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ABSTRACT: The Digital Factory aims to design, simulate andimfze the production system as early as possible i
the product development process, by taking advastag available software tools and 3D digital regeatations.
Nevertheless, the multiplicity of simulation modatsl representations induce heterogeneity of dai iaformation
available, which make complex the information cstesicy management. This article proposes a framebased on a
set of multi-layered models representing a producsystem at the different necessary scales, torer®nsistency

between the simulation models.

KEYWORDS: Digital Factory, information consistency, multi kngd framework.

1 INTRODUCTION

In a context of increasing competition and reducing
time-to-market, the Digital Factory is born to dgsand
simulate the production systems in parallel of pihed-
uct design process. It can be defined as a saifofare
tools and methodologies allowing to design, singylat
initiate and optimize the production systems (Btawoid
Masurat, 2005), (Kuhn, 2006) (Chryssolougs al,
2009). This approach, coming from the concurremfi-en
neering and from the Computer Integrated Manufactur
ing (CIM), aims at reducing validation loops by ens
ing, as early as possible in the product lifecydles
integration of the product manufacturability anddgurc-
tibility towards the enterprise constraints. Thigpeach
takes part of a Product Lifecycle Management (PLM)
approach that aims at sharing information relativea
product in each phase of its lifecycle (CIMdataQ&0

One purpose of the Digital Factory is to suppoe th
planning process, in case of modifications of thedpc-
tion processes (introduction of a new product aresv
workcenter, modification of the production ratec.pt
with a series of tools, such as, e.g. 3D modeling p

machinery systems. Simulation models created fiwr th
purpose can potentially be used to provide supfuort
other tasks, such as operational planning andceeanid
maintenance. Furthermore, the models must be able t
communicate with other business software (De ¥in
al., 2004).

Although, with available technologies and systems i
CIM or Digital Factory and their related technolegi
their application in manufacturing enterprisesti sot

a reality and cannot meet the need of the entempris
(Nagalingam and Lin, 2008). Today managers in many
enterprises are confused with varying technologied
new terminologies that prevail in the public domain

Thus, the Digital Factory is based on a large nunabe
very different digital simulation tools, based oarious
representation levels of the production systens thus
possible to realize a flow simulation at the lewéla
production line, in order to determine stock lemetes-
sary to obtain a satisfying customer performandeg-cr
rion, or to realize the offline programming of aatic
cell, part of the same production line.

This heterogeneity of tools and methods impliesomaj

grams or simulation programs. Using these tools theproblems to ensure the consistency available intide

planner or planning team can create a digital imafge
individual workplaces or even a complete factotgng
with the respective production processes. By medns
simulations, examinations into possible weaknesses
the planned system can be carried out. Thus, thardic
factory occurrences can be played through, analgpned

Digital Factory, in particular between the differaimu-
lations. This consistency problem slows down tHelaa

tion process included in the development proceshef
product and its production system. The objectiveéhef
article is to make an overview of the informatioamn
agement inside the Digital Factory and to propose a

improved. Necessary structural changes can also benodel allowing the information consistency manage-

carried out and changed directly in the computedeho

Previous research has highlighted the role of &irtu
engineering tools in the development of manufaoturi

ment.

The article is structured as following. Sectionrggents
a definition of the Digital Factory and its sources
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heterogeneity. Section 3 overviews some existingl-mo
els or approach dealing with consistency in a digit
environment. Section 4 proposes the specificat@ng
system ensuring the simulation information consisye
inside the Digital Factory. Section 5 finally pratethe
conclusions and perspectives of our approach.

2 DIGITAL FACTORY — DEFINITION AND
HETEROGENEITY

For (Wohlke and Schiller, 2005), Digital Manufachg
links product development (Ullman, 2009), productio
planning and facility planning (Fleischmaanal, 2008)
(figure 1). As a consequence, the Digital Facterat-
tached to all enterprise layers and all time harizdrom

process, with their own tools and methodologiest Fo

example, at

level 1 or 2, the objective can be dterd

mine the physical supply flows inside the extenéed
terprise. At level 3, the objective can be to vate a
physical layout inside the plant and a line rateleAel 5

or 6, the objective can be to validate the settiofjs
manufacturing program in the production environment
(robots, CNC machining, etc.).

