44, 1992.

[5] M.Sakawa, "Fuzzy sets and interactive multi-objective optimization", Plenum Press,New York, 1993.

[6] F. Féraille, P. Chedmail, "Concurrent Engineering : use of fuzzy logic », IDPT’96, 2nd World
Conference on Integrated Design & Process Technology, 1-4 1996, Austin, Texas.

[7] E.K.Antonsson, "Imprecision in engineering design", Journal of mechanical design, vol.117 B,
pp.25-32, 1995.

[8] K. E. Zanganeh and P.C. Hughes, "Fast Estimation of the Kinematics of the parallel Modules of a
Variables-Geometry-Truss Manipulator Using Neural Networks", IEEE, Int. Conf. On Robotics and
Automation, pp. 1665-1670, May 1999.

[9] L.A. Zadeh, “ Fuzzy sets ", Information and Control, vol.8, pp.338-353, 1965.

[10]D.Dubois & M.Grabish, "Aggrégation multicritere et optimisation", Masson Paris, pp.179-199, 1994.

[11]Matlab “Optimization Toolbox and Neural Networks Toolbox”, mathworks Inc., 1998.

[12]R.P. Lippman, An introduction to computing with neural nets, IEEE, ASSP Magazine, pp.4-22, 1987.

[13]F. D. Foresee & M. T. Hagan, Gauss-Newtown approximation to bayesian learning, Journal of
International Conference on Neural Networks, vol. 8, pp. 1930-1935, 1997

[14]F.Bennis, P.Chedmail, O.Hélary, 1999, “Towards the Use of Fuzzy Approach in Mechanical
Design”, 3" IEEE International conference on Intelligent Engineering Systems, Stara Lesna,
Slovakia, November 1-3, pp. 363-368, 1999.



X. FISCHER, J.P. NADEAU, P. SEBASTIAN, P. JOYOT

QUALITATIVE CONSTRAINTS IN INTEGRATED
DESIGN

Design support system in mechanical design

Abstract: Designers use mechanical calculus and their technical knowledge to give, propose and validate
technical choices. Product perception and design reasoning are modeled using graphs. The knowledge
used is defined through fuzzy-logic rules, qualitative analysis, analytical forms and reasoning is
represented as a system of constraints. We give an example which aims at defining the technological
choices of a lattice work of beams.

1. INTRODUCTION

Our objective is to lay the foundations of a mechanical design support system, from
physical laws, expertise and know-how. In order to provide support for product
design, we propose the concerted and simultaneous use of rules relating to:

— physical laws,

—design objectives,

- the knowledge of the state of the art,

— professional habits.

A number of studies detail a similar problem. First, some methods make it possible,

from a formalisation of product perception, to find again already validated solutions.

They integrate an expertise linked to computational principles. Next, they will make

it possible to characterise the problem and match validated solutions. Modeling may

be based on:

—a decomposition of the overall problem into substructures of local mechanical
problems [1],

—a structuring of the different points of view about the product, so as to find again
useful data —as regards mechanical behaviour [2]—,

—the use of characteristics identifying a specific point of view of the product
(computational features [3]).

Moreover, related studies propose to use data bases to better direct computation and

identify solutions, according to the behavioural objectives [4]. In all the methods

proposed, only already validated design solution can be found again.
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Faltings [5] and Joskowicz [6] propose a particular formalism based on qualitative

analytical principles integrating computational rules in the form of expertise. Sam

[7] puts forward a different approach by only using mechanical analytical rules

through a CSP method, and she obtains combinations of consistent values for

product-characterising variables.

At last, some articles propose to resort to fuzzy logics, so as to use computational

expertise to determine local solutions [8].

We have developed a kind of formalism enabling us to provide solutions from a

system in which there are both theoretical and empirical rules.

The originality of our work lies in a double approach:

—reasoning is modeled as constraints: we can thus exploit a set of rules of diverse
natures and resolve an under-constrained problem to favour creativity,

—knowledge is modeled through variables of very heterogeneous natures. We can
then precisely characterise a viewpoint.

This original aspect builds up through a particular design logic corresponding to an

Inverted Integrated Design (IID) [9] approach.

2. THE DESIGN APPROACH: AN INVERTED APPROACH

In a conventional design approach (figure 1), actors have at their disposal their
professional habits and their knowledge of the state of the art. They thus produce a
priori existing elements which enable them to generate models and results. The latter
are validated according to their level of cohesion with the objectives defined in the
specifications. Invalidity requires backtracking, which causes the current
ponderousness of design processes. Our vision, called Inverted Integrated Design
process (IID), is a design methodology defined to avoid iterative cycles in design
process. Initially, we have some professional habits, our knowledge of the state of
the art and behavioural objectives. We do not use the objectives at the end of the
process, but as properties which combine with related rules and allow us to
determine the solutions. Then, the logic developed from an expression of the
knowledge and the very objectives provides models associated with the results.
Confrontation with the specifications is no longer necessary since the objectives turn
out to be the foundations of designing (figure 1).

1ID puts forward the notion of integrated engineering. In particular, we introduce the
notion of computation integration [10]. Computation intervenes as rules, at any
moment in design, either to direct solutions (i.e., synthesis activity), or to avoid
outlier evaluations: concepts are validated on line. Therefore, our approach differs
from the conventional sequential [11] and iterative approach which requires a
validation of all the concepts put forward, in particular using numerical
computation.
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Figure 1. Inverted Integrated Design approach, in comparison with conventional approach.

3. DIFFERENT KINDS OF KNOWLEDGE FOR ADAPTED MODELING

People acting in the design process have a perception of the product. Some product-
related knowledge is taken up once again through variables. Each variable value is
assigned or has to be instanciated.

Problem-characterising variables may bear imposed values, relating to the functions
defined by the specifications or the industrial context. Otherwise, they are to be
evaluated. But the initial perception of the product may be highly incomplete, and
although some values be established, this establishment cannot be precise.
Furthermore, providing solutions from a kind of knowledge which is —
incidentally— rather imprecised, requires proposing a certain flexibility, as for the
technological solutions put forward. Therefore, we had to establish an adapted kind
of modeling which would consider this imprecise aspect, regarding both the initial
values and the values to be provided.

In our modeling, four sorts of variables are considered:
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—numerical-value variables: possible values for these variables are strict real values
a (equation 1),

ae IR 1)

—linguistic-value variables: variables assume values g in discrete domains, in which
each variable carries a linguistic notion (equation 2),

ae {characz‘erizaz‘z'on1 yenes characterizationn} )

—qualitative-value variable [12],[13]: this kind of modeling provides a certain
flexibility at the level possible values. The values a assumed by a variable is a
bounded numerical interval [14] (equation 3),

ac{ablacIR, be IR, [a,b]c IR} 3)

—fuzzy-value variables [15]: variables assume numerical values a associated to a

level of membership pr to a variable-characterising linguistic notion T (equation
4).

aelR
a =< U (a) % of acceptability )

T =’characterization’

4. CONSTRAINTS OF HETEROGENEOUS NATURES FOR REASONING
MODELING

Variables are linked together by elementary algebraic rules called constraints. The

set of constraints makes up global design reasoning. As a result, designing boils

down to assigning values to variables —when unassigned—, while satisfying all the

constraints. A constraint-based problem is any problem in which

—a family of » variables V = {V,...,V,} assuming their values in » continuous or
discrete domains Dy, ...,D,,

—a set of p constraints C = {cj,...,c,} that are continuous algebraic relations or
discret relations specifying rules.

