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Abstract

The complete definition of a product often requires the collaboration of various
partners. Data sharing and exchange between partners has thus become an
important task throughout a product’s entire life cycle. Even while subsets of the
product definition are exchanged (as work packages) and modified by various
partners, the global product definition must remain consistent. This paper focuses
on maintaining consistency between Computer-Aided Design (CAD) work
packages and the global product Digital Mock-Up (DMU). The approach is
designed to ensure better management of the associations between objects when a
work package is extracted from the global DMU, modified by a partner, sent back
to the originator and then re-inserted into the global DMU, which must be
modified in turn so as to maintain consistency. To this end, we propose an
association management model for the digital mock-up (Digital Mock-up
Association Management Model, DMU-AMM) that transposes the associations
that exist between a DMU and a work package, including package extraction and
modifications, to ultimately guide the evolution of the DMU so as to reconcile the
associations between a modified DMU and the modified work package and there
by maintain consistency.
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1. Introduction

In the current collaborative and extended-entegpeisvironment, data exchange between project
partners is pervasive and critical. An evolvingdurct definition must be exchanged between
original equipment manufacturers (OEMs) and varigastners, who all contribute to the
evolution of a product’s definition. The OEM neddreserve confidentiality while maintaining
consistency in the complete product definition.omfiation-filled work packages (WPs) are
extracted from the OEM’s Digital Mock-up (DMU) asént to partners to allow them to perform
the required work on these packages. These infnmaiork packages, which contain CAD and
possibly other types of files, should be inserteatkbinto the original OEM DMU after
modification by a partner. With today’'s CAD toolsymerous dependencies, here designated as
associations, relate information objects located fite to other objects located in other filesr Fo
example, a shaft diameter value in a parametric GikDcan be associated with a calculation
result performed in a spreadsheet; similarly, fat elements between work packages, such as a
plane, can be defined in a skeleton model and &gpldy many other CAD models. At some
point in the preliminary or detailed design of cdexpproducts, such as airplanes, thousands of
such associations exist. However, few solutionslave today are capable of systematically
managing these associations between a WP and ks @MU; restricting the ability to quickly
and easily create WPs and reconcile them with tN&JDwhen necessary. As a consequence,
WPs may be sent with information missing, the cxintennot be maintained; and reinsertion of
the modified WP into the OEM DMU leads to tediouanmal work and/or inconsistencies. No
solution allows the systematic management of tlidugion of associations.

Our objective is to promote efficient managementhef associations that relate a WP to
the OEM DMU in order to facilitate product inforn@t sharing among partners. A major
challenge toward achieving this objective is tomkefa conceptual model of a WP and its context
such that the various associations can be sysieatiatmanaged.

The paper proposes a Digital Mock-up Associatiomdgement Model (DMU-AMM)
that can capture associations between the initimk ypackage (iWP), extracted from the DMU,
and the initial state of the OEM digital mock-up§U), monitor the modifications performed
on the initial work package (iWP) so as to obt&ie modified work package (mWP), as well as
reconcile associations between the modified wodkage (mMWP) and the digital mock-up when
propagating changes to the iDMU to obtain a modifiMU (mDMU) and maintain consistent
information.

This work was performed within an industry-led m@sh program called the
Collaborative development for Product Lifecycle Mgament [1], which aims at developing a
collaborative environment for better informationmagement in the product development process
while maintaining confidential data security.

This paper is organized as follows. First, a cotgpapproach is proposed, to structure the
problem at hand. A literature review follows, cdagrdata management, information sharing and
the propagation of chang€he proposed approach and algorithms utilized ¢wige the desired



management tool enabling the reconciliation of eisgions and assisting users are detailed next,
followed by the model validation results. The caisobns and perspectives for this work are
presented at the end.

1. Terminology

The following terminology is defined to help deberiour approach in a consistent, clear manner.

Object: a generic term which includes: model, assemblyt, peatures, geometric elements and
documents [2].

Entity: any of the smaller elements that makes up thecblgied can be used to formalize
procedural knowledge (face, edge, circle radiugknjities are themselves objects [2].

Global Digital Mock-up: acts as a repository for the numerical definitddthe product and is the
result of the collaboration between several pastnas a minimum, in our working context, it
gathers the CAD data that defines the product.

Work Package: data package that includes parts or an assembpam$. It is intended to be
modified by a design partner and reinserted irtedntext (the Global Digital Mock-up).
Association: a generic term used to expresses a dependencgdretibjects; an association is a
relation, a link or a constraint [2].

Redation: a dependency between two objects that does nolivimprocedural knowledge [2].

Link: a dependency between two objects that requireasdural knowledge to execute a specific
task [2].

Constraint: a dependency between two objects (usually lowtlelgects, and thus entities) that
involves a formalized knowledge (coincidence, daliaim ...); for example, using a CAD system
to define parts and assemblies basically involhedmithg constraints [2].