For all layers, one can find specific simulatiorolto
corresponding to specific actors, with differenbigeetric
representations and different simulation structures

Two main families of simulation tools can be defina
the Digital Factory:

strategic planning to operational optimization.

Strategic Network Design

Long-

o * Plant Location

* Production System

* Materials Program
* Supplier Selection
* Co-operations

* Physical Distribution

* Product Program
* Strategic Sales
Planning

Master Planning

Plann- | pig-
ing term

* Master Production
Scheduling
+ Capacity Planning

= Personnel Planning
* Material Requirements
Planning

Demand Planning

* Mid-term Sales
Planning

Distribution/
Transport Planning
* Warehouse
Replenishment

Purchasing Production Planning

and Scheduling
« Lot-sizing
* Machine Scheduling

Short-
term |* Personnel Planning

* Material Ordering

Demand Fulfillment &
ATP

+ Short-term Sales
Planning

—

U

—

U

—

U

—

U

- simulation based on evenisis constituted by
elements that react to some events: flow simula-
tion, control simulation (GRAFCET for in-
stance), virtual reality, etc.

- prescriptive simulationit describes the beha-
vior of the production systems according to the
time, i.e. the realization of an action is dona at
given instant: layout analysis, offline program-
ming of MOCN or robots, ergonomics simula-
tion, etc.

The main reasons to use simulation based on ef@nts
system analysis in supply chain management arngi)

Exe-
cution

;‘;2" Order Release Shop Floor Control Vehicle Dispatch Order Management

Figure 1: Matrix of supply chain planning (Fleiscdumm
et al, 2008).

In this context, the projects Digital Factory (B@&m

possibility to include dynamics and (ii) the singitly of
modeling. Discrete event simulation is suited foese
kinds of studies where time-dependant relations are
analyzed, whereas prescriptive simulations areeduib
analysis where time is a key entry.

2005) and Digital Factory 2 (UN2, 2008), from the one can find in the literature many referencesxame
SYSTEM@TIC Paris-Region cluster, have proposed apjes of simulation and analysis, at each of theipsly

defined levels, which can be mostly positioned adiog

structured representation of the Digital Factory six
levels of details, corresponding to an aeronausiom of
the extended enterprise (figure 2).

1 — Supply Chain /
Outbound Logistics

2-Plant/
Inbound Logistics

3-Line

4 — Station

5 — Machine / Man / Materials

6 — Tool / Hand / Feature / Fluid
Figure 2: Different layers in the Digital Facto®dime,
2005).

These layers correspond to specific needs for ¢sigd
and simulation of the production system behavind, so
to specific actors of the production system develept

to figure 3.

By events -

Virtual reality

Flow simulation

Ergonomics

Prescriptive | Pm;}?:z' :];’.ng 5 |
etai
level

T T T T T S >

> @ & @ & &
Q0 & @ < P
“\,o(, (_}"b b < e’(\/b
Figure 3: Positions of main simulation types.

As an example of simulation by events from levédds\p
supply chain, (Longo and Mirabelli, 2008) present a
advanced modeling approach and a simulation madel f
supporting supply chain management. The first dbjec
is to develop a flexible, time-efficient and pardrioe
supply chain simulator starting from a discrete reve
simulation package.

As an example of prescriptive simulation from level
plant-line, (Vitanovet al, 2007) present a decision sup-
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port tool that can be used by practitioners andgiréal- representations for production systems are more and
ists to solve practical cell formation problemseTtool more used to take both benefit of the product &lrtu
is based on a cell formation algorithm that emplayset mock-up and 3D visualization, for a better
of heuristic rules to obtain a quasi- optimal siolutfrom communication and understanding. In order to take i
both component routing information and other signif account this diversity, several approaches caritbd.c
cant production data.