Variables are linked together by constraints. The problem is said to be consistent if

the variables V; assume values a; which satisfy all the constraints. In order to

determine consistent values, a constraint-satisfaction problem (CSP) is set up.

Three kinds of constraints have to be distinguished:

—computational constraints: a computational constraint is a (equality or inequality)
continuous constraint, linking variables having values in continuous domains, or
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mixed constraints linking variables having values in discrete or continuous
domains. Computational constraints define physical laws,

—design constraints: a design constraints is a mixed constraint or a discrete
constraint, when panel of technological element have to be declared. Design
constraints determine industrial skill rules, reglementary texts and design
objectives,

—expertise constraints: an expertise constraint is a mixed constraint including a
fuzzy value. An expertise constraint specifies the rules orientating value selection
and possible value combinations. This kind of constraints boils down to a single
constraint characterised by an objective function. The objective function defines
the performance level of e design solution (equation 5).

14
F, =Zk,.70- F, eIR

£ ool (7)) ' 1—F'a if F, e[0,1]
o T AT 0if F, e[-»,0]u [1,4+o0]
T =’performant’

®

\

Implicated variables V; evaluate the level of performance of the product, for i
viewpoints. These variables are compared to reference values V2. Since all the
evaluation criteria cannot be equally important in design, we link an importance
weight k; (X k;=1) to each point of view. The values of point-of-view variables must
be an evolution of the reference values.

An evolution from reference values justifies that Fy < 1. Thanks to this condition, it
is possible to assign values to the design parameters; the latter will then direct other-
variable assignment, through the network.

5. OUR APPROACH: AN OVERALL LOGIC, FOR THE SPECIFICATIONS TO
THE DESIGN SOLUTIONS

Inverted Integrated Design approach includes a methodology that leads to the
reasoning models necessary to search design solutions. This methodology is build
through three steps:

—First step of the logic: product perception: it consists in identifying product
perception and related knowledge,

—Second step of the logic: the second step of our approach aims at specifying
constraints and their dependencies. First, industrial expressed rules are capitalized
as constraints. In another hand, the translation of schedule of conditions leads to
acceptable values fields specifications of several variables. Finally, we build the
objective function. At this stage, an evaluation of materiality between the different
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evaluation points of views is required. Weights are thus associated to each
objective parameter of the design-evaluation vector. The objective function
measures conceptual evolution, according to a reference case. In an optimisation
phase, we take, as reference case, the best solution expected and given by
engineers. We thus ensure once again to go forward in value assignment (the
progression level is measured thanks to the objective function),

—Third step of the logic: generation of design solutions; once the identified kinds of
knowledge and reasoning have been established, we use a particular technique,
namely a constraint-satisfaction technique to obtain the consistent solutions. These
solutions correspond to combinations of values satisfying all the constraints, at
possibly different priority levels. Solutions are assigned a degree of satisfaction
which depends on fuzzy values and relative degrees of priority between
constraints.

6. THE CSP PROCESSOR

We have a particular model-building a system that sets in situation equations of very
heterogeneous natures —discrete or continuous natures— implicating variables of
diverse values —fuzzy, qualitative, numerical, linguistic values. The resolution
method we use consists in combinatory tests. It is called a constraint-satisfaction
problem or CSP. The CSP technique, which enables us to determine solutions, meets
our expectations since both the use of very heterogeneous constraints and variables.
Eventually, we obtain a set of solutions which correspond to combinations of values
compatible between one another. Furthermore, solutions are provided with a level of
satisfaction. We propose solutions in a flexible manner, thus giving free expression
to creativity, as far as design is concerned: we only propose an orientation towards
consistent values. This vision differs from numerical methods in the sense that not a
single and unique value is proposed.

This provides reasoning with a certain modularity: modifying, removing or adding
rules is made easy.

7. A SIMPLE APPLICATION: DESIGN OF A LATTICE OF BEAMS

We design a lattice of beam. We want to determine the shapes and dimensions of the
beams as well as their constituting materials, while limiting the overall mass of the
product, and the displacement of node 3 (figure 2).

As for the expertise criterion, we only used the overall mass M of the structure and
the displacement U of node 3 (equation 6). We could have integrated other points of
view such as realisation cost. The use of a catalogue of beams and cables directs the
results. Two solutions have been found (table 1).

F =k

° 6.1073 U

U -k)2 ©
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F

revolute join revolute join

Figure 2. The lattice of beams to design.

Reference case | Solution 1 Solution 2
Beam | Cable © 3110° m IPES0 - Titanium
Beam 2 IPE180 - Titanium | IPE180 - Titanium
Displacement of node 3 6.10° m 2.535.10° m 2.462.10°m
Beams average strain 0.041% 0.040%
F, 0.277 0.222
Mass 256 kg 70.917 kg 56.730 kg

Table 1. Solutions found for the design problem.

The tension beam (element 2) has very small sections (cable or IPE80). They are the
smallest sections of the selection available. It is possible to lighten the system by
developing the catalogue with even smaller section elements. Regarding the
compression beam (element 4), in both solutions, a similar solution is obtained: an
IPE180 beam. In fact, the system has selected the smallest section to prevent
buckling and plasticity: design constraints have thus played their part.

8. CONCLUSION AND WAY AHEAD

We have built a specific model of knowledge and reasoning in mechanical-product
designing. Through our approach, which characterises the resolution of an inverse
problem, we have integrated mechanical computation as well as expert rules and
design constraints. Although the problem is under-constrained, constraint-based
reasoning systems have allowed us to determine solutions, from rules and kinds of
knowledge both of very heterogeneous natures.

For our constraint-satisfaction problem, we resorted to the Conflex environment
[16]. This environment only enables us to resolve static problems. We apply IID to
pressure apparatus design [17], aeronautical systems design and snowboard design.
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HANDLING IMPRECISION IN PAIRWISE
COMPARISON

For better group decisions in weighting

Abstract. The present paper describes an original contribution to handling imprecision in multi-criteria
group decision making. Based on Monte Carlo simulation, this approach allows the generalization of any
deterministic pairwise comparison method. Furthermore, it extends the practical interest of the pairwise
comparison concept to a wider variety of inputs. For instance, it can provide a useful aid in concurrent
engineering.

1  INTRODUCTION

Most of the multi-criteria decision making approaches consist in ranking or
weighting a set of n alternatives with regards to a set of m criteria. Among the
existing methods, the pairwise comparison approach considers a single criterion (for
the comparison) and proceeds by comparing each pair of alternatives in order to
reduce the difficulty of the problem. In the context of priority theory, Saaty
generalized the basic approach (limited to one criterion) to a set of m criteria in a
two step method. First, the m criteria are weighted according to a principal
objective. Then, the n alternatives are weighted according to each criteria. This
procedure leads to global alternative weights. Furthermore, in decision making
problems, imprecision is usually a key element. It can arise from different causes
such as uncertainty, incomplete knowledge or choice subjectivity. The concurrent
engineering environment is typically representative of such a situation since
different decision makers (with different skills and knowledge) are involved at
different stages of the design process in order to handle different alternatives
(strategic decision criteria, costs, customer preferences, gravity of event
consequences and so on).

