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Avant Propos

Ce mémoire de thése représente une synthése dacthetes de recherche menées
depuis Septembre 2006.
Ces activités ont été effectuées sous les statuts :

e d’allocataire d’une bourseH{gher Education CommisiofHEC) Pakistan) de
Septembre 2006 a Septembre 2009. Cette bourse abtdue suite a un
concours national, pour le développement des usitésr pakistanaises (étant
actuellement en poste a lNational University of Sciences and Technologies
de Rawalpindi)

« dAT.E.R. a Arts et Métiers ParisTech Metz avecs dmseignements en
informatique (algorithmique) et mathématiques (radds numériques) de
Septembre 2009 a ce jour.

Ces travaux s’inscrivent dans la problématique daception des systemes de
production, ils visent plus particulierement a négh@ a la question : « Comment

optimiser la conception du processus d'usinage wtsgstéme de production

reconfigurable en tenant compte des interactioti® é& processus et les ressources,
et des contraintes technologiques imposées papiéees a fabriquer ? » via une

proposition de co-exploration des espaces de eahitiprocessus d'usinage et
configurations cinématiques du systéeme de productio

Etant donné l'aspect international de cette thésriige a la décision DG2009-46 du

1% Octobre 2009, le Directeur Général d’Arts et Méti®arisTech a autorisé la

rédaction de ce mémoire en deux langues : angktisiancaise. De ce fait, ce

document se divise en deux parties : un résumééten francais sans figure et le

descriptif des travaux en anglais avec les figures.






Foreword

This thesis represents a summary of my researchitest performed since
September, 2006.
These activities were performed under the status:

* Recipient of a scholarshiHigher Education Commisio(HEC), Pakistan)
from September 2006 to September 2009. This sddiofawas obtained after
a national level examination and selection prodessthe development of
universities and promotion of higher education iakiBtan (serving in
National University of Sciences and TechnologieRawalpindi)

* Performing as A.T.E.R. at Arts et Métiers ParisTé&dtbtz and teaching the
subjects of computer sciences (algorithms) and emadhics (numerical
methods) from September 2009 to date.

This work is done in the domain of the design ajduction system; it attempts in
particular to respond to the question “How to ojtien the design of the
manufacturing processes and reconfigurable manufagtsystem while taking into
account the interactions between the processesresalrces, the technological
constraints imposed by the part to be manufactyred? a proposal for the co-
exploration of the solution space characterized rhgchining processes and
kinematics of the production system.

While taking into account the international aspdhis work, the “Directeur Général
d’Arts et Métiers ParisTech” authorised the writin§ the thesis report in two
languages; English and French (decision DG2009{46°0October 2009). Hence,
this document is divided in two parts: an extendedhmary in French (without
figures) and the detailed description of the regear English (with illustrations).
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Résumé étendu en Francais

Introduction

Ces derniers temps, il a y eu beaucoup de déveaiogmteet d’expansion de plusieurs
nouveaux paradigmes de la fabrication. La redudemséries, I'évolution rapide des
produits ont conduit & I'apparition du concept dReconfigurable Manufacturing

Systems (RMS) » afin de répondre aux objectifs regirttoires de productivité et de
flexibilité. lls se situent entre les Systémes Manturiers Flexibles (FMS) et les

Lignes Transfert Dédiées (LTD) ou les systemesrddyction dédiée (DML).

Cette nouvelle avancée a nécessité le besoin deodadbgie de conception visant
a répondre a la question : « Comment optimisepteeption du processus d’usinage
et du systéme de production reconfigurable en tec@mnpte des interactions entre le
processus et les ressources, et des contraintasotegiques imposées par les pieces
a fabriquer ? »

Les travaux les plus avancés ont été realisés Bngieering research centre for
reconfigurable manufacturing systems » a I'Uniwérglu Michigan. Ainsi, il a été
deéfini les tendances futures vers la standardisalies composants et des modules
dans tous les aspects de reconfiguration. Parmi agsects sont cités: la
reconfiguration des systemes de fabrication, deshimas-outils, des processus, des
machines de contréle, des systtmes de communicdt®npremier concerne la
conception du systeme (architecture, interfaceeemtachines supervision, etc.), le
deuxiéme concerne la conception des machines-¢péttie opérative, interface entre
modules) ...

Ces travaux de thése visent a répondre a la questidessus en se focalisant sur la
co-conception des processus d’usinage et des coafigns cinématiques du RMS.

Ainsi, ce mémoire s’articule autour de quatre ctiapi

Le chapitre 1, permet de situer le concept gerdgd®MS et les travaux existant vis-
a-vis de la conception du systeme de productioonfegurable. Il propose une étude
bibliographique des systemes manufacturiers actuals se focalisant plus
particulierement sur les systemes manufacturiedégdgles systémes manufacturiers
flexible et systemes manufacturiers reconfigurablégalement, il propose une
synthése sur les différents travaux existant dansidmaine de conception de
machines outils reconfigurables. Cette représamaiermet de délimiter le cadre de
ce travail en précisant les données d’entrées.

Dans le chapitre 2, une démarche de conception dysteme de fabrication
reconfigurable est proposée. L'approche Axiomatésipn (AD) a été déployée pour
la conception des systémes de fabrication dansadeecdu Lean Manufacturing
(Manufacturing system design decomposition (MSDDBIJus avons identifié qu'il y
a besoin d’un lien entre le niveau stratégique etiveau opérationnel. Ainsi, dans le
chapitre 2, nous avons proposé un domaine supptéairen Indicateur de
performance qui permet de faire le lien entre lgs/iéés de conception (explicitées
dans le Lean Manufacturing) et les solutions phyessg(explicitées dans ces travaux).
Nous proposons de coupler a AD a l'approche FBSr pg@valuation de ces
indicateurs de performance.

Le chapitre 3 est destiné a répondre a la probigmetie génération de gamme et
de structure d'un RMS. Nous avons développé uneroapp algorithmique :
L’algorithme permet de faire la liaison entre leadtions que I'on souhaite obtenir et
la structure qui va nous le permettre, et ainsil@ep I'ensemble des solutions

1
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possibles. Ce passage est fait par génération dypartement caractéerisé par les
opérations (opérations d’usinage, de changementtij’'ale changement de poste,
...). Le développement de I'application est fait é®A/et Excel comme interface. Cet
algorithme est actuellement validé sur 3 piecds s domaine de I'automobile.

Le chapitre 4 se focalise sur la nécessité d’évad@sesolutions générées - les criteres
d’évaluation sélectionnés sont le co(t, le temigseridu de famille de produit et la
qualité. Parmi I'ensemble des criteres celui rekatia qualité (déja défini comme un
indicateur de performance au chapitre 2) est diétdib qualité est définie en termes
de satisfaction des tolérances géomeétriques. Lles®ts structurales sont modélisées
sous forme de graphes. Nous proposons des heuestgermettant le transfert des
graphes issus du chapitre 3 en graphes suppoiianddyse de la qualité. « Internal
Tolerance Condition (ITC) » de chaque solution douwe d’'un graphe est calculé.

La conclusion globale présente une synthése deaesux et permet de proposer des
pistes pour des travaux de recherche ultérieuraugrhentation du niveau de
reconfigurabilité du domaine structural au domagnacessus est discutée. Le besoin
de faire une évaluation multicritére avec les autsteres d’évaluation comme le
temps, le codt ... est soulignée. Aussi une agrégalés indicateurs de performance
doit étre mise en ceuvre.
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1. Chapitre 1 : Systeme de Production Reconfigurabl e

Pour la production d’'un produit spécifique, les idea de montage dédiées sont
utilisées, ou les lignes de transfert ont été cescltlles étaient économiquement
viables tant que les temps et les volumes de ptmsuétaient tres importants, et la

demande était sur une longue période de tempsollton rapide de la conception et

'augmentation de la fréquence d'introduction deveaux produits dans le marché

avec la nécessité de fabriquer les produits de ¢paalité a des prix raisonnables a
augmenté le besoin de systéme de fabrication ragticedaptable. Ces conditions

contradictoires sont satisfaites en concevant stesye de fabrication qui est basé sur
une famille de produit et posséde la capacité pendre aux changements du marché
c.a.d. le systéme de production reconfigurable.

Cette technologie reconfigurable nécessite uneiepdmatérielle” et “logicielle”
modulaire. C’est-a-dire des machines outil modakaifcinématique modifiable), et
une architecture ouverte du systeme de commande.

Depuis plus de 15 ans, des travaux de recherchenaiere de démarche de
conception de systéme de production reconfigurabteété effectués. Olivier Garro

en 1992 sous la direction du Pr. Patrick Martinsan du Centre de Recherche en
Automatique de Nancy — (CRAN) dans sa these a itiavaur les aspects

opérationnels des machines modulaires ayant deBitemtuires paralléles. En

Allemange, le project « METEOR 2010 — Multi Techogy Based Reconfigurable

Machine Tool 2010 », travaille sur le développementla standardisation des
composants intervenant dans les machines outil nfigemables. Notre étude

bibliographique conclu qu’il y a un besoin d'une thutlologie de conception

particulierement orientée vers RMS. Cette méthagleladoit traiter les besoins

fonctionnels comme entrées et générer les solutimoistecturales comme sorties.

1.1. Objectif

Le travail développé dans ce meémoire concerne Imaitee des systémes de
production reconfigurables. L’objectif de ce trdvast de répondre a la question
suivante:

« Comment optimiser la conception du processusirtige et du systeme de
production reconfigurable en tenant compte desant®mns entre le processus et les
ressources, et des contraintes technologiques éepgsr les piéces a fabriquer ? »

Les problématiques liées a la conception et a kerman ceuvre d’'un RMS sont la
conception globale du systeme reconfigurable, laception de chaque machine
reconfigurable, la conception de la partie commaladealidation et les réglages.

Dans nos travaux, nous nous concentrons sur lesctaspechnologiques d'un
RMS. lIs sont les facteurs qui sont directemend Béix colts, a la qualité, ... de
realisation des entités pour une famille de proddNibus nous focalisons sur le
developpement d’'une methodologie pour la concemt®maystéme de production et la
structuration des indicateurs pour évaluer lestgria généres.

1.2. Systéme de production
La production est définie comme étant un ensemégethnsformations successives
passant de I'état de matiéres premieres a I'étaproeuits finis (Dano, 1966).

3
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Chacune de ces transformations correspond a desficatdns physiques ou
chimiques des matiéres traitées. Notre travail pesticulierement orienté vers la
génération des configurations cinématiques des meshoutil d’'usinage. Selon
EIMaraghy (EIMaraghy, 2005), les systemes de prioii@euvent étre classifieés en
trois groupes basés sur leur productivité et fliixe:

1.2.1 Systémes manufacturiers dédiés (DML)

Les Systemes Manufacturiers Dédiés (SMDedicated Manufacturing Lines -
DML)) ou les Lignes Transfert Dédiées (LTD) ont étéealigppés dans le secteur de
I'automobile (production de masse) ou la ratioraien de la fabrication répond a un
objectif de productivité. Chaque ligne dédiée ggiquement destinée a produire une
piece unique a un haut rythme de productivité. @Qbagtation de la ligne est
spécialisée pour faire une opération d’usinageotasjidentique et toujours au méme
endroit sur la piece (percage, fraisage, lamage...).

Les DML sont devenus moins pertinent par rappdi\lution du marché. lls sont
économiquement viables quand la demande de prestuitnportante et fixe.

1.2.2 Systemes manufacturiers flexible (FMS)

Les Systémes Manufacturiers Flexibles FMS ont @@®duit dans les années 1980
(Mehrabi et al, 2002). C’est une technologie qgeva rendre flexible 'ensemble de

I'outil de production permettant de préparer, dedapter aux divers changements de
son environnement, sans qu’il y ait besoin d’engagenouveaux investissements en
biens d'équipement, ou d’engendrer de longues pedetemps. Les FMS peuvent

étre un ensemble des modules ayant plusieurs elimscde commande, ou un seul
systeme de production flexible (Figure 1).