The notion of Levels Of Details (LODs) inside aithg
As an example of prescriptive simulation from level geometric representation is a well-known notiorthe
machine-tool, (Fernandez-Madrigatl al, 2008) propose  domain of Computer Sciences. This type of
a framework for the integration of heterogeneoustic representation has been introduced for the didisign
software through a software engineering approdoh: t mock-up by (Chtet al, 2009), who present a scheme for
BABEL development system, which is aimed to cover collaborative 3D design using product model atoasi
the main phases of the application lifecycle (desig levels of detail (LODs). Design features are sélebt
implementation, testing, and maintenance) when un-hidden at each level from certain participants,eteling

avoidable heterogeneity conditions are present. on their actual needs and individual accessibitityhe
collaboration. This type of approach is needed dweh
In the idea of multi-layered consideration of thgitdl consistency between the different digital repress@oms

manufacturing with a simulation by events approach, of the Digital Factory, in particular to keep linkéhe
(Zulch and Grieger, 2005) describe an occupationaldifferent layers. In the same way, (D al, 2008)
health and safety approach that does not focus @mly proposes a comprehensive procedure for engineering
ergonomic analyses and examinations of singlechange propagation in order to maintain consistency
workplaces, but have a macro-ergonomic point-ofwie between various product data views (product design,
to digital work systems planning which considers al manufacturing or customer support). Unfortunately,
elements of a work system and their interactions. these approaches only take into account the static
description of the product, and not the complete
In the same way, one can cite (Hongéiral, 2007), for production system implied by the product.
who ergonomics analysis is the important step fodp
uct validation in the process, and the virtual hon® In order to manage all the simulation models, saver
key to the computer-aided product ergonomics. [a th solutions have been proposed from the point of aéw
paper, ergonomics simulation system is studieddbage  simulation data exchange.
some elements of ergonomics analysis and assessment
One can cite the approach of (Sosigal, 2009) who
All these examples illustrate the diversity of siation suggests a Computer Aided-Engineering (CAE) data
objectives, methods and tools that can exist iDtiggal exchange method for the effective sharing of gedmet
Factory. All of them contribute to define and optim and analysis data. The method relies on heterogeneo
the production system and the supply chain of the e CAE systems, a virtual reality system, and a depesdo

tended enterprise, and so each actors participaditigs lightweight CAE middleware for CAE data exchange.
development process should have access to the righThey also designed a generic CAE kernel, which is a
information at the right moment. critical part of the CAE middleware. The kernelesff a
way of storing analysis data from various CAE syste
3 DIFFERENT REPRESENTATIONS AND and, with the aid of a script command, enablingda&
MODELS FOR THE DIGITAL FACTORY to be translated for a different system.

These different simulations, based on differentussm In the same way, the concept of Simulation Lifeeycl
tion core models, need several representationshef t Management (SLM) has been developed by CAE
factory, either for the level of details of the iiesate  software editors (SIMULIA, 2007), but this conceptly
simulation than for the constraints of the simalatcore ~ deals with complete integrated environment, thatds
model. (Drieuxet al, 2007) have enlightened the need to our case.
have an adequate representation according to ¢urren
point-of-view, especially according to the simwati But these two approaches are only for the domain of
constraints. product behavior simulation, and so in the product

development process. Such a framework has to be
According to these needs, several works have pezpos developed in the production system development
models that take into account some aspects ofitlee-d ~ process.
sity of simulation models and representations.

3.2 Consistency between models
3.1 Consistency between representations

The second source of diversity is the heterogengiity
The first source of diversity is the diversity oigidal models used for simulation. This diversity origemfirst
representation of the enterprise. 3D digital from the two simulation families described in seot®,
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but also from the diversity of simulation tools atigk In particular, in (Tsenget al, 2008), the effect of a

lack of manufacturing simulation standards. design change is analyzed by evaluating the affecte
components and the distributed manufacturing

Anyway, several approaches propose standardizedbperations from a cost-and-value perspective. The

framework for subsets of Digital Factory simulagon presented model is useful for analyzing the effeca
design change case in a collaborative manufacturing

(Wenzelet al, 2005) present an approach, which intro- environment.

duces modeling conventions based on a common world

view of its users by applying the metaphor of theck In (Woerner and Woern, 2005), new methodologies for
tronic Catalogue as well as a well-defined workflow  computer-supported co-operative development
order to simplify the work with Digital Factory mels engineering (CSCDE) are developed. Environmental
as a substantial step towards the application eftigyi- constraints for a successful application of CSCDE& a
tal Factory to meet practical requirements. identified and classified.