The following work addresses the issue of imprecision assessment in multi-
criteria decision making environment via the pairwise comparison approach. After a
brief recall of the essential concepts and a review of several contributions to the
problem, the next section is dedicated to the presentation of a Monte Carlo
simulation approach. In section 4, a numerical example and comments illustrate the
performances of the Monte Carlo Pairwise Comparison algorithm. Eventually, in the
conclusion, future research perspectives and industrial engineering design utilities
are presented.
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2 BACKGROUND

In the following paragraphs, a brief presentation of two deterministic
approaches, respectively based on eigen value analysis and logarithmic least squares
regression, is followed by a critical review of several generalizations in order to
handle imprecision.

L. P .
2.1  Deterministic’ pairwise comparison approaches

When applied to a set of n alternatives {al,..an} with respect to a single criterion,
the basic pairwise comparison approach requires n’ weight ratios estimation, as
shown in figure 1. Furthermore, if the symmetric comparisons are inverse of each
other (cj-c;i= 1; i,j=1..n), only n(n-1)/2 pairwise comparisons are required and the
pairwise comparison matrix is called reciprocal.
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Figure 1. Pairwise comparison matrix.

In order to compute the weight of each alternative it is necessary to consider the
consistency of the pairwise comparison matrix. A comparison matrix is called
consistent if the transitivity condition c;-cy= c; is verified for i,j,k = I,..n.

2.1.1  Approach based on eigen value analysis

When the pairwise comparison matrix is reciprocal, the maximal eigen value is
real positive and the corresponding eigen vector has real positive components.
Saaty’s approach [6] computes the weights vector as the eigen vector associated to
the maximal eigen value A,,4.

2.1.2 Approach based on logarithmic least squares regression

The previous method requires exactly one comparison per pair of elements. In
the case of multiple decision makers or missing data in the pairwise comparison
matrix, De Graan [4] and Lootsma [5] propose an approach based on logarithmic
least squares regression that leads to a weight vector estimation, unless the missing
data result in a non resolvable system of equations. In their contribution, they
assume the non empty symmetric comparisons to be inverse of each other.

'In this chapter, a “deterministic pairwise comparison method/algorithm” is a
method that does not handle imprecision.
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Let cj, i=1,.n; j=i+l1..n; k=1,..d;;, represent the comparison of the k™ decision
maker on the pair of alternatives (i,j). The logarithmic transformation is useful to set
a linear relation between the comparisons ( ¢ =w; / w; ) and the corresponding

weights.
Minimizing the regression function, in the least squares sense (Euclidean norm),
leads to the normal equations described in equation 1.

n n n dij
0,3,d;-Y,d;0;=Y Y n(cy), i=l.nwhere 6, =In(w,), t=1,.n. (1)

j#i j#i j#i k=1

These normal equations are linearly dependent, since the weights can be
determined up to a multiplicative factor. To eliminate this linear dependency, one
weight is set to an arbitrary value (extra condition). Then the resulting weights are
normalized, in order to add up to one. In the case of missing comparisons, this
estimation remains possible as long as the normal equations system rank equals n-1.
This condition is equivalent to the following: each alternative is involved in at least
one comparison and no disjoint (in the transitivity sense) sets of comparisons can be
identified.

For exactly one opinion (decision maker) per binary comparison, the resulting
solution is equivalent to a normalized geometric mean (see equation 2).
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2.2 Handling of imprecision in pairwise comparison approaches

Van Laarhoven and Pedrycz (7], presented a fuzzy extension of the logarithmic
least squares approach of De Graan and Lootsma by considering each comparison as
a triangular fuzzy number ¢ .

The triangular membership function (see figure 2) assigns to each comparison
value a membership degree that ranges in [0,1] and expresses a qualitative scale of
“precision”. The membership function is defined by three points: a lower value
(ciu), a modal value (cyx») and an upper value (ci).-

A Membership function
1
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Figure 2: Triangular fuzzy number.



46 HANDLING IMPRECISION IN PAIRWISE COMPARISON

The corresponding least squares logarithmic regression function (to minimize) is
presented in equation 3.

fntegu) = 100wy +InGw ;) f
2 2 2 {ln(c,,km) ln(w,,,,)+1n(wjm)}2 (3)
k=1
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The normal equations derived from triangular fuzzy algebraic operations are
given by equation 4.

n dj
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Boender et al. [1] proved that the normalization procedure used by Van

Laarhoven and Pedrycz produces a loss of optimality and propose the procedure
given by equation 5.
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In spite of this correction, the normalized values can violate the condition “lower
value < modal value < upper value”. This drawback is avoided by Buckley’s
contribution [2], which requires an analytical expression of the resulting weights.
For example, when applied to equation 2 (exactly one opinion per binary
comparison), his method generalizes the variables of the right part of the equation to
trapezoidal fuzzy numbers: Thercorresponding left part terms (weight) are derived
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from fuzzy algebraic operators application. This approach was subject to criticism
since the resulting weights were less accurate than those given by the extended
logarithmic regression approach.

From the perspective of handling imprecision it does not seem obvious that
providing the sharpest weights is the best way of answering the question, even if this
allows for a better discrimination of the criteria. Actually, intrinsically different
inference mechanisms can be used to map from the input to the output imprecision,
for instance the “fuzzy regression” inference used by Boender et al. versus the fuzzy
max-min extension principle used by Buckley. When two different mechanisms are
compared it is important to consider the specificity of each before comparing the
results.

In the following section, a probabilistic inference mechanism is presented.

3 THE MONTE CARLO PAIRWISE COMPARISON

From a probabilistic viewpoint, handling imprecision is expressed in terms of
uncertainty and differs from the concept of membership degree used in the theory of
fuzzy sets. Actually, it seems more difficult to express or interpret imprecision in
terms of likelihood than in terms of fuzziness. For instance it is easier to say that a
given comparison value has a “precision” membership degree of 0.5 than to estimate
its frequency of occurrence relatively to all the possible comparison values. In order
to enhance the interpretability of both input and output values, in a probabilistic
approach, Wood et al. [8] propose a reversible mapping from a [0,1] scaled function
to a probability density function. This transformation affects the representation of
both input and output variables but not the inference mechanism which remains
probabilistic.

3.1  Relevance of the Monte Carlo method

By considering each pairwise comparison as a random variable defined by its
probability density function (pdf), it is possible to sample a set of input values (one
from each comparison) and map to a set of output values (one for each alternative
weight) by any deterministic pairwise comparison approach. This is the main idea
underlying the use of a statistical approach. The conventional (analytical)
assessment of such multi-dimensional integrals is computationally expensive,
moreover it is restricted to specific classes of functions (sufficiently smooth). The
Monte Carlo methods involve statistical process to solve various problems of
computational mathematics. It is particularly efficient in estimating multi-
dimensional integrals [3].

As detailed in the literature review, the extension of pairwise comparison
approaches to handle imprecision is mainly based on the theory of fuzzy sets and
limited to a generalization of the logarithmic least squares approach, as well as those
which allow an explicit analytical expression of the solution. In the following
paragraphs, a Monte Carlo based approach is proposed to extend any deterministic
pairwise comparison.



48 HANDLING IMPRECISION IN PAIRWISE COMPARISON

3.2 Monte Carlo statistical process

The pairwise comparisons c, i=1,..n; j= 1,..n; k=1,..d;, are considered as
random variables (represented by a lower case letter), with possible missing or
multiple data (variable number of opinions per pairwise comparison) and even non
reciprocal comparison matrix.