Skeleton model: skeleton model data should be considered as ifie@ inderlying geometry for
CAD modeling. The use of a skeleton model allowscianceptual product modeling before the
creation of any solid geometry and enables therobmf direct parent-child relationships
between solid features in parts or between partioarsubassemblies. The elements of the
skeleton model are geometric entities: datum, ayraad sketches, and non-geometric entities:
parameters, equations, and rules [3].

2. Proposed conceptual approach

In this section, the CAD elements’ consistency neaiance problem described above is
examined. First, we consider the associationsrtate objects from the initial work package to
objects in the modified work package; three casedalineated. Next, we focus on associating
objects from the modified work package to the DMUere the evolution of these objects is
propagated to the DMU.

2.1 First Step: Work Package Evolution

Whatever the motivation behind the work packagdugiam, it is expressed through CAD object
versions as modifications to geometry. Tdngginal object (O-Object) being sent from an OEM
to a partner as part of an iWP will differ from thext version of the object beimgturned (R-
Object) to the OEM by the partner. Each R-Objeditiser an evolution of a previous version or
it is a completely new version. The objective hisreo associate, or to establish correspondence
between entities that belong to the O- and R-Obj&rveral cases can be considered.
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Hoffman et al. [4] [5]distingtish three categories of shape (model) updgt&hape changes, 2)
Changes of parameters, dimensions, and constraints; and 3)Changes of attributes. According to
those authorghe effect of editinghe shape of any shape geomestiement is composed one
of the following events:

(1) The element has moved,

(2) Theelement has been delet

(3) Theelement has been joined with another eler

(4) The element has beerismto several new elemen

(5) Theelement has been enlarged or restri

(6) Theelement has been crea

Hoffman et al.’sclassificatiol of changes focuses on elemefis entities; we focus on the
associations between enti. We distinguish three cases. To simplify tscussio, objects are
hereafter limited to faces.

» Case 1 - Valid associations: In this case, thenatching between entities of tIR-Object and
those of the original O-ect is obviou if all the entities’ ID’sare preserve. The R and O
objects are eithesbsolutely identical (Fig. 1 (a)), that is to sayhe object is not modifie, or
structurally identical (Fig. 1 (b)), if the object is modified bits constitutincentities keep their
cardinalities and identities. The correspondebetween entities ishereforetrivial and the
associations are valid.

Fig. 1. (a) Absolutelyidentica object and (b) structuraligentical objectsvalid associations.

» Case 2 - Partially undetermined associations. In this casesome entities are orphs upon first
analysis. This occursither becausthe number of entities diffedsetween the - and the R-
Objects,or because some entities find no ‘trivial’ equivdleia geometric equivalence or
persistence. The former happens when m es of the O©bject are destroy and replaced by
n entities on the FObject. We thereforeestablish the correspondence between er by
grouping them. Threeases can be distinguisl based on cardinalityn <n (Fig. 2 (a)), m = n
(Fig. 2 (b)), and m> nHig. 2 (c)). In Fig. 2, thdaces shown in white are paired (matcl
based on geometriequivalence or ID persistence, whigreatly reduces the search 1
matching unpaired entities, that, for entities whoseassociations are undetermi.
Algorithms to transform these ‘grouped entities associationso ifindividual entities
associationsare proposed in ttnext sections.
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Fig. 2. Partiallyundetermined associations a) m <n; b) m g)m> n.

» Case 3 - Undetermined associations: In this case, all entities’ IDs amestroyed and their
cardinality may vary as we. This may occuwhen there is a passage through a neutral fc
or when the entire object is replaced by a new @dke.constituting entities aretherefore
considered to beew. Thecorrespondence is establishedaiffirst step at lea: between the
whole groupsof entities ofthe two objects: original and returned (F8). Of course, some
analysis can be conductso that entities can be pairbdsed on their geometric definits,
thereby transforming aextreme case into a ‘Partially undetermined astiooisi case

Fig. 3. Undetermined associations.

2.2 Second StepNork package reinsertion into DMfs: scenarios

The reinsertion of the R4i@ject imodified work package) into the digital mc-up implies the
reconciliation of associationdbetween the Work Package and gital Mock-up) and the
propagation of changem the DMU to preservadata consistency. The complexity of -

reinsertion worldepends on tt evolution from the iWP to the mWP and howassociations can
be handled between mWRsd DMLUs (Fig. 4):

If the O- and the FBbjects are structurally identical, associatibesween thenare valid
andthe reinsertion is trivii, since associations between thé®Bject and the DMU ar
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similar to those between the O-Object and the DMkl hence are easily reconciled.
User intervention may only require a very minor ajgd(change of dimension, etc.) of
the DMU.