Les FMSs ont été spécialement développés pour dépaenla fois aux contraintes de
productivité et de flexibilité. Malheureusements présentent un certain nombre
d’'inconvénients :

e tres haut cout initial, l'investissement et les rges financieres de ces
équipements (hardwares, softwares),

* bas taux de production a cause de non simultadég®pérations,

* leurs capacités de production sont souvent fixedreg inférieures aux
objectifs viseés.

Selon (Mehrabi et al, 2002), les entreprises intklEs mettant en place des FMS
constatent le plus souvent que le niveau de fletdbi’est pas conforme aux objectifs
visés. De plus, la productivité des FMS est larganigférieure aux DML avec des

colts d’'investissement initiaux et de fonctionnety@us importants. Pour répondre a
ces exigences et difficultés, les RMS sont propmsée

1.2.3 Systemes manufacturiers reconfigurable (RMS)
La définition générale des RMS a été donnée p&toren (Koren, 1999).

« Le systeme de fabrication reconfigurable est ystésne qui est concu au départ
pour le changement rapide de structure, aussi e composants et que des
logiciels. Il peut étre ajusté rapidement a la c#paet a la fonctionnalité de
production, pour une famille de piéce, en réponsechangements rapides du marché
ou des conditions de normalisation ».
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Une comparaison entre les trois systemes baséeapacité, fonctionnalité,
colt... est faite en tableau 1 qui montre que les RpéBnmettent d’avoir une
flexibilité adaptable aux besoins tout le long gule de vie de produit.

L'objectif du RMS est de répondre a des exigencasakiles et d’'assurer une
fonctionnalité ajustable avec une forte productiviét des temps d’installation
minimaux (Abele, 2006(a)).

1.3. Reconfigurabilité et Flexibilité

EIMaraghy (H.EIMaraghy, 2006) a détaillé la concapt les caractéristiques et les
avantages potentiels du RMS. Elle compare parérerinent les RMS avec les FMS.
Selon elle, les RMS sont congus au départ pouthangement rapide de structure et
d’'informatique. D'autre part FMS est un systemelasumachines sont capables de
réaliser des opérations en simultanée. C.a.d. S Bont concus avec une flexibilité
particuliéere et FMS sont congus avec une flexibitignérale. Donc les RMS sont
positionnés entre les DML et FMS par rapport lxibidité et la capacité comme
montré en Figure 4 (Hu, 2005).

1.4. Technologies du RMS

Les verrous technologiques ou problématiques l@ééés conception et a la mise en
ceuvre d’'un RMS sont :

» la conception globale du systéme reconfigurable,
« la conception de chaque machine reconfigurable,
e la conception de la partie commande,

« la validation et les réglages.

Dans nos travaux, nous nous concentrons sur lesctaspechnologiques d'un
RMS. lIs sont les facteurs qui sont directemers $ida qualité et au colt des entités
qui sont exigées pour une famille de produit.

La partie commune pour les systemes existants. sgsteme dédié et systeme
flexible est 'usage de matériel et logiciel fixéessentiel du paradigme RMS est une
approche de reconfiguration fondée sur la concepliio systéme qui repose sur la
conception de l'architecture qui est ouverte et ohaide. Pour répondre aux
exigences, les modules et les interfaces doiveatsgéigneusement définis. Quelques
points importants dans le domaine du RMS (Wen®fi)5) sont enumerés dessous :

* globalite,

* mobilité,

» scalabilite,

e modularité,

» compatibilité.

1.5. Caractéristiques clé du RMS

Le RMS doit étre congu en intégrant le concepteabmmfigurabilité. A ce jour, les
concepts de reconfigurabilité sont établis par msemble de 6 principes (Koren et
Ulsoy, 2002 ; Spicer et al, 2002) :
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* la « modularité »est la faculté de regroupement des fonctions éssyrar des
composants du systeme (logiciel et matériels) deorfaqu’ils soient
interchangeables (Koren et al, 1999). Le type deules de base définit la
granularité du systeme,

* '« intégrabilité » est la faculté d'intégration rapide des modulesstitutifs
du systeme par un ensemble d’interfaces mécanigeespnnectiques pour la
gestion et commande des informations,

» La « convertibilité »est la faculté de transformation de la fonctioité@adu
systeme, des machines et de la commande existhntslea s’adapter aux
nouveaux besoins de production,

* L'« extensibilité »est la faculté d’ajustement a la capacité de priolu du
systeme en le reconfigurant au co(t minimal, emimimum de temps et pour
une large gamme de capacités;

bY

* La « personnalisation »est la faculté d'adaptation a une flexibilité
personnalisée (juste nécessaire au bon momentysiense et des machines
pour répondre a de nouvelles spécifications d'aneilfe de produits;

* La « diagnosabilité »est la faculté a identifier automatiquement I'@airant
du systeme et de la commande afin de détecter quiesde diagnostiquer les
sources de défaillances en vue de les corrigedeapnt.

Modularité, interchangeabilité, et diagonasabilitéduit le temps de
reconfiguration et la personnalisation et convéitib réduit le colt de la
reconfiguration.

1.6. Conception de la machine outil reconfigurable (RMT)

Généralement, les approches de conception des RNk&nt une bibliotheque de
modules d’usinage. La conception de RMT doit éasdle sur les deux approches:

e Conception modulaire : C’est un facteur clé dedaception d’'une RMT. II
permet a la machine d’étre reconfigurée par sinapet ou enlevement des
modules. La RMT doit étre capable de satisfaireblesoins de mouvements
spécifiques et d’assurer les tolérances. Landeasdérs, 2006) a proposé une
méthodologie pour déterminer les besoins cinémesiqutomatiquement.

* Conception de systeme d’information et de contr@@®mme la bibliothéque
des modules, les composants de controleurs infayues sont stockés pour
les futures conceptions.

1.7. RMTs existantes

Plusieurs contributions importantes dans le domeaeecherche pour la conception
de RMT sont identifiées.

1.7.1 SHIVA

SHIVA est la premiére tentative de RMT initié paar@® et Martin (Garro, 1992;
Garro et Martin, 1993). Ces travaux présententraé@thodologie de conception de la
partie opérative de machines-outils en ayant igtégr niveau de reconfigurabilité de
maniere implicite.



Résumé étendu en Francais

Ces travaux se positionnent au niveau de la coiocegtéléments physiques des
systémes de fabrication de produit. Dans ce cadrent proposé une méthode de
conception applicable aux machines outils, baséees concepts de modularité afin
de parvenir a une réelle intégration de la padmmande.

La synthese structurale de SHIVA est constituéa djtand nombre de broches
qui réalisent des opérations d’'usinage sur uneepii@e. Les broches travaillent de
maniere séquentielle ou simultanée. La démarchepdeification permet, a partir
d'un cahier des charges décrit en termes d'entifé@sinage, de rechercher des
solutions d’architectures fonctionnelles des maesvoutils. Garro (Garro, 1992) a
proposé un formalisme mathématique basé sur lguegiemporelle dans I'objectif de
traduire les concepts de simultanéité et/ou d’ondocement des opérations
d’'usinage.

D’autre part, Garro (Garro, 1992) a utilisé le ogpicde broche-multiple pouvant
réaliser plusieurs opérations en méme temps maiprike en compte de la
problématique de mise et maintien en position deses n'est pas éteé traité. Les
contraintes de génération des processus ont éifiedéftelles qu'elles évitent
I'explosion combinatoire.

1.7.2 Arch-Type RMS

En 1996, a I'Université du Michigan, le laboratdii®@C/RmS (Engineering Research
Centre of Reconfigurable Machining Systems) congod& RMT Eigure 7.

Moon dans son travail (Moon, 2000) propose une auithde conception de
RMT. Il a traité la génération de RMT a broche weiget multiple. Les informations
d’entrée nécessaires sont classiquement le typmadériaux, les géométries et les
tolérances des pieces constituant la famille delyptaainsi que les conditions de
production (cadence, cycles...) et la gamme d’usinage

La spécificité de son travail réside pour la forisetion des mouvements via une
représentation par vecteur dual pour la modélisagi@ométrique et cinématique de
corps rigides en déplacements finis. Il propose tem@ésentation par symboles
graphiques des connections (interfaces) en vueédfiairdles différentes solutions
d’architectures.

Enfin, il a développé des outils permettant derdéfconcevoir et valider une (RMT).
Le projet (Moon et Kota, 2002) se décompose en :

» Définition géométrique des modules ;
« Evaluation de la précision de la machine-outil ;
* Modélisation du comportement dynamique des modidas ADAMS ;
* Développement de nouveaux modules pour le RMT.
L’applicabilité est discutées en détail en chagstre
1.7.3 METEOR 2010

Le projet allemand « METEOR 2010 » consiste a stadiger les composants des
Machines Outils Reconfigurables qui intervienneots|de la constitution d’une
machine outil multi technique. Ce travail apports déponses sur les principes de
modularité, d’intégrabilité, convertibilité et exrtbilité pour les machines-outils
reconfigurables
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Le projet consiste a développer le principe denmBgorabilité par la modularité
et 'adaptabilité des modules de machine outilsi@da 'usinage. Les modules de
cette Machine-outil Reconfigurable doivent respecten co(t minimum ; une
réduction des temps d’indisponibilité (pannes, ddgtion, mise en course...); une
capacité de reéaliser des opérations de tournagesafe, de percage.... La
standardisation des interfaces (mécanique, éleetrigydraulique, pneumatique...)
est un enjeu majeur de ce type de machine.

1.7.4 Approche de configuration structurale de la machine
outil

Shakaba et EIMaraghgnt travaillé sur la génération des configuratidaga machine
outil reconfigurable (Shakaba, 2007). Ce travail & niveau opérationnel. Les
entrées sont les caractéristiques dimensionnajisniétriques et les directions des
outils des opérations nécessaires a réaliser peuaritités.

Pour la génération des configurations cinématigieeisbleau de précédence entre
les opérations d’usinage est considéré comme @entf&ette approche regroupe les
opérations comme « Operation Clusters ». Les sosimt les configurations de la
machine outil, ensemble des modules, les axes des/aments minimaux et les
angles de rotation pour chaque cluster. Une ititistin de I'approche est donnée en
Figure 8.

1.8. Bilan

Le nouveau paradigme de RMS est un important avaecedans le domaine des
systémes de production. Ces travaux sont définseaude la communauté du CIRP
(College International pour la Recherche en Praquet International Academy for
Production Engineering) et NSF (National scienasmétation USA).

Les tendances actuelles vont vers [l'opérationrtgdisades principes de
reconfigurablité (modularité, intégrabilité, contieitité, extensibilite,
personnalisation, diagnosticabilité).

La modularité et I'intégrabilité sont généralemehtenues par construction, et les
solutions portent essentiellement sur la prédéimit’un axe (translation, rotation)
ou les interfaces de chaque module sont détermpeiredes liaisons d’encastrement
démontables avec le bati. Les travaux de Garror¢Ga092) est un des premiers a
penser a la reconfigurabilité dans le systeme dwickion en introduisant la
modularité. (Koren et Ulsoy, 2002) pose les priesigt engage des travaux dans le
cadre des RMS.

En bilan, la conception des Systemes Manufactui®esonfigurable ou des
Machines-outils Reconfigurables est un support stiiel ou s’exprime divers
domaines scientifiques (de la mécanique a l'autmumef en passant pas les
problématiques d’organisation...). Au travers laéliditure, nous avons observé que
les méthodologies sont peu développées. Nous avbssrvé qu’il y a un besoin
d’'une méthodologie qui traite la partie processusaepartie structurale en méme
temps.
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2. Chapitre 2 : Formalisation et structuration dup  rocessus de
conception d’'un RMS

La conception d'un systeme de fabrication peut é&omsidérée comme une

cartographie des exigences de performance d'ueregstie fabrication (valeurs des
variables décisionnelles), qui décrivent le fonmtiement d'un systéeme de fabrication
(Figure 10). Ainsi, la conception d’'un systeme dbrication est considérée comme
une activité cyclique ayant: la définition des atifs du systéme ; I'élaboration

détaillée des contraintes du systeme et la misewrre de la conception.