The basic statistical process consists in sampling a value Cy (represented by a
capital letter) from each available comparison c;; and mapping, by any appropriate
deterministic pairwise comparison approach, to the resulting set of weights {W;
i=1,..n} on the corresponding random variables {w, i=1,..n}. After N iterations, a
distribution of N points is obtained for each weight w;. The corresponding
probability density function (pdf) can be approximated by a frequency distribution.

The plausibility (probability) p of a given range [ W; ., W; ] on the weight w; is

expressed as the ratio of the corresponding area under the pdf (limited by
[ Wi, ,Wi2 1) to the overall area under the pdf. In order to estimate p, let “A” be the

following event: “the value W;, resulting from the statistical process, falls in the
interval [W; ,W; ]”. Among the N iterations, the occurrence frequency of event “A”

is a random variable whose mathematical expectation equals p. The Monte Carlo
approach provides a satisfactory approximation (in a reasonable time) when the
probability p is not too small. In order to achieve a maximal relative error of r while
estimating p, the required number of iterations is given by equation 6.

_90-p)
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(6)

3.3  MCPC algorithm

3.3.1  Global description
The Monte Carlo Pairwise Comparison algorithm applies to any deterministic

pairwise comparison approach with a convergence order of 1/4/N , for N iterations.
Inputs :
. Pairwise comparisons defined by their pdf. If the comparison matrix is
reciprocal only n(n-1)/2 comparisons are required.
- Monte Carlo sampling parameters: r and p.
Outputs :
- Alternative weights defined by their approximated pdf.
- Most plausible weight value of each alternative, associated to an
estimation of the absolute error.
- Opverall consistency estimator.
- Most inconsistent comparisons and the corresponding way of change
(decrease/increase) in order to improve the overall consistency.
The Monte Carlo Pairwise Comparison algorithm consists in 4 steps :
1. random generation of N comparison matrices,
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2. computation of the resulting N component weight vectors,
3. pdf approximation and smoothing of weight,
4.  consistency analysis.
The first two steps are respectively illustrated in sections (3.2) and (2.1). Step 4
is not detailed in this chapter, while step 3 is briefly described in the following.

3.3.2  pdf approximation and smoothing of weight

The pdf approximation and smoothing of the weight is achieved by a kind of
moving average. Within the set of N values obtained for a given alternative weight,
let a window represent a subset of consecutive weight values corresponding to a
certain density. Each point of the approximated pdf curve, defined by its x and y
coordinates, is representative of a window whose density equals p (the Monte Carlo
estimated probability). The x-coordinate of a point on the estimated pdf curve is
computed as the average weight in the corresponding window (with relatively great
accuracy according to the Central Limit Theorem). The y-coordinate is computed as
the ratio of the density (p) of the corresponding window to the window width. The
resulting value represents the window average ordinate. This measure is given with
a maximal relative error of r (the Monte Carlo relative error). For a tight enough
window and a smooth enough pdf portion, the computed y-coordinate is a
satisfactory/reliable estimate of the x-coordinate pdf image.

For given parameters p and r, equation 6 helps in estimating the required weight
sample size N.

The modal weight value estimation (most plausible value) is exposed to two
main error types: the relative error r on the y-coordinate and the absolute error on
the x-coordinate. The absolute error is dominated by half the corresponding window
width if no other maximums exist within the same window, which is usually the
case for sufficiently small p values. This assumption holds for any p if the
comparison pdf accepts only one maximum (i.e. triangular comparison pdf). Low y-
coordinate points are estimated with less accuracy than high ones. Indeed, for a
given p, the corresponding window is larger than that of the modal value, which
leads to low accuracy estimation for the reasons mentioned above. Hence, the
extremities of the weight distribution, corresponding to the null y-coordinate, cannot
be estimated. The same problem occurs for a wide weight distribution since a given
p corresponds to a larger window than that of a narrow distribution. Consequently, a
given accuracy level is more time consuming for low y-coordinates or wide
distributions. This can be considered as the main limitation of such an approach.

4  NUMERICAL RESULTS

For the MCPC approach, the results presented in this section correspond to a
maximal relative error (r) of 5% and different values of the Monte Carlo estimated
probability (p).

The computations were performed on a Pentium III PC with a double 350 Mhz
processor. For 1000 sampling on one comparison pdf, the required computational
time is about 2 cpu seconds. This value is not steady. It slowly increases as a
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function of the sample size N. Still, this value is over estimated and can be decreased
with a better optimization of the algorithm computational time.

4.1  Comparison with existing methods

First, the Monte Carlo pairwise comparison is tested on an example from the
literature, published by Boender et al. [1] in the context of ranking three candidates
for a professorship in operations research. The procedure involves both multiple
decision makers and triangular imprecision handling functions. Only one
comparison matrix (out of four in the original problem), respectively related to the
criteria “Mathematical creativity” (see figure 3) is considered in this section.
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Figure 3. “Mathematical creativity” comparison matrix.

The MCPC extension of the deterministic Logarithmic Least Squares approach
(MCLLS) is compared to the fuzzy logic based extension proposed by Boender et al.
(BLLS). The results are detailed in table 1. The Monte Carlo algorithm provides a
sound estimation of the weights imprecision. Its results are inherently less accurate
and computationally more expensive than those of the approach based on the fuzzy
sets theory. Nevertheless, acceptable accuracy levels can be attained within a
reasonable time on the modal value. The weight distribution extremities have very
low accuracy (as discussed in 3.3.2). The differences observed on the modal weight
values, between the approach based on “fuzzy regression” and that based on
“probabilistic regression”, arise from the conceptual differences underlying both
inference mechanisms. Similar differences can be observed between the
probabilistic inference and the fuzzy max-min extension principle, as explained by
Wood et al. [8].

The next example illustrates the robustness of the probabilistic approach for its
ability to handle a wide variety of inputs. None of the methods described in the
literature review can deal with such an example, though it is inspired from a realistic
decision making context.
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4.2 Experimentation of an original comparison matrix

The second example involves a  comparison  matrix  with
missing data and histogram imprecision representation. Such inputs can easily be
obtained in practice from Group decision making methods, such as the DELPHI
approach. The computation corresponds to a maximal relative error (r) of 5% and a
Monte Carlo estimated probability (p) of 10%. The comparison matrix is presented
in figure 5 while the resulting weights and consistency analysis are illustrated in
figure 6. Both figures are captures of an existing MCPC tool developed on
MATLAB® 5.3.

Table 1. Comparison with existing methods.

MCLLS (r=5%,p=20%) MCLLS (r=5%,p=10%) BLLS
al (24.05, 30.15+0.53 , 39.40) (23.53, 30.1040.29 , 39.93) (22.87,28.91, 36.97)
a2 (21.78 , 26.9010.40 , 34.62) (21.51,26.8610.23 , 33.99) (22.70,26.51, 31.58)
a3 (31.77, 42.66x 0.66, 50.01) (32.40, 42.71+0.37 , 50.03) (40.16 , 44.58 , 48.10)
time 202 cpu seconds 539 cpu seconds 0.016 cpu seconds
N 16000 32000

Figure 4. Original comparison matrix.