In the case when there are partially undetermirgsb@ations (between O- and R-
Objects), entities are aggregated to be associatedjroups of entities. However,
associations between the R-Object and the DMU ¢peated at the individual entities’
level. In this case, the propagation of changestdsvthe digital mock-up requires some
user intervention.

If the R-Object is such that all associations ardetiermined, the proposed solution is to
transform the situation into an easier one whemgesentities will be re-associated, while
others will remain orphaned. To achieve this, camspa algorithms perform this re-
association of similar entities [6][7][8]. Howevelescribing this specific algorithm is not
within the scope of this paper.

Human intervention

Major
Some
Minor Associations
. >
Valid Partially Undetermined

undetermined

Reconciliation of associations between mWP and DMU

‘ Propagate the changes to DMU

Fig. 4. Complexity of reinserting mWPs into the DMU inatbn to the type of evolution
scenario.

Fig. 4 summarizes the three levels of complexityenonciling associations and propagating
changes, according to the work package change moceifecall that the objective is not to
eliminate user intervention but rather to assistuber via a management model.

3. State of the art

This paper can be positioned with respect to rebeaiork belonging to three themes: 1) the
management of associations between heterogenefispl?) the management of associations
within assemblies; and 3) CAD data sharing and ghamopagation.



3.1 Management of associations between heterogesamhjects

Fortin et al. [9] developed dynamic links allowir synchronous evolution of product
development from design to production. These dyndimiks take the form of equity, occurrence
and reference links. They provide a continuous dyoadata exchange between different
expertises, allowing feedback from manufacturingeaach all the way to design. In the same
context, the work of Toche et al. [10] is focusad the implementation of a communication
model enabling interoperability between the prgioty phase and the design phase. Their model
is based on mapping coding and decoding througintrad interface exchange. Zimmermann et
al. [11] developed a system containing genericriview links called Universal Linking of
Engineering Objects’, which forms relationships between technical otgefrom different
professions (design, manufacturing, quality). Thstem allows for the construction of a unique
multi-view model.

Hoffman et al. [4] developed a "CAD and product teasnodel" to manage mapping between
different model views (CAD, machining process piagn(MPP), geometric dimensioning and
tolerancing (GD&T)) and to maintain consistency wesn them. According to Hoffman,
coordinating the views (CAD, GD&T, etc.) is thepeasibility of the master model.

Yassine et al. [12] developed a system that previdgroved management of the heterogeneous
elements that make up the product development gsodéhe system is based on a connectivity
map that captures the dependency relationshipsirast al. [13] developed the DSM (Design
Structure Matrix) based on the DRFT approach (ERigtht-First-Time). The DSM is a compact
representation of the design process informatiois. d design plan showing the order of tasks as
well as the necessary checks required in the desmress. The DSM increases the efficiency of
the process and reduces production time. The ctinoepf the DSM-DRFT model was inspired
by other studies that used the DSM, but from offoénts of view: process [14], product [15] and
organization [16] [17].

3.2 Management of associations within CAD assenblie

To improve CAD assembly management, Fouda et &] ftoposed a precedence graph
generation system for product components. The &gints between components dr@nessed;
physical contacts are described, as well as imsenrder, stability and relative motion. The
precedence graph is generated based on four miesnization of the number of repurposings;
maximization of the number of possible assemblysaqges; the stability of sub-assemblies; and
the priorities among the components. Li et al. [pB)posed a fast assembly system based on
TAFs (typical assembly features). TAF conceptsdareeloped for functionality. The mechanism
is based on assembly features and the possibletraimts between them. It enables the
complexity of the assembly process to be reducetl effectively manages its components.
Mascle et al. [20] developed the SCAP (Security t€oh Automation Protocol) capable of
creating a geometric and technological mock-up freemious assembly componentSCAP
consists of four modules: the first module assi@isgynature to each component of the assembly,
describing its assembling priority, its materiadtc.; the second assigns each component a
signature to decipher the number of its instanaghe assembly and how they are dispatched (in
a circular fashion, linear, etc.); the third modslgecifies the process used to assemble the
component (welding, gluing, etc.); and the fourtbdule identifies sub-assemblies and their
instances. The SCAP system improves the assemblydisassembly time of a product while
automatically deducing certain characteristicshefassembly process.

In the context of the product and assembly relatigps’ management in the concurrent
engineering and product lifecycle management (Plddinain, Demoly et al. [21] [22] have



developed a novel approach to integrate assembbgeps engineering information and
knowledge in the early phases of the product deweémt process. Their proposed approach —
called SKeLeton geometry-based Assembly Contexinidiein (SKL-ACD) — enables the control
of the product modelling phase by introducing skmleentities consistent with the product
relationships and the assembly sequence plannfogmation [21]. SKL-ACD is based on six
skeleton entities: Point entity, Line (or strajgbntity, Plane entity, Coordinate system entity,
Constraint entity, Parameter entity.