In (Lin and Harding, 2007), a general manufacturing Nevertheless, all these approach lack to identify a
system engineering (MSE) knowledge representationmanagement system that ensures the simulation
scheme, called an MSE ontology model, to facilitate information consistency in the complete Digital feag.
communication and information exchange in inter- They only cover a restrictive part of the fieldther in
enterprise, multi-disciplinary engineering desigrars terms of levels or in terms of simulation family.
has been developed and encoded in the standard
semantic web language. The proposed approach f®cuseln the production and supply chain domain, onedsesh
on how to support information autonomy that alldtws is currently emerging to model and simulate thepgup
individual team members to keep their own preferred chain behavior: the SCOR model (Supply Chain
languages or information models rather than reqgiri Operation Model) that is a reference model with
them all to adopt standardized terminology. The MSE standardized terminology and processes (Cohen and
ontology model provides efficient access by common Roussel, 2004). The SCOR model defines the Supply
mediated meta-models across all engineering designChain behavior in four levels: Top Level (Process
teams through semantic matching. Types), Configuration Level (Process Categories)
Process Element Level (Decompose Processes) and
(Mahesh et al, 2007) propose a framework for Implementation Level (Decompose Process Elements)
distributed manufacturing to facilitate collabovati (figure 4).
product development and production among
geographically distributed functional agents using
digitalized information.

Level

& Description Schematic
(Ryu and Yiicesan, 2007) have developed a novel 1 Top kel
modeling method referred to as Collaborative Preces ﬂ (Pracess Tyes)

Modeling (CPM) to describe collaborative processes.
CPM models can be transformed into marked graph
models so that we can use the analysis power of Pet
Nets.

2 Configuration
Level
(Process
Categories)

(Kojima et al, 2008) propose a method based on
manufacturing case data that has a direct relaion

manufacturing operations. The data are represeinted
XML schema, as it can be easily applied to Web-thase
systems on the shop floor.

3 Process Element
Level
(Decomposs

Processes)

(Vichareet al, 2009) propose a Unified Manufacturing
Resource Model termed UMRM. UMRM not only has
the novel capability to provide the informationdefine

the various elements of the CNC machining systam, b
also has the added capability to provide support fo j
automation of process planning decision making. a

Supply-Chain Operations Reference-model

4 Implementation |/ | I",I
This problem of simulation model diversity is also A . ’._“/D'\D'
present and tackled in the product developmentgssic o SR \Df
incorporating both design and industrialization. e

Figure 4: SCOR model decomposition (SCOR, 2009).
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This model has been used with success to model andepresentations, depending on the knowledge embedde
simulate supply chain behavior (Persson and Araldi, as well as on their mutual relationships.
2009). But it does not take into account the digita

representation of the production system elemerdssan
the consistency between them. overtp ‘
4 SPECIFICATIONS OF A CONSISTENCY Semantic

MANAGEMENT SYSTEM \ anme ENE ;kf, bofocomice
As stated in the previous sections, the consistency I
problem in the Digital Factory originates from two ,
different sources: digital representations and &trman SuRRRa
models. Moreover, this problem is enforced by thatim laver \
layers framework of the Digital Factory and the Stracton r octoi u e otfetne
heterogeneity of actors participating to the prdiguc Jrotwelooh ot st ne)
system development process. Most of the approaches

presented before are tackling the problem by magagi Geometric —

only a part of simulation results (as rate, taohketi stock % W cromesd
levels...), but without taking into account the siatidn = |2

preparation process and in particular the 3D mothels F|gure 5: Multi-layered model for shape description
are more and more used in the Digital Factory

simulations. This architecture has been proposed with succetiseto

data and information exchange between differenttpoi
All these heterogeneities imply different semanfiss ~ of views in the product development process by (@te
the actors, which make the communication betweeneét al, 2007) (figure 6). If the semantic layer takesoint
actors more and more complex. Nevertheless, thesedccount the knowledge environment of the actors, th
different semantics are necessary for the develapme concurrent engineering constraints can be sucdissfu
process, as (Lécet al, 2005) demonstrated how various taken into account inside the structural level. Tidel

categories of semantic can enhance the design gwoce communication between software is more efficierthwi
within virtual environments. the product shape than with the product geomeinges

each actor needs his/her specific geometric mdté.
In order to structure the simulation models andcgpe  also more efficient than with the semantic levéhce
the possible exchange between them (especiallysegtw €ach actor has his/her own point of view on thedpco
the 3D representations used in the Digital Factory Similarly, the structural layer improves model shgr
simulations), we propose to extend an existing rmode between different actors.
framework with three layers, which is able to déser

any shape in context. This model framework is based

the decomposition of a shape in three layers: gégme oo ‘ 0  Pocket atingspee,

a) Forces

structure and semantics, established by the Eumopea Thickness Q
gce)gxlllc))rk of excellence AIM@SHAPE (Falcidiero al, i