5 CONCLUSION

The MCPC algorithm presented in this paper allows the weighting of a set of
alternatives in a multi-criteria decision making context.

The algorithm is suitable to easily extend any existing deterministic pairwise
comparison approach in order to handle imprecision from a probabilistic inference
angle. Compared to existing methods it can handle a wider variety of inputs.

Ol LEN Zyl_i.lbl




52 HANDLING IMPRECISION IN PAIRWISE COMPARISON

Furthermore, it offers simple but interesting interactive utilities that help in
reducing inconsistency, in group decision making, by pointing to the most
inconsistent comparisons. Such utilities can be very useful in team oriented
engineering design (i.e. concurrent engineering, value analysis).

A more general application of the Monte Carlo approach, to handle imprecision
in engineering design is currently studied. The approach extends some aspects of
Value Analysis in order to assess the adequacy between needs and design
alternatives since the earliest stages of the design process [9].
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Figure 5. Outputs of the example “experimentation of an original comparison matrix”.
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J.Y. DANTAN, F. THIEBAUT, A. BALLU, P. BOURDET

FUNCTIONAL AND MANUFACTURING
SPECIFICATIONS

Part 1: Geometrical expression by Gauge with Internal Mobilities

Abstract: During all steps of product life cycle, especially at the design level and manufacturing level, a
coherent model for functional geometry of the product is required. The inherent imperfections of
manufacturing processes involve a geometrical deterioration of functional geometry of the product, and
therefore of its quality.
This paper introduces a model by Gauge with Internal Mobilities that allows representing
- the standard geometrical specifications of a part.
- the manufacturing process capabilities.
The approach by Gauge with Internal Mobilities establishes the domain of acceptable variations of the
non-ideal geometry, starting from two concepts:
the interface gauge / part defining the relative position between the ideal features of the gauge and
the non ideal features of the part,
- the gauge structure modeling the environment of the part.
The main interest of this approach is that the same description model is proposed for both the standard
geometrical specifications and the manufacturing process capabilities. In the companion paper, the
validation of the process plan is proposed, the validation method consists in comparing the manufacturing
capabilities to the standard geometrical specifications.

1. INTRODUCTION

In this paper, we introduce a model allowing the geometrical specification
representation and the manufacturing process representation with the same
specification model: the Gauge with Internal Mobilities (G.I.M.).

In the tolerancing community, many ways have been presented to describe
geometrical specifications; they do not always permit the description of standard
geometric specifications.

Requicha introduced a new theory for geometrical tolerances based on offsetting the
boundary of a nominal solid model. Srinivasan and Jayaraman showed that
functional geometrical specifications could be stated in terms of Virtual Boundary
Requirement like virtual gauge. In 1997, Mathieu and Ballu presented a model of
expression of geometrical specifications, and they showed the possibilities of their
model of expression in the case of geometrical specifications with virtual gauge.
Robinson presented the interest of gauges as regards assembly tolerancing.

The issue is that these two complementary approaches do not usually use the same
description tool to study the two points of view, and that involves difficulties to
valid a process plan and even to know the capability of a machining process to
realize right parts according to the geometrical specifications. In order to establish
the comparison, the usual way consists in depreciating the two models used during
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the design and manufacturing stages and to use one directional tolerance chains in
order to validate the process plan.

To contribute to the resolution of this issue, we propose a three dimensional model
which uses G.I.M. to describe:

- the standard geometrical specifications

- the manufacturing process capabilities.

We will define the semantics of the specification model by G.I.M..

In order to illustrate our approach, we will use the simple part presented in figure 1.
The standard geometrical specifications are supposed to be known, then we will
define the mathematical expression of these functional specifications.
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Figure 1: Definition drawing of a bearing

In order to comply with the functional specifications, we define a process plan
(figure 2). This process plan is constituted of two phases. During the first phase, the
groove S.a is machined. The part is located using two perpendicular planes PL.e and
PL.f. The two bores are realized during the second phase. The part is located using
three perpendicular planes PL.a, PL.e and PL.g.
Phase 20 Phase 30
S.c Sb

s O © ! !
O O
R T A /
S,e_/ I I } S,f_l e

Figure 2: Process plan.

2. GEOMETRICAL SPECIFICATION BY G.I.M.
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concepts are introduced, the concept of interface gauge / part and the concept of
internal mobilities. The following paragraphs present these two concepts.

Interface r /1t A
Gauge / Part PLb
A .4
L —— X - ZTb
A ¥,
— Non ideal —PL.c
surfaces ! S.b
| S.a
< |
Gauge structure A PLa

Ideal features

Figure 3. G.I.M. definition

2.1 Interface gauge / part

The interface gauge/part defines the relative position between the ideal features of
the gauge and the non ideal features of the part. The mathematical expression of the
interface gauge / part is defined by a whole of geometrical constraints on the
parameters describing the position between non ideal features and ideal features of

G.ILM.. We define three types of geometrical constraints for interface gauge/part :

association, virtual boundary and tolerance zone.

- An association identifies one or more ideal surfaces of the gauge from one or
more non-ideal surfaces of the part. An association depends on criteria which
are function of the technological constraints. This criteria give an objective on a
characteristic and can fix constraints.

- A virtual boundary constrains a non-ideal surface in a half space which is
limited by one ideal surface of the gauge. A virtual boundary limits the
permissible variation of a non ideal surface inside a hull.

- A tolerance zone constrains a non-ideal feature in an area of space which is
constructed by two offsetting on gauge surface, or by one offsetting on gauge
line or point. A tolerance zone limits the permissible variation of a non ideal
surface inside a hull.

2.2 Gauge structure

The gauge structure modelizes the environment of the part. It includes several

features with relative mobilities, which are ideal surfaces or situation features.

The geometrical expression of the gauge structure comprises:

- statement of features (ideal surfaces, situation features),

- a whole of geometrical constraints on the parameters describing the position
between the features of G.I.M.

Thegtoleranceyzoneglocationgorgthepvirtual boundary location could be entirely

defined with respect to the datum system, but there could be also freedom degrees.



56

In such a case, internal mobilities in the gauge are used to take into account these
freedom degrees.

Example of GIM (Figure 3) : A simple example of parallelism between two planes
permits to illustrate the construction of the gauge. Let us consider a geometrical
specification of parallelism between two planes. This specification does not locate
the position of the tolerance zone. It just specifies that the non ideal plane has to be
included between two parallel ideal planes distant of the tolerance value and parallel
to an ideal plane which is associated to the reference surface, which is not ideal.
From this definition, the gauge is defined using an ideal plane representing the
simulate reference and two ideal planes distant of the tolerance value representing
the tolerance zone. The prismatic pair joining these features represents the degree of
freedom between the reference and the tolerance zone.

Interface gauge/part Gauge structure
Association Constraints:
Interface feature: One plane PL.a Angle (PL.a, PL.b) = 0°
Constraints: PL.a exterior of the material Angle (PL.b, PL.c) = 0°
Objective to minimize: The largest Distance (PL.b, PL.c) =t

distance between PL.a and S.a
Tolerance zone

Interface feature: Tolerance zone

Two planes PL.b and PL.c

Constraints: Sbc TZ.b

3. FUNCTIONNAL STANDARD SPECIFICATION:

The functional specifications are represented on a drawing using the standard
specification.