3.3 CAD data sharing and change propagation

Data sharing and the propagation of changes bet@ééh objects are addressed by Chen et al.
[23] via a multi-level mechanical assembly desi§heir mechanism improves the management
and transfer of information between different pratddesign phases using a top-down method.
The top-down process is refined to fit the devetbpaulti-level model [24] [25] [26] [27]. The
mechanism is based on inheritance; it maintainditfkebetween an original object and a target
object to ensure the accurate propagation of clsarnigemblay et al. [2] proposed a conceptual
model to manage associations and propagate chamgesusiness-focused application. The
model decomposition is based on three abstractieeld: view (design ...), document (part ...)
and feature (geometric ...), exploiting the consegftaggregation and decomposition of each of
the various layers. Some years earlier, Gigueed. §28] showed how the manual propagation of
changes in an assembly during the modification pé is a tedious process that easily leads to
data inconsistencies. To address these issuesg@iget al. proposed a solution based on
contextual features, enabling the assisting andnaating of modeling tasks while reusing the
knowledge acquired. The propagation operates fromefarence characteristic to a target
characteristic by way of a derivation link.

With the objective of protecting data during a &fen between partners, Mun et al. [3] proposed a
CAD information-sharing method based on skeletondet® This method guarantees the

individual intellectual proprietary rights of eachmpany contributing to the product design and
that only the information required for the changepagation will be shared.

3.4 Synthesis

This literature review relates to three differegpects. The first aspect consists of managing the
associations between heterogeneous objects (dgmigdyiction...) [9][10][11] or in managing
processes and tasks [12][13][14][15][16][17][4][5The second aspect consists of managing
assemblies, based on graphs or systems that ehabdeometric and technological modeling of
various elements of an assembly. This allows mgstem stability during the assembly and
disassembly phases [18][19][20] [21] [22]. The dharspect relates to concepts and methods that
provide for better data sharing and change profagatbetween CAD objects
[2][3][23][24][25][26][27][28]. In most of the refeences cited, dependencies are manipulated
between higher-level objects (Part design, Proditit,of Materials). In this work we focus on
CAD data so as to maintain associations when a waidkage is extracted from the DMU,
modified by a partner and then reinserted. In CABsociations are most often geometric and
parametric constraints established between geamemiities (faces, edges, vertices). We
therefore manage and manipulate geometric entfi¢he object. The third aspect addressed in
the literature appears to be closest to this wbileed, we can learn a great deal from the
methods used in this third aspect, and apply thensolve some issues of the problem as



contemplated: transposition of the associationangb propagation, and the use of skeletons as
data objects for the re-association of objects.

4. Association management model (DMU - AMM)

The association management model (DMU - AMM) ersabigital mock-up/work packages to be
reconciled after their modification and assistuker in propagating the modifications made. The
association management model operating mechaniskswothree steps, as introduced earlier:
« Capture of the initial associations between thiainivork package (iWP) extracted from
the DMU and then sent to a partner (or partners},the initial state of the OEM digital
mock-up (iDMU);

« Identification of the correspondence between efgmef the initial work package (iWP)
and those of the modified work package (mMWP), adlpee cases discussed above; this
mapping enables the transposing of the associat@pisired between the iDMU and the
iWP to the mWP, thereby expressing the reconciésteations; and

* Reconciliation of the associations between the fremtiwork package (mWP) and the
initial digital mock-up is used to propagate change the DMU to obtain a modified
DMU (mDMU) and maintain consistent information.

The inputs to this model are the initial digital ckeup (iDMU), the initial work package (iWP)
and the modified work package (mMWP). The correspood algorithm is used to establish the
correspondence between entities of the initial miodified work packages and to transpose the
associations from entities of the iDMU towards thedified work package. The model output is
the modified mock-up associated to the modifiedkamackage (Fig. 5).

[Ma]

iDMU Extract initial

>~ associations Association Data Sheet
(WP /iDMU) (ADS)
WP ]
Establish corresponden :(L MC]
(i(WP/ mWP) &
mwP Transpose associationp

Correspondence algorithm

Reconcile association and mDMU
propagate changes toward iated
DMU (mWP / mDMU) associate

with mWP

User

Fig. 5. SADT (Structured Analysis and Design Techniquegddam — Association management
model (DMU - AMM).
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4.1 From Initial associations to Change propagation

The proposed mathematical representation enabldsling of the relevant associations between
iDMU, iWP and mWP, so as to propagate changesa®iU (Fig. 6), with user involvement,
in order to ensure geometric consistency. Pridtst@xtraction, the iWP is associated with the
iDMU. The Association matrix ([Ma]) is used to represent these initial assamiat Next, the
evolution of the iIWP towards the mWP is analysedingi the correspondence algorithm
described below, and corresponding entities arecéed through aCorrespondence matrix
([Mc]). Combining these matrices enables transmgpsifi the initial associations between the
iDMU and the iWP into reconciled associations bemvéhe iDMU and the mWP. We will thus
manipulate three matrices: the association malfia][ the correspondence matrix [Mc], and the
reconciliation matrix [Mr]. These steps are dethiext.