La conception peut étre définie commd’interaction entre ce que nous voulons
réaliser et comment nous voulons le réaliseiPar conséquent, une approche de
conception doit commencer par une déclaration eixplide «ce que nous voulons
atteindre », puis une description claire de « contmeus allons le réaliser» peut étre
effectuée. Les méthodes et outils pour la concepli® systéemes de fabrication se
répartissent en trois grandes catégories: rechemérationnelle; intelligence
artificielle et simulation (Chryssolouris, 1992)).ekiste de nombreuses approches de
conception qui sont suivie par les concepteurs f@suproblémes d'ingénierie. Il s'agit
notamment de Théorie de la résolution des problémeamtifs (TRIZ) (Altshuller,
1997), Axiomatic Design (AD) (Suh, 2001), fonctie@emportement-Structure
(FBS) (Gero, 1990) ... Ces approches de modélisaiade méthodes d'analyse ont
éte déeveloppées afin de clarifier la conceptiosydteémes complexes.

Afin d’'assurer la mise en relation des objectif@wdlution issus de la stratégie
concurrentielle et les besoins d’évolution du systephysique de production, le
laboratoire « Production System Design » (PSD) duTM applique l'axiomatic
design (Suh, 1990) pour construire un modeéle foncel des relations entre les
besoins fonctionnels issus de la stratégie « leanufacturing » et les moyens pour
satisfaire ces besoins (Cochran, 2000). L’'axiomal&sign distingue le niveau
stratégique caractérisé par les besoins fonctisretdes moyens de les satisfaire et le
niveau physique qui représente le modele du systgmd’'on étudie. Cependant le
modéle développé par le MSDD/PSD est incompleteffet, ce modele ne propose
pas d’'interface pour permettre le lien entre leeaiv stratégique et le niveau physique;
il propose des interfaces entre les besoins fomeéls du processus de conception et
les activités de conception du systéme physiquaaduction.

Notre objectif de conception du systeme de prodacteconfigurable (RMS) nous
conduit a des questions tres importantes pourdeies nous trouveront les réponses
dans le cadre de notre projet. lls sont:

« Comment formaliser et structurer les processus aeception pour la
conception d'un RMS?

« Comment formaliser le lien entre les besoins famtels et les éléments
physiques de RMS?

« Comment évaluer une solution de conception et fi@idées indicateurs de
performance mesurables?

Nous proposons un cadre qui aide les conceptewsgstiémes reconfigurables dans la
structuration du processus de conception. Il esé Isar les exigences fonctionnelles
de la famille de produit sélectionnée, la strudtarades connaissances nécessaires au
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cours du processus de conception et a définitienatliéeres d'évaluation pour des
systémes de fabrication. L'application de la « HoneBehavior-Structure (FBS) »

permettra la définition des caractéristiques famielles a un niveau d'abstraction
adapté, la prise de décision et I'évaluation.

2.1. Approches de conception

La conception d'un systeme de fabrication posséde ensemble d'objectifs
stratégiques qui implique de prendre une sérieédesibns complexes. La conception
d'un systeme de fabrication inclut: la prise degsigns concernant les équipements,
les caractéristiques, les matériels et leur infdiona Un systeme de fabrication peut
étre décrit comme un ordonnancement des opérateasmachines-outils et des
personnes. Le processus de conception peut étiai d&fmme un processus
décisionnel hiérarchique. Seules les approches MBS - sources de nos réflexions
sont détaillées.

2.1.1. Axiomatic Design

Axiomatic design est une théorie de la conceptimp@sée par Nam SUH dans les
années 90 (Suh, 2001). Cette théorie est basdesscorrélations entre « ce que nous
voulons réaliser-QUOI ? » et «la fagcon dont noaslens le réaliser- COMMENT
? ». Les principes d’AD sont la propagation systégna des FRs aux différentes
facettes de la conception d'un systéme. Cette pabipm est appropriée a la
conception des systemes de fabrication. Cette ithéepose sur la définition de 4
domaines, 2 axiomes, 26 théorémes et corollaireseformalisation matricielle des
corrélations. Les 4 domaines (Figure 11) sont :

 Le domaine client qui est composé de ‘Customerititts (CA)' et qui
représente les besoins du client.

* Le domaine fonctionnel qui est composé de ‘Funetidequirements (FRS)’
et qui représente les Fonctions attendues du grodwu systeme.

* Le domaine physique qui est composé de ‘Designnigteas (DP)’ et qui
représente les solutions techniques réalisanfFIRs

* Le domaine processus qui est composé de ‘Procesablés (PV)' et qui
représente les opérations de fabrication des sakitechniques.

Les axiomes sont :

« Le premier axiom s’appelle “Independence axiom” guadique que
I'indépendance des FRs doit étre gardée.

* Le deuxieme s’appelle ‘Information axiom’ qui défifiobjectif : minimiser
les informations de la conception.

Parmi tous, il a deux domaines principaux, le domdonctionnel et le domaine
physique. La matrice de conception permet de reptés les corrélations entre les
parametres de deux domaines conseécutifs.

{FR} = [A] {DP}
Aj =0 FRi /0DPj : Sensibilité de la FRi par rapport au DPj
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Cette matrice permet de caractériser le type deemiion. Dépendant du type de
matrice, la conception peut étre classifiée commeodplées, quasi découplées ou
couplée.

De plus, les parametres sont structurés d’'une m&ahiérarchique et arborescente
(décomposition) a l'intérieur de chaque domaine. SNH propose un processus de
conception en Zigzag. Nous pouvons remarquer qu@sitic Design est une théorie
ou un objectif cible mais les solutions ne sont dues rarement totalement
découplées.

Dans nos travaux, nous avons déployé les princdA® pour effectuer la
définition des FRs et des DPs pour la conceptiom dystéme de la fabrication
reconfigurable. Les relations entre les deux dosmisont explicitées par la
construction des matrices de conception a chaqueani de décomposition. Une
analyse de chaque domaine de conception est faitefenissant et en décomposant
les facteurs principaux affectant son exécutioncaaception conceptuelle montrant
les chemins-dépendances de chaque besoin fondtighR) sur les différents
paramétres de conception (DP) est donnée.

2.1.2. Function-Behavior-Structure (FBS) approche

L’approche FBS (Gero 2002) est destinée a améllareonception de produits ou de
systémes. Michel Labrousse (Labrousse, 2004) aopéodes définitions génériques
de chaque classe. Aussi Hu (Hu et al, 2000) a idifimodele FBS comme une
approche de conception qui représente de manig@ieiex les fonctions du produit
ou du systéme (le probleme), la structure du ptqthusolution) et les comportements
internes du produit. Les objets sont considérésastitrois vues (fonctionnelle,
comportementale et structurelle) et sont supposésgr étre définis en passant
successivement d’'une vue a une autre. Le but pahae I'approche FBS est de
pouvoir représenter la conception d’'un systeme pouensemble de processus de
transitions distinctes. Dans I'approche FBS (Fidl2g le processus de conception est
divisé en huit étapes difféerentes par lesquelletecepteur transforme les fonctions
F en une description du systeme D. Ces étapes sont

» la formulation des fonctions (F) en des comportasiattendus (Be),

* la synthese des comportements attendus (Be) enguoaations structurales
(S).

» |'analyse de la structure (S) en observant ces ocdmpents réalisables (Bs),

e ['évaluation en comparant les comportements attendBe) et les
comportements réalisables (Bs),

* la documentation (D) des caractéristiques de l&sire,
e reformulation pour la structure (S),
e reformulation pour le comportement attendu (Be),
e reformulation pour les fonctions (F).
2.1.3. Conception axiomatique du systeme de la production

Pour la conception de systemes de fabrication,él@omiposition dans le domaine
fonctionnel et physique est la plus déployée (A91; Cochran et Reynal, 1996).

11



Résumé étendu en Francais

Pour atteindre les objectifs d'une entreprise,systemes de fabrication doivent étre
congus pour satisfaire a un ensemble précis d’egggefonctionnelles basées sur des
exigences du client et les contraintes de fabooafGarro et Martin, 1993). Les
travaux récents incluent :

Méthodologie de I'optimal sélection des modules (Ch en, 2005)

Les principes d’axiomatic design sont introduitsglaine méthode basée sur les
entités d’'usinage pour la sélection d'un ensempifienal de modules nécessaires pour
la construction d'une machine-outil reconfiguralujej est capable de produire une
famille de produit. Par optimal, il est signifiéela taille de I'ensemble sélectionné
est minimale, et, suffisante a la formation d'urechmne-outil reconfigurable. Ici, le
concept d’entité d'usinage est référé comme des, F&®wis que les modules
structuraux constitutifs de la machine-outil s@férés comme les DPs.

Dans la méthode de Chen, le succes de la concegdoRMT dépend de la
disponibilité d’'un ensemble de modules d’usinage.

Manufacturing system design decomposition (MSDD) et product
development system (PDS)

L’approche Axiomatic Design (AD) a été déployée iplauconception des systemes
de fabrication dans le cadre du Lean Manufacturkd/lanufacturing System Design
Decomposition » (MSDD) (Cochran 1996 ; Cochran 20@ur réaliser tous les

objectifs mentionnés ci-dessus, I'approche MSDDeggiloyée. L'objectif de MSDD

est d'améliorer le retour sur investissement (ROds principes d’Axiomatic design

sont employés dans MSDD. L'objectif est de décorapda paire de FR-DP de

niveau haut en les décomposant aux niveaux bagednremarquer la conservation
de la structure hiérarchique d’A.D et I'ajout d’'uhérarchie horizontale (dégrée
d’'importance). MSDD propose des sous domaines tlardre d’importance sont

qualité, résolution des problemes, rendement paéthc réduction de temps et
réduction de colt opérationnel (Figure 13).

Afin d’'assurer la mise en relation des objectiféwdblution issus de la stratégie
concurrentielle et les besoins d’évolution du systephysique de production, le
laboratoire « Production System Design » (PSD) duTM applique l'axiomatic
design pour construire un modele fonctionnel deatioms entre les besoins
fonctionnels issus de la stratégie « lean manufiagfw et les moyens pour satisfaire
ces besoins. MSDD distingue le niveau stratégiqamactérisé par les besoins
fonctionnels et les moyens de les satisfaire etiteau physique qui représente le
modele du systeme que I'on étudie.

PDS est une extension du MSDD visant a donner ymardique a l'aspect
statique des paires FR-DP. Cette approche prendofeeption du systeme de
fabrication a un niveau dynamique. Dans le domde®eressources, les dépendances
sont employées pour développer une méthodolodiiltdaion d'investissement et de
ressource.

Le PDS s’applique a la conception de systeme dangowlité. C'est une
conception quasi découplé. La Figure 14 montrbustie clairement I'importance des
dépendances dans la conception de systeme deafiédoricDans I'environnement de
ressource minimal, les dépendances sont employémsg plévelopper une
méthodologie de l'allocation d'investissement et rdssource. Le PDS analyse
comment l'investissement dans un DP aidera a e¢aliee FR.
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2.2. Cadre de conception pour un RMS utilisant 'ap  proche
AD et FBS avec le domaine de performance intégrée

Cependant le modéle développé par le MSDD/PSInestiplet. En effet, ce modéle
ne propose pas d’interface pour permettre le lieineele niveau stratégique et le
niveau physique ; il propose des interfaces eegéesoins fonctionnels du processus
de conception et les activités de conception duésys physique de production.
L’approche MSDD vise a analyser comment linvestissnt dans un DP aide a
réaliser une FR (Cochran 2003). Il est important rdmarquer que dans cette
approche, les DPs sont les activités qui effectdantéfinition de la solution
physique. Par conséquent, un DP est une activgétée pour réaliser I'objectif de la

conception, mais pas la conception elle-méme.