3.1 Standard representation

The formalization of the standard specification is being processed by the ISO
community through the definition of a model for geometric specification as a part of
the Geometrical Product Specification (GPS). The main interest of this work is that
the main concepts of current standards are kept and that the mathematical definition
of the specification is given.

Among the two ways permitting the specifications, by dimensions or by zones, only
the second one is concerned in the paper. The specification by zone limits the non-
ideal features of a workpiece into a space. This space is limited by ideal features that
can be characterized:

- by intrinsic characteristics of the ideal features

- by situation features of the ideal features

3.2 Representation by Gauge with internal mobilities
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The non ideal geometry of the part is assembled on the gauge. This gauge represents

the datum system, the location of the tolerance zone, and the location of the virtual

boundary.

The gauge consists in locating the non ideal surfaces of the part. The definition of

the gauge uses :

- sequential associations of the non-ideal surfaces on the ideal surfaces of the
gauge representing the datum system,

- tolerance zone definition or virtual boundary definition, for which the specified
feature is included in,

- gauge structure construction which allows to define the location of the tolerance
zones or the location of the virtual boundary.

Example: Concerning the example, the definition of the gauge includes :

- an interface gauge / part (an association which represents the datum A, two
virtual boundaries which represents the worst geometry of two cylinders. The
diameter of these cylinders is defined thanks to extreme value of the
permissible diameter of the specified features),

- a gauge structure which defines two cylinders and the datum plane in exact
relative location.

Virtual Boundary .
N \

———

S.c

g

2 x ¢ 40H9

— D01 U] A

o i
i_l | bt
Y R .
A | Association
Figure 4: Functional specification of the least material requirement
Interface gauge/part Gauge structure
Association Structure feature: One plane PL.d
Interface feature: One plane PL.a Constraints:
Constraint:PL.a exterior of the material ~ Radius of CY.b = gDmax +0.1
Objective to minimize:The largest Radius of CY.c = ¢Dmax +0.1
distance between PL.a and S.a Angle (PL.a, PL.d) = 90°
Virtual boundary Angle (axis CY.b, PL.a) = 0°

Interface feature: One cylinder CY.b Angle (axis CY.c, PL.a) = 0°
Constraint: CY.b interior of the Angle (axis CY.b, PL.d) = 0°

Angle (axis CY.c, PL.d) = 0°
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Interface feature: One cylinder CY.c Distance (axis CY.b, PL.a) =12
Constraint:  CY.c interior of the Distance (axis CY.b,PL.d)=0
material (S.c) Distance (axis CY.c, PL.d)=0

4. MANUFACTURING SPECIFICATION

The same model should be used to describe the manufacturing process of a part. In
such a case, the environment of the part corresponds to the different entities of the
manufacturing process and the interface corresponds to the pairs that are used to
locate the part relative to the machining process.

For the manufacturing specifications, the main idea of the gauge is to limit the
geometrical variation of the part compared to the worst geometry of its
environment. The environment is the geometrical model of manufacturing
processes. The gauge structure admits some geometrical deviations and some
relative mobilities, these deviations and mobilities simulate gaps and mobilities of
manufacturing processes.

Once the machining process is known, the pairs that assure the relative movements
between the tool and the part are also known.

The non ideal part is assembled on the machining process which is represented by
ideal features of the gauge. The contacts between the non ideal surfaces of the part
and the fixture are modelized by sequential association. The part is located on the
reference frame using this sequential association.

The constitutive parts of the gauge correspond to the mobile entities and the frame
of the machine tool. Internal mobilities are used to take into account the relative
movements of the machine tool parts. The gauge structure admits some geometrical
deviations that simulate gaps of manufacturing processes.

The deviation values could be determined locally for each pair or globally between
the frame and the tool of the manufacturing process. In the case of a milling
operation using a three axes machine tool, the gauge is constituted of five distinct
entities and four pairs representing the three movement axes and the spindle rotation
axis.

Example: Concerning the phase 30, the machining process is a three axis milling
machine. The part is located using three perpendicular planes PL.a, PL.e and PL.g..
This definition of the part location permits to define a sequential association. This
association is defined using the same way than the one described during the standard
specification study, ie by the definition of the interfaces between the part and its
environment.

The structure of the gauge modelizes the machine tool, the internal mobilities of the
gauge represent the movements of the machine tool. The definition of gaps of
manufacturing processes is more difficult to apprehend.

The two holes are realized with two different locations of the spindle relative to the
frame of the machining process.
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Constraints: Sbc TZ.band S.c c TZ.c

Figure 5: Manufacturing specification of phase 30

5. CONCLUSION

In this paper, we have shown that the same model may be used to specify both the
machining process and the standard geometrical specification.

This common approach is possible by the use of the same operations to describe the
location of the non-ideal workpiece on ideal feature representing the environment.
This coherence in the representation of the two complementary approaches and their
mathematical definition is a first step in the definition of a common language and
common tools. We believe that such common approaches are necessary in order to
predict the whole behavior of a mechanism during all the steps of his life. The
companion paper shows a kind of geometrical model that may be used to describe
the geometry of the parts for both the specification and process specification. The
definition of this model and the use of G.I.M. permits to compare the capability of
the machining process to the geometrical specifications.
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J.Y. DANTAN, F. THIEBAUT, A. BALLU, P. BOURDET

FUNCTIONAL AND MANUFACTURING
SPECIFICATIONS

Part 2: Validation of a process plan

Abstract: After the study of geometrical specifications by Gauge with InternalMobilities G.1.M. in part
1, we propose to analyze the functional and manufacturing specifications in order to valid the process
plan. The purpose is to compare functional specifications to manufacturing specifications. When a
manufacturing process plan is being set up, it is essential to verify the geometrical consistency between
functional and manufacturing specifications.

Our tolerancing analysis model uses a variational approach, the real geometry of parts is apprehended by
a variation of the nominal geometry. Three dimensional dimension chains are characterized by n-hulls
(compatibility hull: relations between displacements of surfaces of part and gauge, interface hull:
geometrical constraints between part surfaces and gauge surfaces, structure hull: geometrical constraints
between gauge entities) expressed in n-affine spaces such each axis corresponds to a parameter of
geometrical description (geometrical deviations and gaps). Our method allows us to express tormal
relations between n-hulls and specification (or manufacturing) hull which limits the deviations of part. So
that the process plan is acceptable, the manufacturing hull must be included in the specification hull.

1. INTRODUCTION

The inherent imperfections of manufacturing processes involve a degradation of

functional characteristics and a degradation of the quality of the product. Our

objective is to valid the process plan of parts. The permissible geometrical variations

ensure a certain level of quality, which is defined by functional geometrical

requirements. After, when a manufacturing process plan is being set up, it is

essential to verify the geometrical consistency between functional and

manufacturing specifications. The aims of our tolerancing analysis model are :

- to anticipate the geometrical behavior of the manufacturing process which is
modelized by a Gauge with Internal Mobilities,

- to describe the functional and manufacturing specifications with the same
model,

- to complete by comparing specifications for design and specifications resulting
from manufacturing model.

The resolution of the analysis is based on the expression of geometrical behavior

relations between part and gauge.

The same example is developed during this part (Part 1, Fig.1); We will study :

- the maximum material requirement,

- the manufacturing specification of phase 30 (Figure 1).
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2. VARIATIONAL GEOMETRY

The geometrical definition of parts requires the use of several geometrical models.
During the design - manufacturing - metrology cycle, the geometry takes various
forms (Figure 1): non ideal geometry, nominal model, substitute geometry.