Transposition of
associations

Reconciliation
association [Mr]

Correspondence
association [Mc]

Fig. 6. Full associations’ management cycle from the iDMUWhe propagation of changes to the
mDMU.

4.2 Representing the initial associations betwebka tWP and the iDMU

In a CAD environment, the associations establidfetdieen objects are in the form of geometric
assembly constraints, constraints between geonrefgcence elements (such as planes or axes),
associations by skeletons (diagrams used to genpeats in the context of an assembly) and
feature-to-feature associations. In order to sifmmiur explanation, only assembly constraints
between geometric entities are used as associdietmeen the iDMU and the iWP, and only
face-type geometric entities are used to desclibeapproach; also, in our simple example, the
DMU contains two parts while the WP only contaime .o
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Fig. 7. Assaociation between initial digital mock-up ané thitial work package.

Associations between the iWP and the iDMU (Figaf® modeled as follows:

(f)=[Ma]()) w

where:

» (f) is the vector of the geometric entities (facedges, vertices) of the iIWP;

» (i) is the vector of geometric entities (that defithe interfaces) of the iDMU that are
associated to the iIWP. To make the vector (i) aallsas possible, only geometric object
entities of the iDMU that are linked to the iWP daaconsidered; and

+ [Ma] = [mag] is the initial association matrix that defines@sations between the iDMU
interfaces and the entities of the iWP, such thaf m 1 if entity f of the iWP is
associated with entity of the iDMU, and equal to zero otherwise, as lated below.

o

=

(@)

S

—h —=h —=h —h —h —h
N

O o o © o o

O o o0 9 oo

O ook oo
O o 0 9 oo
=

w
O O O o o o

(53]

In this case, (EqQ. 2); £ i, if the entity (face) fof the IWP is associated with entityaf the
iDMU.
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4.3 Representing correspondence associations bettlee iWP and the mWP

The correspondence associations (Fig. 8) between\WP and the mWP associate, generally
speaking, m entities from the iWP to n entitieshef mWP. For example, the modified facgg, F
F. 1, and k, can replace the initial face in Fig. 11, these correspondences are shownahle.
Establishing these correspondences is no trivéH, and the proposed Correspondence algorithm
is presented below.

Fig. 8. Correspondences between entities of the iWP anthiVP.

The correspondence associations between both mersfadhe work package are represented as a

(F)=[Mc](f) @

where:
» (f) is the vector of geometric entities (faces, exignd vertices) of the iWP, and
» (F) is the vector of geometric entities (faces,esdgnd vertices) of mWP.

To manipulate smaller vectors, we need only incltite entities that play a role (functional
relationship, geometric constraint, etc.) to asatecihe iWP with the iDMU.

[Mc] is the correspondence matrix between the &k the mWP. We will have me 1
if entity f of iWP corresponds to the entitydf mWP; that is to say, entity Ean assume
the role of fin the association with the DMU (functional linkggometric constraints,
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etc.). In general terms, the cardinality of theseaspondences between entities is of type
m: n, such that m=n, m>n or m<n. For the examptevshin Fig. 8, the correspondence
matrix is shown in Eq. 4.

©
[ o

=
N

(4)

IN

— o oy ey ey =—hy
w

(63}

O oo oo ok o

ocoookr rpErLr oo
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P B B _N'I'I NI B e g i g |
N
O OO0 oo oo

In this case, the correspondence algorithm yidldddgllowing (Eq. 4):

* Fointhe mWP corresponds to (replace theh the iWP through the persistent id;
* F; inthe mWP corresponds tpifi the iWP through the persistent id;

* F0, R1and k;in the mWP correspond tgifi the iWP through their common
neighborhood;

* Fs;inthe mWP corresponds tgifi the iWP through the persistent id;
* F,in the mWP corresponds tpifi the iWP through the persistent id; and
* F5inthe mWP corresponds tgifi the iWP through the persistent id.

4.4 Representing reconciled associations betweeniifMU and the mWP

The reconciled associations express how the DMUamamect’ to the modified work package;
and are obtained as follows:

(F)=[mc](f)

Eq. 1 and Eq. 2:(f) - [wa](i) }(F) =[Mr](i) where [Mq]=]Mdx[Mdq (5)

[Mr] is the reconciliation matrix of associationsttveen the mWP and the iDMU. We will have
mr; = 1 if entity F of the mWP can be associated with interface eitity

Thus, to establish our association management makede matrixes are used: the initial
association matrix, the correspondence matrix dwed reconciliation matrix. The association
matrix is rather easily extracted from the startognt (iWP/iDMU). The correspondence matrix,
however, must be obtained using the correspondagoeithm, presented next.
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4.5 Correspondence algorithm

This section presents the algorithm enabling auticnealculation of the correspondence matrix
between iWP entities and entities of the mWP. R, twe must identify, for each entity of the
iWP that carries an association with the iDMU ctsresponding entity in the mWP, which is not
a trivial task.