Boundary Fiting \ y

d Machining conditions..
conditions

This layered architecture shows the models and
processes involved when upgrading low-level shape
information to  high-level shape  knowledge
representations (figure 5). Tools and processedirdee
between the different layers of such architectérdirst
organization of the shape data into a computational
structure gives access to thgeometric level of
representation. Thestructural level is reached by
organizing the geometric information and/or shaptad ’
to reflect and/or make explicit the associationweaen Figure 6: Appllcatlon of structured representamndel

Features

parts/components of shape geometric models or shape to views “models preparation for FEA” and
data. At thesemantic level, which is the highest level of  “representation by machining features” (Cheetadl,
representation, there is the association of a fpeci 2007).

semantics to structured and/or geometric modetsutitr

annotation of shapes, or shape sub-domains acgomlin  This layered model is compatible with the hierardaya

the specific application domain. The layered asgttiire / information / knowledge, based on definitionsyirsed

emphasizes the separation between the variousslefel by (Tsuchiya, 1993): whetlatum is sense-given through
interpretative framework, it becomasformation; when
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information is sense-read through interpretative
framework, it becomes knowledge. With these
definitions, we can draw a parallel between geoynetr
and data, structure and information and semantick a
knowledge (figure 7).

Knowledge |

‘ Semantic
layer

layer

J

| Structural ‘
| layer

Information ‘
layer

Geometric ‘

‘ Data ‘
layer

layer

Figure 7: Correspondence between the multi-layered
model and data/information/knowledge hierarchy.

As a consequence, the exchange between differémt po
of view is more efficient between two structuraydes
than the other ones, i.e. between information &yean
data layers (all the conceptual model has to beilcebo
completely perform the exchange) or knowledge kyer
(knowledge belongs to a specific actor or poinviefv

on the product). This is why, in the Digital Fagtothe
framework consistency will be based on simulation
information and not simulation data nor simulation
knowledge.

The structural layer is also adapted to developOd L
model between two different levels of the Digital
Factory, by using a recursive structure like tree
architecture, SADT models, etc.

This approach is compatible with the one proposgd b
(Gunendran and Young, 2006). To support flexible
integration between multiple views, the authorsent a
novel framework that capture the combination of
information and knowledge in two separate but eslat
layers. This approach provides a flexible environtne

simulation, realized with DELMIA V5 tool of Dassaul
Systéme$§ which simulates the behavior of an
automobile robotic cell, in order to validate thgdut of
the cell and to program off-line the robots.

Simulationsby cvents ‘ Prescriptive simulations

Semantic I
layer

Process

Process ‘
description

description

Structural 28 58 B

a8
8

Geometric ‘ s

&9 layer
I — @
o

Figure 8: Application of the multi-layered modeltteo
types of simulation models in the Digital Factory.

In the flow simulation model, the geometric layer i
composed on the digital representation (based ahme
of 3DCreate. The structural layer is based on a
production activity control architecture proposeg b
(Huguet and Grabot, 1995). This architecture is
constituted by a set of decision centers that can b
defined at different levels, with four main funci
plan, distribute, follow and react. Finally, themsntic
layer contains all the semantic description of the
simulation (especially the name of each stationdpct

or resource).

In the robotics simulation, the geometric layer is
composed on the digital representation (based &eB-
NURBS model classically used in CAD tool), the
structural layer is composed of the PPR (Procesduet
Resources) tree model and of the PERT model of the
activities defining the complete process of thd, @eid

the semantic layer contains the same type of sécsaat
before.

that is easy to maintain and can operate on new

perspectives as they are
knowledge is identified. The purpose of our apphoic

to add the geometric layer (and so data) in the

framework, to take into account the diversity of
geometric representations, like B-Rep NURBS model
meshes or 2D sketches.