Nous avons observé quelques manques en applidapptdche axiomatique pour
la conception d’'un RMS : le lien entre le nivearatggique (trés développé dans le
Lean Manufacturing) et les solutions physiques, letnotion de mesure de
performance.

* Premiérement, nous nous intéressons a la consinudés relations entre les
besoins fonctionnels du RMS et les éléments phgsiglu RMS. Les (FRSs)
sont décomposées et classifiées en termes de duétdm la famille de
produit », « capabilités » (qualité, caractéristisjgeéométriques, précision...),
« temps » et « colt ». Donc la FR est une fonadioRMS et un DP est défini
comme un élément du RMS.

« Deuxiémement, la notion de mesure de performanest pas incluse, c’est-a-
dire, on ne sait pas si le DP défini a complétensatisfait la FR sélectionnée
ou non. Pour surmonter ce manque, on propose uiveaaudomaine
d’indicateur de performance (Pl) intégré dans fappe de conception. lls
sont associés aux FRs du RMS et aux DPs du pracdestonception. lls sont
évalués a partir des DPs du RMS. La définitiondiiateurs de performances
est rendue nécessaire afin d'évaluer les solugatre elles, ou par rapport a
des performances attendues pour effectuer des ,clnoés aussi par la
nécessité d’'évaluer la pertinence d’'une activitéaeeption.

2.2.1. Processus de Conception

Notre approche est basée sur les principes d'ADnmorie PDS. Les indicateurs
comme la famille de produit, la qualité, le déla production et le colt sont les
criteres essentiels pour le systeme de fabricatier. exemple, dans le cadre
d’axiomatic design pour la conception d’'un RMT, wes FRs est ke systeme de

fabrication doit étre capable de fabriquer tous eduits de la famille de produit »,

le DP correspondant estl.'architecture du systéme de fabrication ».

Dans le cadre du déploiement d’Axiomatic Designrdawconception du systeme
physique du RMS, le passage des FRs aux DPs eslifattement et il n’y pas la
définition des processus de fabrication nécessaragant la transition des FRs aux
solutions de RMS. Le passage des fonctions du RM®naarchitecture nécessite la
définition des processus de fabrication. Pour reeméd ce manque, nous nous
sommes intéresseés a I'approche FBS.
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2.2.2.Intégration de l'approche FBS pour la conception du
RMS

Les trois composants principaux de l'approche définis (Gero, 1998) comme :

Fonction :Elles sont les buts de la conception. « Les fonetidécrivent de

maniére abstraite les finalités d’un objet (prouassgroduit ou ressource). Les
fonctions de service sont formulées indépendamnuenttoute solution
particuliére (en particulier de tout choix de stuwe), alors que les fonctions
techniques sont tributaires d’un choix de solutiofLabrousse, 2004)

Comportementslis sont les attributs dérivables de la structurgrévus de la
structure. « Le comportement décrit la dynamiquendobjet. Il peut
comprendre un ensemble de lois et de regles (modeélatinus) ainsi qu’une
suite séquentielle d'états (modeéles discrets) sgmt@nt I'évolution d’une
structure suite a une excitation (ou stimulatiamkaurs d’un processus donné.
» (Labrousse, 2004)

Structure :« Elle permet de spécifier les éléments qui compb$objet
modélisé ainsi que les attributs de ces éléme(itabrousse, 2004)

Nous avons utilisé les notions de cette approcher pa conception d’'un
RMS/RMT. Nous avons proposé la formalisation duwcpssus de conception du RMS
via FBS (Figure 17) (Bagai et al, 2008). Une pracédd’application de l'approche
FBS a été étudiée pour la conception d'une madahutiereconfigurable a partir de la
définition d’'un groupe de piéces. La notion d'irateur de performance (Pls) a été
intégrée dans l'approche. Il utilise le conceptnadesure de la différence dans la
performance désirée /attendue et la performandie e systéeme développé comme
proposeé par I'approche (Gero, 1990).

L'utilisation de l'approche de FBS nécessite I'éute comment représenter et
modéliser les 3 composants principaux dans le eak d@onception d'un RMS ou
d’'une RMT:

Pour la conception d’'une machine-outil reconfigleabu d’'un systeme de
fabrication reconfigurable, les fonctions sont lests ou les possibilités
prévues. Une partie de ces fonctions est basédesgroupe de piéces a
réaliser.

Le comportement (Behaviour) décrit la dynamiquenddbjet. Dans notre cas,
il s’agit principalement des processus que la nmecloiu le systéme doit étre
capable de faire. Ceci dépend des opérations dgesiexigées pour realiser
complétement le groupe de pieces pour lequel la RMTe RMS est congu.

Ainsi le comportement est représenté en définisgaghumérant toutes

opérations exigées, leurs conditions d'antérionggrés de liberté exigés et
les directions probables d’usinage.

Enfin, une structure représente I'ensemble desienkiproposées. Elle peut
étre représentée par un ensemble de configuratmmobables de la
RMT/RMS.

De plus, il est possible d’intégrer une distincterire le Comportement attendu et
le Comportement réalisé. Cette distinction entrecéenportement attendu et le
comportement réel (Structural) est proposée pao Géero 1990). Le comportement
attendu découle des fonctions. Il est essentietér@etraduction et la spécification
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des fonctions. Le comportement réel découle délatsire et il est donc entierement
dépendant des choix de solution. Le but d’'un prmeesle conception est de les faire
coincider autant que possible et de les ajustagc@ssaire. Dans le modele original de
FBS proposé par GERO, le comportement attendu ebmeportement réalisable
(structural) sont comparés. Mais dans notre cgsgsede la conception d'un RMS ou
d'une RMT, la comparaison des processus de falmmncattendus et réalisables peut
étre trés subjective. Par conséquent « comparévadtier » sera effectué au niveau
fonction. En effet, les fonctions sont relativex @uoduits que doit fabriquer le RMS
ou la RMT, donc une comparaison peut étre faiteedet fonctions attendues et les
fonctions réalisables, c’est-a-dire entre les pitsdiabriqués attendus et les produits
fabricables par le RMS ou la RMT. Dans un prem@&ngds, nous nous sommes
restreints aux indicateurs mesurant ['efficacité sultent de la comparaison entre
les fonctions réalisables (qui sont représentaliés résultats) et les fonctions
attendues (qui résultent des objectifs ou des i@ms).

L’application de I'approche FBS peut étre diviséedeux étapes (Figure 19): une
phase de génération et une phase d’évaluation.

2.2.3. Intégration de domaine de performance

La définition des indicateurs de performance (k) nécessaire afin d’évaluer les
solutions par rapport la performance attendus [faite des choix. Les Pls créent un
lien entre MSDD/PDS et I'approche FBS (Figure 20).

2.3. Cadre de conception

Basé sur les principes axiomatiques, un cadrerdosle domaine de performance en
termes des Pls défini pour les FRs données, aéseappé Figure 23. Pour chaque
besoin fonctionnel (FR), son Design parametre (Déttivité de conception)
correspondant est défini et apres un Pl est séteddi Les FR, DP et Pl au plus haut
niveau sont :

FR1= Le systeme doit étre capable a réalisé undlléame produit, pour les
contraintes données

DP1= Systeme de production reconfigurable (RMS)
PI1 = L’agrégation des performances en termes m¥éte de la famille de produit...

La construction des matrices de conception est fddt la maniere similaire que
MSDD et PDS.:

{FR dermg = [B] {P! dermg (2)
{Pl de RM§ = [C] {DP de processus de conception/acti\}ltés (3)

La relation entre la conception du RMS et les @#ésvde conception avec une
notion supplémentaire de PI est illustrée en Fi@ireLes Pls permettent de mesurer
I'efficacité des activités de conception et la pemce des solutions. lls sont définis a
partir de fonctions du systeme (FRs du systemeralduption) et évalués a partir des
solutions du systéme (DPs du systeme de production)

Ainsi, nous avons propose le déploiement d’Axiom&tesign pour la conception
du systeme physique du RMS (Baqgai et al, 2007ynetiomaine supplémentaire :
Indicateur de performance qui permet de fairede Bntre les activités de conception
et les solutions physiques. Ces indicateurs deopednces font le lien entre les
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travaux sur MSDD/PSD et nos travaux sur le déplernd’'une approche pour la
conception d’'un systéme physique de productionufiei@1).

La conception du RMS basée sur I'approche FBS s#eedeux transitions, du
domaine fonctionnel au domaine processus et du ide@marocessus au domaine
structural. Nous avons divisé le processus de guioceen 5 étapes :

» Activité Al : Définition de fonctions exigées,

* Activité A2: Génération de liste des opérationsusihage et relation
d’antériorité,

» Activité A3 : Génération des gammes et des condijoins cinématiques,
» Activité A4 : Evaluation des solutions,
» Activité A5 : Sélection.

Le processus de conception dans le cadre propesfgpde prendre en compte
les processus de fabrication comme le comportethesysteme.

2.4. L'ontologie de fabrication MASON — Support du
processus de conception

L'objectif de ce travail est de définir un cadre aception et la définition d’'un

formalisme des connaissances appropriées pour aitleprise de décision. La base
de connaissance pour supporter le processus desm@nt (transition entre les

Functions, Behaviors, Structures) peut étre stracpar I'ontologie de fabrication

MASON. Les ontologies sont utilisées comme une &rde représentation des
connaissances.

MASON a été développé a 'lENSAM en LGIPM en Protéydrant son projet de
fin d”etudes (Litzler, 2004), Mr Litzler a spé@fies grandes lignes de 'ontologie, en
particulier l'arborescence initiale en Entités, @péns et Ressources. Une
correspondance peut étre établie avec la décongosie P. Martin du concept de
production en produit/procédé/ressource. La Fiddfemontre les principaux sous-
concepts attachés a ces trois concepts princi@angi, que les principales relations
qui relient entre eux les concepts. Ce schémaratnit cependant qu’un petit sous-
ensemble de I'ontologie compléte qui contient di#ueent autour de 270 concepts et
50 relations.

Dans notre travail, MASON est un support a l'atéide conception. Il fournit des
relations sémantiques entre les concepts et ldsapaes. Toutefois, il ne fournit pas
de relations opérationnelles. Nous avons montréofapatibilitt de MASON avec
notre cadre.

2.5. Conclusion

Dans ce chapitre, nous nous sommes focalisé sigvieloppement du cadre pour la
conception du RMS et en particuliere:

e Un domaine de performance est développé et intélgnés I'approche
axiomatique,

* Pour formaliser et évaluer des solutions, I'appeoétBS a été adaptee et
déployeée,
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Nous avons montrée la compatibilité de I'ontolodee fabrication MASON a ce
cadre de conception du RMS. La conception est s@alien deux étapes;
génération/conception et synthése des solutionpremiere phase ; évaluation et
sélection des solutions en deuxieme phase.

Chapitre 3 se focalise sur la transition du domaioectionnel a la solution
structurelle. Les transitions sont réalisées paalgarithme. Le chapitre 4 concerne a
I’évaluation des solutions par rapport la qualiiésthage baseé sur les tolérances.
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3. Chapitre 3 : F-B-S transition : Génération des g ammes de
fabrication et configuration architectural du syste me de
production

L’objectif de ce chapitre est de présenter une otilogie générique pour la
conception de systeme reconfigurable qui est bsmgéle cadre présenté en chapitre 2.
Cette méthodologie inclut I'exploration de I'espalas solutions par la génération des
gammes de fabrication avec ses configurations @tigues. L'approche de
conception est globalement basée sur I'approche [Haftire 28, Chapitre 3). Pour
une famille de produit ou un groupe des pieceselgges sont définies sous forme
des fonctions. Les sorties sont définies en tereedlructures et de comportements
du systeme. Dans ce chapitre, nous proposons poage a la question : « Comment
maitriser les transitions entre les trois domapr@scipaux ? ».

La section 3.1 explique en détail les méthodologiesonceptions existantes et
leur applicabilité par rapport a la conception dBRMS. Dans la section 3.2, les
activités pour la conception du RMS sont discutdess sections 3.3 et 3.4 se
focalisent sur l'algorithme de génération des gasdiasinage et des configurations
cinématiques. Une discussion sur les résultatshabtet la conclusion sont présentées
en derniére.