At the beginning, each entity is considered to Ilme ‘@phan’ since it does not have a
corresponding counterpart in the object it is coragdo. As soon as a corresponding counterpart
is detected, the entity is ‘paired’. As a firststepairing of entities is performed using their
identifiers. If an entity from the two compared etis bear the same identifier, the entity is
persistent, be it identical in both objects or tiois entity is persistent from the iWP to the mWP.
For example, in Fig. 8o {from iWP) is paired to fbased on identifiers. On the other hand, some
entities of MWP have an identifier that is not fdun the iWP. For example, F(from mWP)
remains an orphan based on the identifiers tesabEshing the correspondence matrix thus
requires reconciling orphan entities of the mWRemdities of the iWP, which is carried out by
analyzing both the neighboring entities of the arpland its geometric characteristics. Here, only
face-type entities are used to develop the corretgrme algorithm. The steps in the matching
correspondence algorithm are as follows (Fig. 9).

* All entities are examined and those that have aigent identifier are classified as persistent
entities and are therefore considered as pairetiesnt

 Entities that are not persistent are orphans; &heof them, the list of neighboring entities
must be determined.
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Initial Work—package| | Modified Work—packagel

l_'_l

Classify each entity as persisent or
orphaned based on identifiers

Persistent Orphan entities
entities

Update the list of Determineneighboring entities of eac
orphan entities orphan entity in the li

¥

Remove from the Reconcile orphans based geometrice
list of orphan €~ P 9 ¢

entities similarity

§ v
Group neighboring orphaentities
into connected set:

2

For each group finthe
correspondant group eftities in
the iWP, based oneighbor

entities

\

\L Yes /
Reconciled WPj,1< E?gty

Fig. 9. Correspondence algorithm.

* Reconcileorphan entities using the similarity of their gedntedefinitions (types an
equations of underlying surfaces) and common neighlsuch athe exampleshown in
Fig. 1Q where the top face has been split into two 1. Once theentities ar reconciled,
thelists of neighbors are updated for the next iten.

Fig. 10.Reconciliationof the top face from the iWP with both top facesh&mWP.

«  When the previous step has convergneighbaing orphan facesare grouped into
connected setdrig. 11 shows two examples of such groupifigpis grouping greatly
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facilitates thecoming step where each group of entities Wik connecte to a group
formed by one or more facfrom the iWP.

Fig. 11.Groupinc of neighboring orphaantities (connected fac..

Each group oftonnectecorphan entities from the mWRas a list of eighbors that is
used to identify entities frothe iWP that share the same neighbdtee following cases
(Fig. 12) need to baddressed:

(a) A group of mentities from iWP isdestroyed and replaced by a group entities in
the mWP, wherem=1 and m=1. In this case, the neighbing list of the group o
connectecentities from mWP is the same as the neigtibg list of one entity from
the iIWP. Thesolution isobtainedby direct comparison between thes of neighbors
(Fig. 12(a)). If we have more than one solutiwhen severatntities share the same
neighbaing list in the iWP), geometric characteristics aredus® reach the corre
solution.

(b) A group of mentities fromthe iWP isdestroyed and replaced by a group entities
in the mWP, wherm >1 and n>=1. In this case¢ single entity from the iWP ha
list of neighborsthat is a perfect match withe list of neighbors of the group frc
the mWP.We thereforehave to combinenultiple entities from the iWP until the
aggregatedist of neighbors fits perfectly with the list from theWF (Fig. 12 (b)).

(c) A group oforphanentities from the mWP havesingle entity in the list cneighbors,
and this entity has correspondingentity Ee in the iWP. In such a case, the grou
entities from the mWP is redeed so as to include the neighing entity within the
group; the correspondence is then established batwleis augmented group
entities from mWP and the entity Ee from the i\(Fig. 12 (c)).

(d) A group oforphan entities from the mWP hi several neightrs (as distinct from
case (c))In this case, there is no match between the listesghbors of the grou
from themWP and the list of neighbors of a single entipniitheiWP (as this is not
case (a))Even if we combine lists (neighbas from multiple entities of the iWP, 1
solution is foun (which means that this is not case (e group of entities fror
the mWP is threfore¢ redefined to include one of their neighlmarientitie: within the
group At this stage, multiple groupings are consideThe correspondence is tt
searched forthis augmented group of entities frothe mWP. Each of these
groupings hasa corresponding entity in the WP with the exactsalist of
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neighbors. The geometric characteristics are usedentify the best solution (Fig.
12 (d)).