As an application, we can apply this layered madel
two simulation models used in the Digital Factory
(figure 8). On the left of the arrow of figure 8,ew
present the model applied on a flow simulationlized
with 3DCreate tool of Visual Componehtswhich
simulates the behavior of an aeronautic assemidy in
order to optimize the use rate of the differenbueses
dedicated to the production line. On the righthaf same

arrow, we present the model applied on a robotic

! hitp://www.visualcomponents.com/index.php?id=141

introduced and  as  nNeWn grger to ensure the consistency between these tw

types of simulation, the links have to be estaklish
between the two structural layers, i.e. between the
production activity control architecture and the

' aggregation of PPR tree and PERT models.

The validation of the multi-layered model for the

information consistency management will be devedope

in the project OLDP (On-Line Digital Productionpfn

the SYSTEM@TIC Paris-Region cluster (OLDP, 2009),
which continues the projects Usine Numérique and
Usine Numérique 2.

5 CONCLUSIONS AND PERSPECTIVES

The Digital Factory is characterized by the divgrsind

2 http://www.3ds.com/fr/products/delmia/welcome/
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heterogeneity of simulation models that are usedeto
sign, simulate and optimize a production systeraaaly/
as possible. Moreover, the problem is more comglex
to the different levels of details that are necesga

struction of the different simulation models cantinee-

consuming and very few information validation toale

available to ensure the consistency of the sinusdati
between them.

To overcome this issue, this article proposes edra
work defined by a set of multi-layered models oé th
product and its production system, linked throulyéirt
structural representations.

The next step of this work will be to define théfetient
multi-layered models for the different simulatiorodels
that are used in the Digital Factory and to crdimles
between all the structural layers. To obtain swegults,
two main domains should be invested.

The first one is the methodology proposed by (CGueta
al., 2008), for the systematic integration of digits.nu-
facturing through Digital Lean Manufacturing (DLM).

DLM offers a new management methodology for pro-

duction operations integration that achieves vafrtand
horizontal integration of process, tools and system
manufacturing effort.

The second aspect, in a very different scientifeddf
treats of the integration of different simulatiofrem
very different levels: the multi-physics and mutale
modeling and simulation (Michopoulost al, 2005).
This approach takes into account all phenomengledu

aspect, the approach takes into account couplitvaces

elementary phenomena at different scale of differen

field. This type of modeling aims at giving a dégtion

création de lignes clés esthétiqu&8eme Colloque
National AIP PRIMECALa Plagne.

Chryssolouris G., Mavrikios D., Papakostas N., Mzisr
perform such simulation. As a consequence, the con-

D., Michalos G., Georgoulias K., 2009. Digital
manufacturing: history, perspectives, and outlook.
Proceedings of the | MECH E Part B Journal of
Engineering Manufacture223, p. 451-462.

Chu C.H., Wu P.H., Hsu Y.C., 2009. Multi-agent

collaborative 3D design with geometric model at
different levels of detailRobotics and Computer-
Integrated Manufacturing?5 (2), p. 334-347.

CIMdata, 2008. Product Lifecycle Management (PLM)

Definition. Disponible a I'adresse
http://www.cimdata.com/plm/definition.html

Cohen S. and Roussel J., 20@4rategic Supply Chain

Managementlst ed., McGrawHill.

Curran R., Collins R., Poots G., Edgar T., Higgls

Butterfield J., 2008. Digital Lean Manufacture
(DLM): A New Management Methodology for
Production Operations IntegrationCollaborative
Product and Service Life Cycle Management for a
Sustainable WorldSpringer London, p. 551-571.

De Vin L.J., Ng A.H.C., Oscarsson J., 2004. Simarat

Based Decision Support for Manufacturing System
Life Cycle Management.Journal of Advanced
Manufacturing System8(2), p. 115-128.

Drieux G., Léon J.C., Guillaume F., Chevassus Me F
between them, acting on the system. On the physics

L., Poulat A., 2007. Interfacing product views
through a mixed shape representation - Part 2: Mode
processing descriptioninternational Journal on
Interactive Design and Manufacturing (2), p. 67-

of the phenomena at different scales. In this field 83.
(Gravemeieret al, 2008) propose a step towards a
taxonomy for multiscale methods in computational Do N., Choi I.J., Song M., 2008. Propagation of
mechanics, that can be used to draw a parallel euith engineering changes to multiple product data views
field of interest. This approach will be furtherpéored using history of product structure changes.
to understand how it could enrich the proposed mode International Journal of Computer Integrated
Manufacturing, 21(1), p. 19 — 32.
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