It is impossible to completely capture the variation of non ideal surface. The non
ideal surfaces are modelized by substitute surfaces, a substitute surface is an ideal
surface (conservation of the typology of the nominal surface). Compared with the
nominal model, each substitute surface has position variations, orientation variations
and intrinsic variations.

2.1 Mathematical formulation of fine positioning

The incorporation of simulated manufacturing variations in tolerance analysis
requires a mathematical formulation of fine positioning. Relative substitute surface
positioning is described by a mathematical formulation. The position of a
geometrical element in a coordinate system is completely specified by a 4x4
variations are relatively small compared
for positioning the surfaces are small, the
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rotation elements can be linearized. Consequently, at each point M in Euclidian
space, small displacements can be described by two vectors : r and t. The t vector
represents three translations along perpendicular directions, two by two. The r
vector represents to three small rotations along perpendicular directions, two by two.

o}

2.2 Characteristics

In the following, we distinguish two types of deviation: the situation deviation
(orientation and position variation between a substitute surface and the nominal
geometry) and the intrinsic deviation. And we associate a gap transformation to each
couple of substitute surface of the part and ideal surface of the gauge potentially in
contact to modelize the displacement in joints.

2.2.1 Situation deviation
There are two types of deviation : the situation deviation and the intrinsic deviation.
The situation deviation defines the variation (position and orientation) between a

substitute surface ia and the nominal geometry i. A transformation {dm ,i} is

associated to each substitute surface ia of part i. The transformation {d,.ﬂ,i}

represents the small displacement between substitute surface ia and nominal
geometry 1.

2.2.2 Intrinsic deviation

The intrinsic deviation of substitute surface are specific for a type of surface itself. It
defines the surface variations. For instance, the intrinsic variation of a substitute

cylinder is radius variation Ar between the substitute cylinder and the nominal
cylinder .

2.2.3 Gap

A transformation {dia, ju} is associated to each substitute surface ia and ja of part i

and gauge entity j. This transformation {d } represents the small displacements

ia/ja
between two substitute surfaces of part and gauge.
2.3 N-space geometrical description

The deviation of part, the deviation of gauge entities, the gaps between part and
gaugerandsthe-.gapssbetween-gauge-entities have been just described by parameters.
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Thereafter, the geometrical behavior of part and gauge will be defined in spaces
whose each axis corresponds to a parameter. We distinguish six types of space :

space name vector | designation

Situation s situation deviation space of the specified part
Intrinsic i intrinsic deviation space of the specified part
Gap g space of all gaps between the part and the gauge
Gauge situation | gs situation deviation space of gauge entities
Gauge intrinsic | gi intrinsic deviation space of gauge entities
Gauge gap gg space of all gaps between gauge entities

For each specification, the N-Space geometrical description are defined, because
this description depends on the gauge morphology.

Example: N-Space description of manufacturing specification of phase 30
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3. GEOMETRICAL BEHAVIOR

The tolerancing analysis model is based on the expression of the geometrical
behavior of the mechanism, we define various hulls limiting the geometrical
behavior of the mechanism.

In the first stage, the relations between small displacements of surfaces of part and
gauge are defined. To do so, we develop the composition of small displacements in
all cycle of the graph (part + gauge). These relations define the compatibility hull
(Dcompatibility).

In the second stage, the approach by Gauge with Internal Mobilities establishes the
domain of permissible deviations of the substitute geometry. We express these
constraints by two hulls : Dinterface (the interface gauge/part defines the relative
position between the ideal features of the gauge and the substitute features of the
part) and Dstructure (the gauge structure modelizes the environment of the part).
We define all hulls of each specification (manufacturing and functional).

3.1 Compatibility hull

Thergeometricalvbehavioriof ithenmechanism (part + gauge) is expressed by the
composition relations of small displacements in the various cycles of the graph,
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these relations rest on the property of the mathematical tool (4x4 transformation
matrix): the relation of Chasles.

These composition relations define compatibility equations between the situation
deviations and the gaps of the part and the gauge. The set of compatibility
equations, obtained by the application of composition relation to the various cycles,
makes a system of linear equations. So that the system of linear equations admits a
solution, it is necessary that compatibility equations are checked. We define the
compatibility equations for each specification. These compatibility equations
characterize some hyperplans in the SituationxGapxGauge_situationxGauge_gap
space. D is the compatibility hull.

compatibility

Example : compatibility equations of maximum material requirement (Fig.1)
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3.2 Interface hull

The concept of the interface gauge / part defines the relative position between the
ideal surfaces of the gauge and the non-ideal surfaces of the part. The interface hull
is the mathematical expression of interface gauge / part. The interface constraints
limit the gap between the part and the gauge. These constraints define the interface
hull in GapxIntrinsicxGauge _intrinsic space. Dj,.c. 1S the interface hull.

In the first part, we define three types of constraints for interface gauge/part :

- association operation, it identifies one or more ideal surfaces from one or more
non-ideal surfaces, it depends on criteria which is defined by the semantic of
the specification, it results n equations defined n
GapxIntrinsicxGauge _intrinsic,

- virtual boundary, it characterizes non-interference constraint between an ideal
surface of the gauge and an non-ideal surface of the part, it results in
inequations defined in GapxIntrinsicxGauge _intrinsic

- tolerance zone, it constraints a non ideal surface of the part in a tolerance zone,
the position of the tolerance zone depends on the gauge, tolerance zone results

in inequations defined in GapxIntrinsicxGauge _intrinsic
Example : A constraint of interface hull of manufacturing specification of phase 30
The association between surface e of the part and plane e of the gauge modelizes the

fixture, it implies identical displacements according to degrees of contact:

Ao 20 = Brreize = Wererne =0
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Example : A constraint of interface hull of maximum material requirement (Fig.1)
For the virtual boundary between surface b of the part and cylinder b of the gauge,
the gap is limited by the non interference constraint.

Copaom My S ARy — Argy p + 1y, — 1y, -

3.3 Structure hull

For the functional specifications, the gauge structure represents the datum system
and the location of the tolerance zone. And for the manufacturing specifications, the
gauge structure represents the geometrical model of manufacturing processes. The
gauge structure admits some geometrical variations and some relative mobilities,
these variations and mobilities simulate gaps and mobilities of manufacturing
processes.

The gauge structure is composed of geometrical entities also having mobilities with
gap. It defines the relative position between the ideal surfaces of gauge entities and
between gauge entities. The structure hull is the mathematical expression of gauge
structure. The structure constraints limit the gap between gauge entities and the
deviation between ideal surface of gauge entity and gauge entity. These constraints
define structure hull in Gauge situationxGauge gap space. D is the structure
hull.

Example : The machine structure is constituted by four subassemblies which are in
serial prismatic pairs. These three prismatic pairs are along x-axis, y-axis and z-axis.
There are inaccuracies in manufacturing processes, because the machine structure
have position and orientation variations. The limits of these variations can be
measured and characterize the structure hull.

structure

4. SPECIFICATION AND MANUFACTURING HULLS

The mathematical expressions of each geometrical specification are defined in
various spaces. Indeed Gap, gauge situation, gauge intrinsic and gauge gap spaces
depend on the gauge morphology. We distinguish the functional gauge and the
manufacturing gauge by an index (s, m). To study the feasibility of the process plan,
we must express all specifications in a same space: deviations space of the part.