3.1. Méthodes de Conception

Les RMS ou RMT sont congus afin de réaliser cegmientités d’'usinage. RMT est
construit avec des modules d’'usinage pour réaleservariantes d’'une famille de
produit particuliere (Katz, 2007). Les RMS sont gases de RMTs qui ont une
configuration spécifique pour un ensemble d’opéretid’usinage.

3.1.1. Détermination des Configurations Cinématiques

La méthode de conception de machines-outils regordbles (RMT) proposée par
(Moon et Kota, 2002 (a); Moon et Kota, 2002 (bjjoenme entrées: un ensemble des
exigences fonctionnelles et un ensemble des gammiés génére un ensemble de
configurations cinématiques d'une RMT. Une RMT auume famille de
caractéristiques d'usinage. Comme montrée danse-RfY la synthese d’'une RMT
commence par l'expression des besoins d'usinagelest informations sur la
configuration actuelle. Dans le cas d'une nouveiechine, il n'y aura pas
d'information sur la configuration actuelle. Lesigexces et regles d’'usinage
permettent le contr6le de la conception de cetteTRBelon Moon, au cours du
processus de conception, un concepteur ou I'églépmnception va faire les étapes
suivantes:

» Interpréter les exigences et identifier les donm&eessaires de la gamme.
» Sélectionner la référence de la machine a l'aideade de données.

e Construire la fonction-structure graphe en utilidas besoins de mouvements
et de la référence choisie.

« Compléter le graphe des connexions par la rechelehienodules disponibles.

» Finaliser la solution graphique par intégrant ladkion-structure graphe dans
le graphe des connexions.

Une synthése de I'approche est proposée en Fi§ure 2
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"Li Chen et al" (Chen, 2005) ont présenté une nuhfondée sur 'ensemble des
modules optimale (minimum et suffisant) nécessairks constitution d'une machine-
outil reconfigurables pour la production d'une filende produit. Cette méthode de
conception d'un RMT repose sur une série de modigesnibles.

Récemment, Shakaba et EIMaraghy (Shakaba, 2007 proposé une méthode
pour la génération des configurations cinématicheste sur les entités d’usinage.
L’approche integre la sélection des machines etdé@&ermination de leurs
configurations.

De la discussion ci-dessus, nous pouvons concligdes approches classiques de
génération des configurations d’'une RMT integredrigences fonctionnelles et un
ensemble de gammes comme entrées. De plus, eligesnexune bibliotheque de
modules contenant un ensemble de modules qui peétrenassociés aux différentes
opérations d'usinage. Ainsi la génération dun mbée de configurations
cinématiques viables est réalisée (Lenders eDall 2 Le processus conventionnel de
génération de configurations structurelles est néoerh Figure 30.

En synthése, la majorité des approches de conoem#s configurations
cinématiques d’'un RMS ou d’'une RMT de la littératse focalisent sur le passage :
processus d’'usinage a configuration cinématiquegsaire. Nous notons que l'une
des entrées de ces approches est le processusagesi

3.1.2. Génération des gammes

Les gammes d’usinage sont le lien entre les engé&snétriques des piéces et les
configurations cinématiques de la RMS (EIMaragh909. La conception du
processus de fabrication de piéces usinées eskoresdt clé du dialogue entre les
concepteurs et les fabricants d'un produit. Darite agptique, un outil d'aide a la
conception automatique des gammes devient un lmaispensable entre la
Conception Assistée par Ordinateur et la Fabrinafissistée par Ordinateur. Un des
points essentiels du développement d'une telleepals repose sur la capitalisation et
la structuration des connaissances métiers du @@ en lien avec les définitions
fonctionnelles du produit et les capabilités deyens de production (Halevi, 1992).

Automatiser les gammes de fabrication revient apremdre et a généraliser les
mécanismes permettant I'élaboration des gammesgotirer un certain nombre de
concepts et principes. Un systeme d’aide a la qiimwede gammes doit permettre a
I'expert de générer rapidement un ensemble de gantewhnologiquement viables,
parmi lesquelles il peut choisir et approfondir gesblemes spécifiques.

Le processus de détermination des séquences diopéra’usinage a partir des
spécifications de la piéce est appelé la généralioprocessus d’usinage (Tollenaere,
1998 ; El Wakil, 1989 and Wang, 1991).

Les approches de génération de processus repogeriess deux principaux
raisonnements qu’'emprunte un expert gemmiste lerdadcréation d’'une gamme
d’'usinage : le raisonnement par analogie et leonmisment purement génératif. La
Figure 31, basée en partie sur les travaux de (GANMZOO ; Villeneuve, 1992)
propose une synthese de ces approches et outils.

Variante : L'approche par variante repose sur ce premigg tie raisonnement de
I'expert. L'ensemble des piéces déja réalisées dlangreprise sont classées selon
leur morphologie, leur gamme d’usinage (gamme tgpeenveloppe) et d’autres
caractéristiques intrinseques jugées pertinentesdistriminantes. Lors de la
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réalisation d’'une nouvelle piéce, il est alors gaesde retrouver I'ensemble des cas
semblables et donc de sélectionner les gammesspomnrdantes (Anselmetti, 1994 ;
Chang, 1985). Cependant 'emploi d’'une telle méthoécessite une capitalisation
tres importante de I'ensemble des savoir fairéatdreprise qui s'’accompagne de son
lot de difficultés : pérennité des gammes et sohditechniques utilisées, manque de
flexibilité (en effet, il est impossible d’ajustane gamme si la piéce a traiter differe
localement des références codées) (Bernard, 2008}te approche, bien que
nécessitant une durée de capitalisation de coramaiss importantes, est efficace dans
le traitement des gammes types.

Générative: A cette approche par variante s’'oppose I'appragh®erative. Cette
derniere consiste non pas a modifier ou retrounergamme déja créée mais plutot a
en concevoir une nouvelle dés qu’une piéce estléseé. Ce ne sont plus le probléme
et sa solution qui sont capitalisés (la piéce &seraet sa gamme) mais la démarche
permettant de passer de I'un a l'autre.

Certaines solutions de génération de processusepeudtre citées comme
exemple :

» La génération reposant sur des outils de l'inteflice artificielle, comme par
exemple PROPEL (Brissaud, 1992) ou PART (Van Hgut889).

* La génération par processus type qui associe dentie d'usinage donnée
plusieurs processus entierement décrits. Puis diebke des processus
sélectionnés est ordonné (Park, 2003 ; ElImarag83)1

» Les approches basées sur le concept de la Géméfastibendante de Processus
(GAP), qui proposent de générer la gamme d’'usinegegénérant les
différents états de la piece allant de son étatl fnson état brut, au fil des
opérations d’'usinage (Villeneuve, 1990).

Systeme expert

Le premier systeme expert GARI, a été développé enannées 1980s. Il était dédié
pour la génération de la gamme (Descotte, 1981 Eamprendre le fonctionnement
d’'un tel outil, il est nécessaire d’en détailles leomposants et leurs roles. Les
systemes experts sont constitués de deux princiglgaxents.

* Une base de connaissanceg&lle est constituée de deux sous ensembles :

0 La base de faits : Cette base de faits est la ménua travail du
systeme expert. Elle contient 'ensemble des vhgalitilisées, les
réponses de l'utilisateur aux questions poséed'patil et les faits
déduits par le moteur d’inférence.

o La base de régles : C'est elle qui capitalise leoisafaire et les
connaissances de I'expert. Ces régles sont foréeslide la sorte : Si
<condition(s)> Alors <conclusion(s)> ou la concbrsidevient un
nouveau fait qui est ajouté a la base de faits.

* Moteur d'inférence : Le moteur d’inférence est avant tout un dispiosit
permettant d’inférer de nouvelles connaissanceartir ple sa propre base de
faits. C’est cette partie qui réalise concrétentendisonnement.
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Propagation par contraintes (PPC)

L’approche par programmation par contraintes esetonde approche analysée pour
la génération de processus. Elle est intéressartelle est proche du travail des
concepteurs, qui doivent trouver une solution respg un nombre important de

contraintes, exigences et normes. Nous nous sortugiegiement intéressés a cette
approche pour la génération de processus ou phatdt la sélection de processus
viables considérant un ensemble de contraintes.

La Programmation Par Contrainte (ou PPC), biemmparue dans les années 70
(Waltz, 1972), n'a réellement émergée qu'a pamris dnnées 90. A la différence du
calcul formel qui propose de transformer les contes (usuellement sous la forme
d’'inéquations et équations) afin d’obtenir formelknt les valeurs des variables, la
PPC agit non pas sur les contraintes mais opéererémgction du domaine de
définition des variables.

Un probléme de satisfaction de contraintes fartespondre a un ensemble de
variables appartenant a un domaine de définitionensemble de contraintes qui
relient les variables entre elles. Une méthode rgrammation par contraintes se
définit par :

* Le domaine des variables. Celles-ci sont typédss geuvent étre : réelles,
symboliques, booléennes, rationnelles ou enserablist

* Le type de contraintes, qui peut étre comme pamel&numérique (équation
+ inéquations), booléen, ensembliste ou de typhgs.contraintes peuvent
également étre symboliques, algorithmiques ou fbsées sous la forme de
tableaux ou d’abaques.

Dans le cadre de ce travail nous avons appliqaeptoche PPC pour générer les
gammes d’'usinage. La PPC permet de recherchersttedesolutions c’est-a-dire de
les « énumérer ». Dans la méthode, une contraisteee toute généralité une
« relation » entre des variables mathématiqueste Qetlation peut étre de type
numerique, de typage, booléen ou symbolique. Unthadé de PPC se définit des
variables ou constants (entieres, réelles, ...) stcdatraintes (conditions, valeurs de
fonction...). La méthode procede en deux étapes-a‘ete réduction des intervalles
de définition de chaque variable et de propagaties contraintes sur les intervalles
de définition de chaque variable. Le logiciel Cairite Explorer (CE) (Zimmer et al,
2004) a été utilisé. Le logiciel CE explore et gsal les étendues des variables
définies et puis propage les contraintes donnéetorete un domaine de solution
réduit. Pour I'application de la PPC, les entitésvent étre réalisées par des
opérations d’usinage ; les contraintes relativeta &ompatibilité entre entité et
opération portent sur les directions, les dimersi¢es interactions topologiques, ...
La liste des opérations, des antériorités, dessadmbtés, des mouvements.... fait des
domaines a réduire. Une copie d’écran des solugehmontrée en Figure 32.

Suite a la mise en ceuvre de la transition F-B t@nt+ opérations), nous avons
conclu que l'outil de propagation des contraintesitpdifficilement automatiser la
transition B — S (opérations — configurations ciaégues). Les types et nombre de
variables décrivant les structures (configuratiocimematiques) ne sont pas fixes et
changent en fonction des valeurs des variablesvaétB (les opérations d’'usinage).
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Reconfigurable process plans (RPP)

L’approche RPP a été proposé par H.A. EIMaraghiMéehghy, 2006(a) ; Azab et
EIMaraghy, 2007(a)). Cette approche concerne lesnas de processus d’usinage
dues aux changements des besoins fonctionnels.

Deux criteres ont été utilisés dans le RPP. Touabald, le temps de
reconfiguration, qui n'ajoute aucune valeur, egiureau minimum afin d’atteindre a
une gamme qui minimise le niveau de reconfiguratideuxiémement, un indice de
gamme, qui mesure le niveau et le colt des motldits, a été ajouté. RPP traite les
variantes de gamme a la suite de I'évolution desegi et des produits. RPP aide le
gammiste pendant le processus décisionnel par mapggsociation des machines et
I'ordonnancement des opérations.

3.1.3.Bilan

Au regard des travaux existant, nous pouvons comajue pour la génération des
configurations cinématiques, il est nécessaire alfales gammes d’usinage et les
spécifications fonctionnelles comme entrées. D&ap#irt, la génération des gammes
nécessite les spécifications fonctionnelles etclasfigurations cinématique comme
entrées (Figure 33). Dans le cas de la conceptioRMS, les gammes d’usinage et
les configurations changent en fonction des bedomgionnels.