(a) (b)
(c) (d)

Fig. 12.Scenarios addressed by the correspondence afgorith

The correspondence algorithm as described abods lkeadefining the correspondence matrix
calculation [Mc]. As stated in section 4.4, combmi{Ma] and [Mc] defines [Mr] which enables,
in turn, transposing the initial associations betwethe iDMU and iWP into reconciled
associations between the iDMU and the mWP. The §itego requires propagating the changes to
obtain the mDMU.

4.6 Change propagation

Propagating changes to the mDMU is the final stephe proposed association management
model. Several solutions can be considered to hedps make the changes required to obtain
coherent associations and geometry between the amWiRhe mDMU. User assistance may be
provided in the form of skeletons (sketches) [H][ZAnother way is to provide the user (product
architect, or integrator) with a pseudo-imprintttlsinformation-specific to a target feature [28].
This imprint is automatically obtained by the apation of design knowledge to an imprint (Fig.
13). The imprint is the information specific toefarence feature determined by extraction from a
group of geometric entities in the design cont@8].] A pseudo-imprint can thus be used to
propagate changes from the WP (imprint) to the Dfgseudo-imprint), assuming that the design
knowledge was previously captured.
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/Imm
Pseudo-imprint

Fig. 13.Imprint/Pseudo-imprint [28].

In our case, this design knowledge is not captusedcan nevertheless identify the imprint in the
mWP and locate areas of the DMU that need to befireddAnother way to assist the user is to
provide solutions in the form of connectivity mgg]. With regard to this work, we can draw
on the latter solution and provide the user witraasociation reconciliation matrix based on two
other matrices: the correspondence matrix [Mc] émel initial association matrix [Ma]. An
Association (iWP/iDMU) Data Sheet (Fig. 14) is alpoovided to help the user manage
associations and propagate changes. The principlbeo Association Data Sheet (ADS) is
inspired from Demoly et al.’s work [21] (Skeletorametry-based assembly context definition)
that integrates assembly process engineering iafiiom and knowledge in the early phases of
the product development process. In our case, [ i& a skeleton assembly entity that contains
information about the association between the VW@ the iDMU and is used as design
knowledge to assist the user.
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Association (iWP/iDMU) data sheet

Kinematic link | Used assembly | Geometric entities involved in
or connection constraint the assembly constraint
link iWP iDMU
Prismatic Coincidence face0-Partl face0-Part0
Connection | Coincidence | facel-Partl Face9-Part0

Fig. 14.Association (iWP/iDMU) data sheet.

The reconciliation matrix and the Association DStzeet help determine, for each mWP entity
that belongs to vector (F), if it is associatecemities of the iDMU and if yes, which one. The
user's attention is thus brought, through contegssaging, to the entities of the DMU where
changes are needed in order to maintain consisteitiythe mWP. The user utilizes the ADS to
verify if the connection links are consistent betwehe mWP and the mDMU after change
propagation.

5. lllustration and validation

The collaborative design process requires exchgnglata between original equipment
manufacturers (OEMs) and partners who contributéhéoevolution of product definition. Data

must be reintegrated into the OEM DMU after modifion by the partner. The steps of the
collaborative process using the proposed Assoaddiianagement Model are summarized as
follows (Fig. 15):

« Extract the iWP and its association data sheet (4@ the iDMU;
« Send the iWP to the partner;
e The partner adds value to the WP and returns th&nothe OEM DMU,;

e The DMU-AMM is used to capture initial associatio@®MU/iIWP), identify the
correspondence (iIWP/mWP) and reconcile associatibhdu/mwWP); and

* Propagate changes to the DMU (by the user) by usiegeconciliation matrix and the
association (IWP/iDMU) data sheet (ADS).
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Partner/Supplier

iDMU Sending to

Association partner [ Receivin

e (o ) g Data

(IWP/iDMU) WP |— i ]
data sheet ] 1 (AP

Returning Modify work package
Data (perform design...)
Capture initial Identify
associations correspondences
(iDMU/iWP) —[Ma]; | | (iwP/mWP) -[Mc]; mWP

l_Y_J

Reconcile associations
(iDMU/mMWP) —[Mr] ;

|

Product Propagate changes to th
Architect DMU (manual step);

DMU —AMM
| mDMU I

Fig. 15.Collaborative Process using the DMU-Associatiomitzement Model.

[¢)

To illustrate and validate the DMU-AMM, a DMU madéa three-jaw chuck is considered (Fig.
16). The chuck itself belongs to a work package modification scenario covers two needs:

» A change in the technological solution: T shapeddeetail slide linkage;
« Add texture to the front face so as to improve grig.