Our objective is to define the permissible (or manufacturing) geometrical deviations
of the part ensuring the assembly requirement between the gauge and the part. This
assembly requirement between the gauge and the part is constrained by the
compatibility hull, the interface hull and the structure hull. To do so, for each
specification, we build a Gauge with Internal Mobilities and we define a
compatibility hull, a interface hull and a structure hull.

4.1 Specification hull

For functional specification, all parts that respect the assembly requirement with the
gauge, satisfy the functional specification. Therefore, for a part that satisfies the
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functional specification, it must exist at least a gauge that verifies the constraints of
the compatibility hull, the interface hull and the structure hull.
The functional constraints that limit the permissible deviations, characterize the
specification hull. These constraints are equivalent to : the acceptable configurations
between part and gauge are defined by all permissible states of gauge. The
mathematical expression of this equivalence is
(s,i) € Ds

< 3 (gs,, gg,) € Dstructure,

. (s, g, i, g8, g, gg.) € Dcompatibility; " Dinterface,

4.2 Manufacturing hull

In the same way, we define the manufacturing constraints. For manufacturing
specification, all parts that respect the assembly requirement with the gauge, satisfy
the manufacturing specification. Therefore, for a part that satisfies the
manufacturing specification, it must exist at least a gauge that verifies the
constraints of the compatibility hull, the interface hull and the structure hull.
The manufacturing constraints that limit the manufacturing deviations, characterize
the manufacturing hull. These constraints are equivalent to : the acceptable
configurations between part and gauge are defined by all acceptable states of gauge.
The mathematical expression of this equivalence is
(s,i) € Dm

< 3 (gs.m, g8.) € Dstructure

. (s, . 1, 85, g1, g8,.) € Dcompatibility,, N Dinterface,,

4.3 Validation of a process plan:

To valid the process plan, we compare functional specifications to manufacturing
specifications. The manufacturing deviations must be smaller than the functional
deviations. So that the process plan is acceptable, the following constraint must be
respected : Dm < Ds

5. CONCLUSION

After the study of geometrical expression by Gauge with Internal Mobilities of
functional and manufacturing specifications in part 1, we study the validation of a
process plan. A model of geometrical variations allows us to express functional
constraints (or manufacturing constraints) and geometrical behavior of the gauge
and the part. We identify relations between the geometrical expression and the
mathematical expression :

- interface gauge / part — interface hull,

- gauge structure — structure hull.

This mathematical expression is characterized by n-hulls. To define the permissible
deviations (or manufacturing deviations) of a part, we formalize relations between
n-hulls (compatibility hull, interface hull and structure hull) and specification hull
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(or manufacturing hull). This formal approach enables us to write the constraints
between the permissible deviations and the manufacturing deviations.

This approach applies in tolerancing synthesis model for all functional requirements
take into account the assembly process.

w
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F. BENNIS

ROBUST DESIGN AND STATISTICAL TOLERANCE
ANALYSIS

Abstract: Product variation is a key piece of information that flows from the design function to
manufacturing function in an enterprise. Every, engineering design is subject to variation that can arise
from a variety of sources, including manufacturing operations, variation in material properties, and at the
operating environment. Engineers must deal with variations in the products they design and manufacture.
They have to produce robust designs by assessing the expected size of variation and determining the risk
of failure. The best time to reduce the impact of variation is in the early stages of design process.
Variation analysis in mechanical design becomes an essential practice.

This paper presents a review of statistical tolerance analysis and the robust design approaches. The main
objective of tolerance analysis and robust design domains is to control the geometrical and operational
variation of product. Tolerance analysis and robust design methods are based on several precise
hypotheses and conditions.

1. INTRODUCTION

Engineering design is subject to variation that can arise from a variety of sources,
including manufacturing operations, variation in material properties, and at the
operating environment. Variation of geometrical parameters of mechanical products
is usually specified in terms of tolerances. The tolerance design process determines
the most economical and tolerable deviations that minimise the cost of the product.
This approach only controls the geometrical parameters. The robust design objective
is to minimise the variation impact of the variables and parameters on the system
performance by reducing the cost associated to the control of the variation sources.
This approach deals with all the parameters of the mechanical product.

Several reasons justify the use of statistical analysis tools. These reasons are

technical as well as economic. Indeed, inspection-level is based on sampling plan
(part lot acceptance) rather than 100% sampling. It is nearly improbable to
manufacture all the entities of all the parts of the assembly at the worst limits.
Moreover the resultant variation is likely to be compensated between the parts at the
assembly-stage. In the other hand, the actual manufacturing processes do not allow
the respect of the so tight value of the functional tolerance of some products. Finally,
the tolerance process aims to predict the impact of the random manufacturing
variations [1, 2].
This paper start out by looking at some definitions, hypothesis and applications
related to the statistical tolerance approach and the robust design one. Firstly, the
statistical tolerance analysis method is presented. Then, in the third section, the
robust design is presented as an extension of the statistical tolerance concept. The
paper aims for a unifying abstraction to deal with variation in a product of an
engineering enterprise.
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2. STATISTICAL TOLERANCE ANALYSIS

In the last decade, the statistical tolerance analysis received particular attention of
several authors. Many papers and states-of-the-art, with complementary points of
view, were presented in this field [3-6]. As far as we know, all the authors only
address traditional tolerances (plus/minus) in statistical analysis. They generally
suggest translating geometrical tolerances to statistical parametric tolerances. Thus,
the analysis is based on this type of equation:

Yzf(xl,xz, IEEE) xn) (1)

Where y represents the functional tolerance of the assembly (gap or distance
between two parts). It depends on the n dimensional variables x. During the
tolerance design process, a designer has to evaluate the risk of failure by identifying
all the properties of the resultant component. The identification of statistical
distribution of the component y is generally based on several hypotheses related to
the components x; and to the function f. The variables x; are assumed to be random,
independent and normal. In addition, the function f{x,,...,x,) is approximated by a
linear function and the distributed of the component y is assumed to be normal [7-
11]. Tolerance analysis uses either "worst case” or statistical models.

2.1. Worst case analysis

"Worst-case" analysis is based on a complete interchangeability of parts in an
assembly. It leads to expensive tight parts tolerances especially when the number of
features, parts or sub-assemblies increases. The worst case analysis assumes that all
the components of all the parts are manufactured at their worst limits.
Interchangeability is allowed if all the combinations f{x; = T;) are into the tolerance
interval of y. [x;—T;, xi + T;] is the tolerance interval of the dimension x;. If the
function defined in equation (1) is linear, then it can be written as the following:

y=f(x) =a,+ Xa; x; )

Equation (2) leads to the following inequality:

lao] + Y |a] Ti < T, 3)

If the function f is not linear then relation (3) is not satisfied. This is the case of
geometrical tolerances. In the general case, we have to compute {1, = min f(x; x,,...,
Xn)} and {uy, = max f(x;, X,.., Xs)} for every x; in the interval [x;—T;, x; + Tj]
i=1,...,n. The functional specification is guarantee, if the interval [l,, u,] is included
in [)~Ty, y+T,]. According to the number of the parts in the assembly and the
number of variables, the tolerance interval of each variable x; may be dramatically
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