De plus, les approches classiques de générationgateme basées sur
I'identification des accessibilités et la recherchign minimum de posage connaissant
les structures des machines sont obsoletes aveRM& De ce fait, 'approche de
génération de gamme doit prendre en compte lesciaspeulti broche et multi
structure cinématique en paralléle des RMS, ejd@il de minimisation des temps et
colts de fabrication. Pour répondre a cette proal@uwe de génération de gamme et
de structure d’'un RMS, nous avons développé uneabpe algorithmique qui va étre
expliqué dans les sous sections suivantes.

3.2.  Méthodologie de conception et activités de con  ception

La méthode de conception est basé sur I'approct® BB présente deux transitions,
premierement du domine fonctionnel au domaine caotapeental (processus),
deuxiemement du comportemental au domaine strudter@rocessus de conception
est divisé en cing activités comme illustré en Feged. Cette approche algorithmique
a été appliguée sur 3 pieces automobiles (CAIl i@gaegp CAl illustrera : couvercle
arbre intermédiaire) et implémenté en VBA.

3.3. Génération des séquences d’'usinage et des rela tions
d’antériorités (A2)

L’objectif de cette activité est de générer laeliskes opérations nécessaires et les
relations d’antériorité. Les entrées sont I'ensemigs spécifications fonctionnelles
c’est-a-dire la description des pieces que dolis&ale RMS, cette description inclut
la description du groupe des entités d’usinagentesactions topologiques, .Figure

36 montre les entrées, la sortie, les ressourdes ebntréles de cette activité. Dans la
suite, chaque concept est détaillé :

» Entrées : Entités d’'usinage et interactions topglogs

+ Contrbles : Cartes de visite
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» Sorties : Séquence d’'usinage et matrice d’antégiori
3.3.1. Entité d’'usinage

Le terme "Entité" correspond au terme anglais 'liredt Ce concept apparait
initialement dans les années 80 comme I'objet dprachement entre les modéles de
description des pieces (métier de concepteur) £tnledéles de préparation a la
fabrication (métier de gammiste). Pour l'automdiisa des gammes d’usinage, le
concept d’entité est pertinent dans la mesure sugporte la complexité du probléme
qui est intimement lié au modele produit, aux baedonnées technologiques et a la
formalisation de I'expertise en fabrication.

Cependant, puisque ce concept d'entité est empp@aréles intervenants de
différents métiers, a différentes étapes du cyelevié du produit, une méme entité
géomeétrique est percue de facon différente parurhae ces intervenants. Ainsi,
comme lillustre la Figure 37, a un simple trouséiéont associées trois vues : la vue
géomeétrique qui identifie un cylindre, la vue faation qui reconnait un percage et la
vue conception qui associe a cette entité uneifamde passage de vis.

Appliqué au domaine de la génération de processisindge, le groupe GAMA
(GAMA, 1990) propose la définition d’'une entité dimage comme étant :Une
forme géométrique et un ensemble de spécificatang lesquels un processus
d’'usinage est connu. Ce processus est quasi indépérdes processus des autres
entités. »

Dans le contexte de piece CAI, nous avons 3 traiai®r, un plan et deux trous
taraudés. Chaqgue entité est décrite avec ses iafioms géomeétriques (Figure 43) et
ses informations techniques (Figure 44).

3.3.2. Interactions topologiques

Les interactions topologiques sont les caractuss de situation d'une entité
d’'usinage définies par rapport a son environnenpéite. Durant le processus de
raisonnement de génération des gammes d'usinaggeit gammiste applique
différentes regles qui intégre ces contraintesslig@ contexte de chaque entité. Dans
le cas des interactions topologiques, I'analysdadgiéce n’est que géométrique, la
Figure 45 Topological Interactions - example (fikeive, 1990) propose un exemple
de modele des interactions entre entités axialéeféuve, 1990).

Les relations topologiques permettent de caraetédiss relations entre deux
entités voisines. Nous avons définie les interastipossibles entre les entités
d’'usinage : débouche dans, débouche coaxial,... (Eig6). Cette taxinomie est
basée sur celle proposée par Villeneuve.

Une illustration de la notion d’interaction topoiqge sur la piece CAl est donnée
en Figure 47 Chaque relation est définie via un code numériquair facilité la
détection automatique par une application inforouai

3.3.3. Carte de visite

Ce concept de capitalisation et de formalisatios @®naissances, dans sa définition
originelle (Villeneuve, 1990; Villeneuve, 1993 ;iéttne, 2006) se présente sous la
forme d'un tableau (Figure 48) dans lequel I'expaeut expliciter quels sont les
domaines de validité d’'un processus de fabricat@ast la solution utilisée qui porte
son domaine d'utilisation. Cette approche, faciteeitre en ceuvre et assez naturelle a
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enrichir, reste cependant limitée : I'expert ne tpagir que sur un ensemble de
parameétres caractéristiques figés.

Le concept d’OSE (Ben Younes, 1994), permet unecgeh des outils pour une
entité d’'usinage donnée. Ce concept est une éwmnlues cartes de visite et se
décompose en deux étapes :

» Description du contexte d’'usinage a l'aide de tmoisdeles : les entités (les
formes a réaliser), les séquences (qui peut éeesuccession de processus) et
les classes d’outils (regroupement fonctionnel titepar famille).

e Association de ces trois concepts afin de retraesdans un environnement
objet les choix d'un expert gammiste. Ces relatietnges domaines de validité
des parametres descriptifs des entités sont retitndans une table d’'OSE.

Cette approche permet grace a cette formalisat&esncdnnaissances propres a une
entreprise, la sélection des outils pour une edtiigsinage donnée.

A partir des formalismes étudiés précédemment, poogosons une adaptation
des cartes de visites (Figure 51) et une formadisatia I'ontologie MASON (Figure
50).

3.3.4. Séquences d’usinage

Les séquences d’'usinage sont définies comme ureedsépérations qui peuvent étre
interruptible (Sabourin et Villeneuve, 1996). Unéqgence est un ensemble
d’opérations d’'usinage ordonnées afin de réaliserantité.

L’approche algorithmique consiste en la constructite I'arbre des séquences
capables de réaliser chaque entité géométriquarty de I'ensemble des séquences,
les pré-gammes sont générées en explorant I'enseddd combinaisons possibles
(Figure 55).

Dans notre étude de cas, nous définissons uneapnéig comme un ensemble
d’opérations d’'usinage contraintes par des conditabantériorité qui ont été définies
a partir des interactions topologiques entre entité&e processus de génération de
séquences et de ses pré-gammes est illustré ere Egu

3.3.5. Matrice d’antériorité

Les contraintes d’antériorité sont définies entdpérations d’usinage. Les gammes
faisables doivent prendre en compte des contraggesrécédence. L'antériorité est
définie entre

» soit deux opérations d’'une méme séquence d'usinpge,l’ordre de ces
opérations donnée dans les tableaux des séquences,

* soit deux opérations réalisant deux entités enmaot®n topologique (Halevi,
1995), par les regles de précédence en fonctida wigture de I'interaction.

3.3.6. lllustration

La piece CAI est choisie pour illustrer les étapesl'activité A2. Les parametres
intrinseques pour les entités axiales et fraisam® snontrés en Figure 43. Les
orientations des entités avec ses directions dsaduiéité sont stockées dans un ficher
Excel « Part_Groupe » (Figure 44). Les interactimm®logiques entre les six entités
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d’usinage sont données en Figure 57. Un code nqoegst donné a chaque relation
topologique pour les manipulations.

En utilisant les cartes visites, les pré-gammas p@ piece CAl sont générees
(Figure 55). Dans cette figure, chaque ligne reptss une pré-gamme qui est une
possibilité a explorer. En utilisant les tableauss cdséquences et des interactions
topologiques, la matrice d’antériorité est géndiigure 57). Les valeurs « 0 », « -
1» «1» «2» dans la matrice représente saesaction, avant, apres et n’'est
possible en méme temps.

L’application est illustrée en Figure 57 pour pieCAl. Les tableaux de
précédence pour les pieces autres deux pieces :€E0¥HC sont donnés en Annexe
B et Annexe C.

3.4. Geénération des gammes et des configurations
cinématiques (Activité A3)

La premiere phase de génération/conception/syntldese solutions inclut deux

activités : la transition de l'aspect fonctionnell'@spect comportemental et du
comportement a la structure. Dans le paragrapheggeait, nous avons détaillé la
génération des pré-gammes qui constituent une Bbaie I'aspect comportemental.
Pour la génération détaillée des gammes d’usiniageseconfigurations cinématiques,
nous avons expérimenté une approche algorithmijdéterministe pour cette phase.
Cette approche s’inspire du mécanisme d’énuméraboitrolée de la propagation de
contraintes :

Cette étape consiste a explorer I'intégralité @mdemble des solutions pour les
gammes et les configurations du RMS (Moon, 2002) spnt potentiellement
possibles. Dans le contexte des systemes de fabrnicaconfigurables, la génération
des gammes doit prendre en compte la possibilitéaléeser en simultanée différentes
entités avec plusieurs broches et chaines cinéusatigHabituellement, pour la
génération de la gamme détaillée, le gammistemaesplutét avec le critére : nombre
de posages (regroupement des entités ayant dessiiiii®s compatibles et/ou ayant
des contraintes de précision entre elles afin deireé le nombre de posages), qu'avec
les critéres : temps et colt en assurant la qugitéro, 1993). De ce fait, nous ne
pouvons pas appliquer les approches génériquedrdgajion de gammes dédiées aux
systémes de fabrication flexibles (centres d'usénag) (Figure 58).

Nous proposons ainsi une démarche itérative déaligesystemes de fabrication
reconfigurables ou dédiés (sans prendre en corepteontraintes de mise en position
de la piéce), basée sur 6 grandes étapes, (Fi§lirdsant a définir un ensemble de
gammes alternatives structurées sous forme d’ure.a@haque branche de cet arbre
représente une ou plusieurs opérations réaliséemquoste par une structure. Chaque
étape de l'algorithme est détaillée par la suites @tapes s’appuient sur une
représentation des solutions sous forme de graphe.

3.4.1. Graphe

Il a été nécessaire de développer un formalismerefgstrement et de traitement des
solutions. Ce formalisme doit permettre de reprigseles gammes générées et les
configurations cinématiques du RMS. La solutionposee sous forme de graphe est
fortement inspirée des graphes proposés par Fendillve. Les nceuds représentent un
état du systeme (piece+ RMS) et les arcs repréggentee opération d’usinage, de
changement d’outil, ... (action du RMS). Etant dorouée ces graphes doivent
permettre de représenter une gamme d’usinage dw8, Rs doivent permettre la
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formalisation d’'une gamme ayant plusieurs strustuotnématiques, ainsi une
contrainte entre arcs a été ajoutée d'opératiansilsanées au graphe de Villeneuve.
Afin d’opérationnaliser cette structure sous fordeegraphe, deux types de tableaux
ont été formalisé :

* Le premier tableau permet de représenter un driglut les informations
suivantes : nceuds de départ, nceuds d’arrivée, typpération, contrainte de
simultanéité, et gammes associées.

» Le second tableau permet de représenter I'enseda@slesolutions — gammes
d’'usinage. En effet, des gammes d’'usinage peuveatoééées comme des
variantes de gammes déja existantes et en phagérgeation. Ce second
tableau permet de ne pas dupliquer les structueegrdphes communes a
plusieurs gammes, et de supporter la générationltsinée de I'ensemble des
solutions.