In the first step, the initial association matiwd], between the iWP and the iDMU is extracted
(as an Excel spreadsheet), as well as the ADS. aBseciations are assembly constraints
established within the DMU prior to extraction tietWP. This step consists of scanning the
various assembly constraints to identify the estitin the iDMU and in the iWP that are

associated to one another.

In the second step, correspondences between smitibe iWP and of the mWP are established.
The entities of the mWP are reconciled throughdatespondence algorithm. This enables the
correspondence matrix [Mc] to be generated (asxaelEspreadsheet). This step is essential for
the transposition of initial associations towartus tWP.
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Interfaces of the
Digital mock-up
Entities of the initial
work-package

the entity f of the work
s e package is associated
== with entity i; of the
| @ i, > digital mock-up
Ascitin QNP et et = . "
Cffaticlink | Used  Geometi etits nvolved i the \ List of entities must be
forcomecton | assembly ascmbly constint modified
k| oo W [ -
Priswatic | Coincidenggy, fgpengge) Faue26<huck<>
Comection | Cofei D FecelT-chuck<> -, .
Prisnatic | Coincidence  face3-Jaw<D> | FacelS4huck<]> Entitigs of the modified In_te_rfaces of the
Comecton | Copcidence | fucell-law<d> | Faceld-chuck<> Work-ﬂackaqe Dlgltal mock-up

gnatc | Coieidence faeebJaw<d> | Faee3T<huek
Comdy | Concidece fcel0-Jaw<d> | Fuce3 gefcl>

T

Propagation of
changes

Fig. 16.Complete association management cycle with trasiipo and reconciliation.

The reconciliation result, the correspondence betwevo versions of WP entities (initial and
modified), as well as the correspondence matrix][&le shown with more details in Fig. 17.
Light blue cells show persistent entities (based idantifiers). Dark blue cells show
correspondences between new entities and destenites. For example, the front face from
the IWP (face5) has been replaced by a seriecesfdace5,0; faceb,1; faceb,2; faces,3; facebs,4;
faceb,5; faceb,6; faceb,7; faceb,8) to enhancepigigp In addition, the group of faces face3;
facel0; and facell has been replaced by the gfdapes facell,0; and facell,1 in the mWP.
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face5,0; face5,1; face5,2;
facebs,3; face5,4; faces,5;
face5,6; face5,7; face5,8

facell

facelO

facell,1
facell,0

(@) (b)

Pl Correspondence
- between persistent
‘ P entities

| — Correspondence
between new entities
Entities of the initial and destroyed entities

, work-package /

(©)

0 0 0
0 0 0
Entities of the 0 0 0 0 0
H' 0 1 0 0 0 0
modified —] z ol s = : =
work-package 0 0 i A 3
(1] 1] 0 0 0

(1] 1] 0 0 0
(1] 0 0 0 0 0
(1] (1} 0 0 0 o

Fig. 17.Entities’ reconciliation and reconcialiation matdonstruction.

The third step consists of reconciling the assimiatbetween the mWP and the mDMU. The
reconciliation matrix [Mr] is calculated by multiphg the correspondence matrix [Mc] by the

initial association matrix [Ma]. The reconciliatianatrix is provided to the user in an Excel

spreadsheet so that the user can make the nece$sarges to the DMU in order to obtain

consistent associations (Fig. 16) and control thédiy of the changes according to the

association data sheet. An mDMU entity will prolyabé modified if it has an association with

an entity of the mWP that has been modified. Tloeeefwe provide the user with decision-

making support, enabling him/her to make the change required to obtain consistent

associations and geometry. The user is alertedamittessage indicating which entities are most
likely to be modified. An annotation is placed atle of them (Fig. 16).
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6. Conclusion and perspectives

In this paper, we presented an association manadenuzlel that facilitates collaborative design
by maintaining consistency between CAD elementistFt captures the initial associations of
the iIWP/iIDMU in the associations matrix [Ma]. Sedpiit controls the modifications from the
iIWP to the mWP using the correspondence algorithroatculate the correspondence, indicated
in Matrix [Mc]. This enables the initial associat®to be transposed to the mWP. Finally, the
reconciliation matrix [Mr], found by multiplying [] and [Mc], is used to reconcile the
associations and identify the changes to propagadbtain an mDMU that is consistent with the
mWP. The objective is not to eliminate user intatian but rather to assist the user by means of
an efficient management model. This work providesisglon making support for the user;
allowing the user to associate the mWP with the niDahd identify the interface entities of the
mDMU that must be modified in order to consistentiptch the mWP. This contribution will
facilitate the data exchange between partners ibatitrig to the evolution of a product, while
maintaining the consistency of information.

The DMU-AMM is a tool that facilitates the integiat of a modified work-package to the DMU
and allows the user to save time and reduce emspgcially if the WP contains a large number
of parts. Indeed, it allows the automatic detectdrareas of the DMU that may have to be
modified and helps users to reconcile associatard verify their modification by using the
ADS.
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