Avant d'expliquer les étapes de l'activité "A3"rtaas concepts sont définis :

» Opération : Classiquement une opération d'usinage est eféoéhme une
activité d'enlevement de matiere afin d’obtenifdeme désirée. Cependant,
dans notre représentation graphique, un arc opératiest pas limité aux
opérations d'usinage. Elle englobe toute activité engage un temps, est
contribue a la réalisation finale de la piéce, paemple: les opérations
d'usinage, les opérations de changement d'ougilpp&rations de changement
de broche, les opérations de rotation de la pléesegpérations de changement
de postes, ...

e Structure : Une structure est un ensemble de modules cingmest
permettant le déplacement d’un ou plusieurs élésrentiches + outils.

* Postes: Un poste d'usinage est éléement du RMS compaosée diu plusieurs
structures paralléles, ou des opérations d'usirsage réalisées sur la piece
fixe. Un poste peut étre assimilé a une RMT. Untgpgut inclure un module
de retournement de piéce.

3.4.2. Etape O
Objectif :
Initialisation des variables. Créer une premiénmamge, avec un premier poste, ...
Traitement :
* Initialisation des différentes listes et des difdts tableaux :

0 Les opérations sont triées selon leurs antériogitgmstériorités.

0 L'opération ayant aucune antériorité et le maxinienpostériorité est
sélectionnée.

o Les opérations sont triees par similarité¢ de dectoroche avec
I'opération sélectionnée.

0 Les opérations sont triées par direction de broefternante a
I'opération sélectionnée.
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0 Les opérations sont triées par similarité de tygeeration avec
I'opération sélectionnée.

0 Les opérations sont triees par similarité des axesc I'opération
sélectionnée.

» Creation de la premiére gamme, du premier posie & premiere structure.

lllustration :

Lors de cette étape, la premiére gamme, le prepuste, ... sont instanciés. Les
classifications et regroupements des opérations efbectués. Comme illustration,
une des classifications « précédence ranking »ette étape est montrée en Figure
60 : Opérations {1, 15, 20 et 21} sont avec prénéde< zéro ».

3.4.3.Etape 1

Objectif :

Cette premiere étape vise a identifier pour chagarame déja générée quelles sont
les opérations réalisables a cette itération atahepléter celles-ci. Il s’agit de lister
parmi les opérations non réalisées, celles n'ayamtune « antériorité », et de
sélectionner celle qui a la « postériorité » maxéma

Traitement :
Les différentes procédures qui s’appliquent lorsetée étape sont :

» tri des opérations non instanciées en fonctionateériorités et sélection de
celles qui ont une antériorité nulle,

» sélection de la (des) opération(s) a la postééonitaximale parmi celles
sélectionnées a la procédure précédente,

* instanciation de I'opération associée a une ganum@oste et une structure,
* mise a jour pour chague gamme de la liste des tipésadéja instanciées et
des tableaux résultant des traitements de I'étape 0
lllustration :

Dans le cas de la piece CAl, la premiére étapdiftetes opérations {1, 15, 20 et
21} avec zéro précédence et I'opération {1} comnperation ayant la postériorité
maximale. Le déroulement de cette étape sur pidde§ montré en Figure 62.

3.4.4. Etape 2

Objectif :

La deuxiéme étape consiste a identifier pour chagaeme déja génerée les
opérations aux antériorités nulles et qui sont lsingis a I'opération instanciée a la
premiere étape, et de créer des gammes alternatreesces opérations — la notion de
similarité signifie que la cinématique nécessaila &alisation des opérations ainsi
que la direction d’accessibilité des entités sdantiques.
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Traitement :
Dans cette étape se déroulent les processus siivant

» sélection des opérations de direction de brochexed, et de type identique a
celle instanciée a I'étape 1 parmi celles a antétioulle,

o0 siensemble vide : passage a I'étape suivante,
0 si ensemble non vide : création de nouvelles ganatteshatives avec
affectation des opérations.

lllustration :

Le déroulement de cette étape sur la piece CAhestré en Figure 64, Figure 65,
Figure 66 et Figure 67. Les classifications sonttgpe d’axe, méme direction de
broche et méme type d’opération.

3.4.5. Etape 3
Objectif :

L’objectif de cette troisieme étape est d’expldes solutions déja créées en étudiant
les possibilités de réalisation d’opérations en ufiamée aux opérations déja

instanciées aux étapes 1 et 2 par une ou plussturstures paralléles et ainsi créer
des gammes alternatives avec ces opérations esafisé de nouvelles structures.

Traitement :

Nous proposons de définir le critere de sélectimmme étant une direction
d’accessibilité différente par rapport aux opéraiprécédemment instanciées.

» sélection des opérations qui ont une directionrdete alternative par rapport
aux opeérations instanciées aux étapes 1 et 2 quosie considéré parmi les
opérations a antériorité nulle,

0 si ensemble vide : dans ce cas passage a |'étapant) en effet
aucune opération n’est possible,

o si I'ensemble non vide, division en groupe dopérs de méme
direction de broche et de méme type dopératioréatoon d'une
nouvelle gamme en copiant la précédente et ennicista une ou
plusieurs nouvelles structures (en fonction du nengde groupe) et les
groupes d’opérations.

[llustration :

Cette étape est illustrée sur la piece CAl. Leltasutableau de « groupe _ broche _
alternative » est montré en Figure 69. L'ensemi@eq, 10, 11,16, 20 et 21} est
identifié. Les autres criteres réduisent I'ensen@lgeux groupes : {15} et {20-21}.
Nous avons fait 'hypothése que les opérationslairas sur des entités identiques
seront réalisées en parallele. Cette contrainté @ge supprimée si nécessaire. Le
déroulement de cette étape sur la piece CAl estrédnen Figure 70.

28



Résumé étendu en Francais

3.4.6. Etape 4

Objectif :

Le but de cette quatrieme étape est de générspletons alternatives possibles via
un changement doutil. Les opérations alors sd&aoges seront de méme
cinématique et de méme direction d'accessibilité s opérations déja instanciées
sur la poste.

Traitement :
Les sous étapes sont :

* Mise a jour des tableaux créés a I'étape 0, avasuppression des opérations
déja instanciées,
* sélection parmi le nouvel ensemble d’opérationsnéérerité nulle des

opérations qui ont méme direction de broche et méres que celles déja
instanciées sur le poste et sur chaque structure,

o0 siensemble vide : passage a I'étape suivante,
0 siensemble non vide :
» subdivision des opérations en groupe de méme type
d’opération,
= création d’'une nouvelle gamme en copiant la préuédet
instanciation d’'une opération de changement d’oetild’'un
groupe d’opérations.

[llustration :

Parmi les deux gammes possibles (Figure 70) géné@meetape 3, nous avons choisi
d’illustrer sur le cas {1, 20-21}. Le nouvel ensdmble d’opération antériorité zéro
est {2,15}. L'ensemble {2, 15} satisfait les autresiteres de broche direction
similaire et méme mouvement des axes. En effet, foie I'ébauche du plan
effectuée, un changement d’outil peut étre opérainsi effectuer la finition du plan
(Figure 72).

3.4.7. Etape 5

Objectif :

Cette étape génere des alternatives possiblesatiesies existantes (étape 3) via une
opération de retournement de la piece; le criteegmettant d’identifier ces
opportunités de gammes alternatives est I'existebmgération de méme nature que
les opérations identifiees dans les deux eétapeségeaites et dont la direction
d’accessibilité de I'entité est différente.

Traitement :
Les sous étapes sont :

* Mise a jour des tableaux créés a I'étape 0, avascppression des opérations
déja instanciées,
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» sélection parmi le nouvel ensemble d’opérationsnéérerité nulle des
opérations qui ont une direction de broche altéreattt méme type
cinématique que celles déja instanciées sur lepmstur chaque structure, ,

o0 siensemble vide : passage a I'étape suivante,
0 siensemble non vide :
» subdivision des opérations en groupe de méme direce
broche et de méme nature,
= création d’'une nouvelle gamme en copiant la préuédet
instanciation d’'une opération de retournement aeeiet du
groupe d’opérations.

[llustration :

Apres I'étape 4 illustrée ci-dessus, le nouvel eride d’antériorité nulle est {5, 10 et

16}. L’ensemble {5, 10} satisfait les autres créérde broche direction alternative et
méme type cinématique déja instanciés sur le priske deuxieme structure (Figure
74).

3.4.8. Etape 6

Cette étape a pour but de réaliser un tri des ganti®j@ créées a la sortie des boucles
des étapes 4 et 5. Celle-ci renvoie les gammestapk 1 pour continuer leur
génération sur un nouveau poste, et elle renv@erm&ames gammes aux etapes 4 et 5
pour I'étude de gammes alternatives par changeufieatil ou retournement de la
piece sur le poste considéré. Pour cela, I'algoritheste si un ajout d’opération a éte
effectué, si une gamme revient a I'étape 6 avemi@nes opérations (sans ajout), sa
génération est arrétée sur ce poste. Ainsi leslhges successifs des étapes 4, 5 et 6,
permettent de réaliser le schéma en Figure 75.

Ainsi I'ensemble des possibilités sur un posteegptore, le changement de poste est
justifié.

lllustration :

Etape 6 est appliquée sur une des gammes générpeju’étape 5. Dans la boucle
4-5, I'étape 4 ne retourne aucune nouvelle gammni&tape 5 génére une nouvelle
opération {16}. Dans ce cas, une premiere solutomplete a été trouvée (Figure
76).

3.5. Discussion

L'algorithme de conception a été appliqué aveceésisur 3 pieces différentes.
Pour la piece CAl, plus de 80 solutions différerintété générés dont le panel va de
toutes les opérations sur un seul poste a chagite pgant seulement une opération
d'usinage. Le premier scénario a été illustré awmecexemple dans la section
précédente. La configuration de la Figure 77 a ddructures paralleles, la premiere
comportant deux axes et seconde un axe. Les dewstwses ont les modules de
changement d'outils, de broches et de rotationepi&cautre solution extréme
comporte cing postes. Cette configuration a deumctires deux axes et cing
structures un axe (Figure 79).
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3.6. Conclusion

Les approches ‘traditionnelles’ de conception deesypes de production ne sont plus
applicables sur ce nouveau type de systemes regooalfiles, les criteres de
génération des gammes ayant été modifiees. Ce aousencept de systemes de
production nécessite une nouvelle approche intégtes critéres de développement
spécifiques. Le gammiste ne vise plus a réduinoiabre de posage, mais a optimiser
les criteres de temps et de colt pour la fabrinatie la piéce. Ce travail s’intégre
dans le cadre de conception basé sur la méthodeqeBft a la conception d'un
systéme de production reconfigurable.

Le processus de génération des gammes d'usinagdest configurations
cinématiques est basé sur les entrées fonctiosnelke famille de produit ou le
groupe de piéces a réaliser. Ce travail présentieveloppement d’'un algorithme
itératif de génération de toutes les alternativesgdmmes viables. Cet algorithme
ainsi que son implémentation informatique ont @sté&s sur 3 pieces afin de les
valider.

Nous émettons deux critiques relatives a cettecaybier

* Lors de la génération des gammes et structuresplgsaintes liées au posage
de la piece ne sont pas intégrées.

 Lors de la génération des gammes et structurescdafaintes liees aux
collisions entre les structures ne sont pas ingsgré

Ces deux remarques nécessiteront des évaluatiopsdiffiérentes gammes
générées par rapport a ces contraintes.
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4. Chapitre 4 : Une approche pour I'évaluation des solutions
pour la conception d’'un systeme de production
reconfigurable.

L’évaluation des solutions de conception nécedsitaléfinition de criteres. Ces
criteres peuvent étre divisés en deux domainegtiqge et dynamique. L’évaluation
statique d'un systeme de la production consiste lanfiabilité, maniabilité,
ergonomiques, sécurité, .... Pour les critéres lidsraconfigurabilité, a I'étendue des
pieces realisables, ... O. Garro a proposé les esit@evaluation dynamiques suivant
la productivité, la flexibilité et le colt (Garr@992). La flexibilité dépend de I'axe
temporel et elle peut étre divisée suivant troigaux :

 a court terme, la flexibilité concerne le niveauégtionnel, comme
I'affectation en dynamique d’une piéce a une antaghine,

e a moyen terme, elle concerne le niveau tactiquie tehangement du mode de
réalisation,

* a long terme, elle concerne le niveau stratégiqeieypge : changement de
production.

Ainsi, O. Garro a proposé la notion d’entropie poaractériser cette flexibilité.

Les criteres de sélection d'une gamme de fabricasiont : le colt (Sormaz,
2003), les temps ; le nombre de posages, le nodibpgrations, la qualité.... Ces
criteres mesurent la différence entre la perforrmaattendue et la performance
réalisée. Dans le chapitre 2, nous avons proposéadre de conception basée sur
I'approche FBS permettant ces mesures. Ce cadmatdés liens entre les activités
de conception et les solutions de conception. {éas kont réalisés via les indicateurs
de performance (PI). Les quatre criteres principptoposes sont: I'étendu de la
famille de produit, la qualité, les temps et leGtesdFigure 80).

4.1. Evaluation

La structuration proposée dans le chapitre 2 regasd’approche de la conception
axiomatique qui a pour but essentiel la mesureadguhlité d’un systéme en termes
d’aptitude a la reconception et a la mise en oeuvoar juger de la qualité d’'une
conception, Suh prend en considération deux axiantegiome d’indépendance et

'axiome d’information. L’axiome d'indépendance pile qu'une conception

optimale ne doit pas entrainer de couplage dangeéddisation des fonctions

(indépendance) au travers de la structure. Uneegion acceptable doit éviter que
I'amélioration d’'une fonction ne puisse se fairesda dégradation d’'une autre.
L’axiome d’information stipule qu’une conceptiont @gobalement optimale si elle

nécessite un minimum d’information. L'informatioort il est question ici représente
les instructions nécessaires a assurer l'adéquaindre le niveau de satisfaction
attendu d’une fonction et la performance fournielpaystéme.

Suite a cette structuration, les dépendances dasegprincipaux criteres ont été
identifiées et décomposées (Figure 80). Ainsi,quegre indicateurs de performances
peuvent étre évalués dans une maniere hiérarchigseapproches d’évaluation de
ceux-ci sont détaillées dans la suite de ce cleapitr
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4.1.1. Etendu de la famille de produit

L’étendu de la famille de produit représente I'enbke des variantes des entités
réalisables, les intervalles des valeurs réalisabks paramétres de ces entités, ...
Dans le chapitre 3, les solutions sont générées ynogroupe de piéces représentatif
de cette étendu. Chaque solution satisfait la ¢tmmdde réalisation de la famille de
produit. Cette affirmation est a modérer car leati@ntes liées au posage et les
contraintes liées aux collisions n'ont pas étégsrisn compte. |l est donc nécessaire
d’évaluer la faisabilité de chaque gamme :

» le posage doit étre matériellement réalisablela Siétermination des surfaces
d’appui et de bridage ne peut pas assurer le reaieti la mise en position de
la piéce, alors la gamme et la configuration cintome ne sont pas capables.

» les collisions doivent étre détectées. Dans cemtrade these (Aladad 2009),
Aladad utilise le logiciel DELMIA afin de valideral cinématique d’une
machine de production.

4.1.2. Qualité

La qualité représente la garantie de la conforrditéproduit. Si les défauts de
fabrication de la piéce sont au-dela des toléranedgées la gamme et la
configuration cinématique ne sont pas capables.

L’évaluation de ce critére vise a prédire le congroent probable du systéme de
production suivant la gamme envisagée via des aimunk. Ces simulations
permettent de prendre en compte le cumul des défufabrication, cette démarche
n'est pas encore intégrée dans les systemes deagenéde gamme (Tichadou,
2005). Pour ce faire, il est nécessaire d'étudmrmplossibles sources de ces défauts
d'usinage, leur contribution a la qualité et de Ieffet sur les aspects fonctionnels du
produit.

Dans le cas de la qualité dimensionnelle et géaquetr les différentes approches de
la simulation d’'usinage, qu'elles soient unidirentielles ou tridimensionnelles,
utilisent des modeéles de défauts géométriques. ldousons citer les travaux de P.
Bourdet (Bourdet, 73(a), Bourdet, 73(b)), de Flerieuve et O. Legoff (Villneuve,
2001), de S. Tichadou (Tichadeau, 2005) ...

Cette évaluation sera détaillée dans le paragrézhe
4.1.3. Codts et Temps

Les colts représentent les charges ou dépensesr@gsppour la production d'un
produit. Les temps représentent les durées de ehgmgration ou activité (activité de
production, activité de préparation du systéemayis&tde reconfiguration, ...).

Les estimations des codts de fabrication peuverd &talisées par différentes
approches : les méthodes paramétriques, analytejusslogiques.

Les méthodes par analogie reposent sur I'évaluatiooolt d’'un nouveau produit a
partir de ceux déja réalisés. Ces derniers sonttsiéc I'aide de parameétres jugés
discriminants et pertinents (comme la morphologiequalité, les dimensions,...) qui
permettront également de décrire le nouveau prabhuit on veut une estimation du
colt. Cette approche est similaire aux approchegealeération de gammes par
variante.
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Par méthodes paramétriques sont regroupées toegeméthodes qui permettent
I'évaluation du codt en se basant sur la connatesde relations mathématiques le
reliant aux parametres quantifiables du produg ¢gle le volume, la dureté, le temps,
etc.

On regroupe sous la banniére des méthodes anasgtiggnsemble des solutions qui,
pour estimer le colt d’'un produit s’appuient s dpérations et activités nécessaires
a son cycle de vie (que ce soit son processus deepton, de fabrication,
d’exploitation ou de fin de vie).

Dans notre cas, les solutions générées via I'apygrafgorithmique du chapitre 3 sont
formalisées sous la forme d’'un ensemble d’'activiié®pérations ordonnées avec les
modules cinématiques associés. Les approches igoalyt s'appuient sur cette
décomposition en activité. De ce fait, nous avatenu I'approche « Activity Based
Costing (ABC) » (Park, 1995; loannou, 1999 ; Or2f3).

L’identification des activités et des ressourcesoduoies cinématiques) faite,
I'approche ABC revient a quantifier trois inducteafin de faire émerger le codt :

* Inducteur de ressources : permet de ventiler kesoteces entre les différentes
activités. Cette répartition peut prendre la forrpar exemple, du temps
consacreé a chaque activité, ou la quantité de reghi@miére, ...

* Inducteur de codt : facteur influencant le niveapdrformance de I'activité et
sa consommation de ressources associées.

* Inducteur d’activité : Cet inducteur permet de répdes colts des activités
entre les différents produits.

Codt= Z(IndiA. Ind’. Ind% .Cout,)

Ind* Inducteur d’activité

Ind® : Inducteur de codt de I'activité

Ind’ Inducteur de Ressource reliant I'activité i adasource
Cout : Cout de la ressourge

L’ensemble de ces inducteurs est identifiable phaque arc du graphe des solutions.

De plus, nous pouvons adopter la décompositiorcdéss et des temps proposée par
Feng (Feng, 2000). Chaque activité implique destsca&ll temps d'utilisation de
quelgues ressources :

z Cactlwte

N
i i i i
Z(CUSIH age setup Cmanutentltm CIoad unload Cldllng Coverhead)

i=1
C? est le codt de fabrication de la piéce sans presdreompte le colt des risques
associés
i est un indice
N estle nombre total des activités de fabricatigpliguées sur la piece
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C'aciivire €St le codit de fabrication de I'activité
Clusinage€St le codit d’usinage de I'activité
Clsewpest le colt de I'activité

C'manutention €St le colt de transfert de l'activité(ex. transférer les outils et les
matériels)

Cloag-unload€St le colt de montage/démontage de I'activité
Ciid"ng est le colt de perdre de temps de I'activité
Cloverneadest le colt des frais généraux de I'activité

Le codt d’'usinage est donné par I'équation :

i — i i i i
Cu sinage Céquipement+ Cmain d'oeuvre+ Cma’térial + Coutil

4.2. Simulation géométrique de processus d’'usinage

Dans ce paragraphe, nous nous sommes focalisébsvaluation des caractéristiques
géomeétriques et dimensionnelles de la chaine citigneadu systeme de fabrication.
Chaque configuration possede un ensemble particutle caractéristiques

géomeétriques. Ainsi, il faut avoir une méthode paalider les configurations

proposees.

Une approche, permettant de formaliser mathématigoe les spécifications et les
incertitudes de fabrication, et d’exprimer le comipment géométrique attendu est
I'approche panl développée par P. Bourdet (Bourdet 1975). Ceiprache propose
de quantifier les cotes fabriquées (Cf) a partis dmtes fonctionnelles (CF),
considérées comme connues. Cette approche se ceupoeux étapes majeures :

« La premiére consiste a établir le graphe de sinamatqui est une
modélisation du processus de fabrication. Sur cdetep chaque surface est
représentée par une colonne, et chaque repéeresponegd a une étape du
processus de fabrication. Les croix désignentuefsses crées et les triangles
les surfaces participant a la mise en positionadpiéce. Les intervalles de
tolérance des cotes de simulation sont natépour les surfaces crééesadt
pour les surfaces de contact. L'indice i est le éwortde la surface concernée,
I'exposant j est le numéro de la phase ou du repere

» A partir de ce graphe, I'approche propose d’étdesirrelations formelles entre
les cotes fabriquées (et leurs intervalles de doléesdl; associés) pour chaque
cote fonctionnelle. Puisque I'approche est basée e modélisation
unidimensionnelle, le trajet minimal est uniqueedriture de ces relations est
alors univoque et rapide. Ces relations permettentalider ou non la gamme
d’'usinage.

Cette approche a été généralisée par S. Tichadbwa quoposé I'utilisation des
graphes pour formaliser la gamme d’usinage, eflidation de torseurs de petit
déplacement pour modéliser les défauts. Cette appnepose sur la modélisation du
processus de fabrication, en mettant en évidersceelations (de contact, d’'usinage et
de positionnement principalement) entre les engg@smeétriques de la piece et les
ressources d’usinage (machine, porte piece, e¢lamn d’'usinage employée). Cette
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modélisation permet alors l'identification des jeatxdes écarts qu’il est nécessaire de
formaliser sous la forme de torseurs.

Etant donné certaines similarités entre les grapiegsloppés par S. Tichadou et les
graphes proposés au chapitre 3, nous avons chaapter son approche a notre
probleme.

Afin de proposer un « mapping » entre les deuxsyjegraphe, étudions les objectifs
de modélisation de chacun.

La modélisation par graphe de S. Tichadou s’appguiele concept de la cellule
élémentaire de fabrication ou un poste de fabooagui inclut les éléments suivants :

e la machine-outil : ensemble composé de plusieuassdins pilotées et
contrdlées pour générer des mouvements de coupavaince relatifs entre la
piece et les outils ;

* le porte-piéce : assemblage, installé sur la macbintil, dont les fonctions
principales sont de positionner et de maintenpiéae ;

* la piéce a usiner : solide provenant de la phageépente dans un état
intermédiaire ;

» les outils et leurs attachements : assemblagesfféeedts composants (aréte
de coupe, porte-plaquette, porte-outil, élémentsritkage, etc.) ;

* les trajectoires de travail : mouvements relatifdree I'outil et la piece
décrivant les conditions cinématiques d’'usinage, plapart du temps
matérialisés par des programmes définis dans desre® localisés dans
I'espace machine.

Dans notre cas, la cellule élémentaire de fabdnaticlut les éléments suivants :
* le poste (chapitre 3)

» la structure assimilable a la machine-outil : endentomposé de plusieurs
liaisons pilotées et contr6lées pour générer desverents de coupe et
d’avance relatifs entre la piéce et les outils poste peut comporter plusieurs
structures exécutant des opérations en simultanée.

* le porte-piece : assemblage mobile se déplacamodte en poste dont les
fonctions principales sont de positionner et denteiir la piece durant les
opérations d’'usinage effectuées par les structures

 la piece a usiner : solide provenant du poste pertédans un état
intermédiaire ;

» les outils et leurs attachements : assemblagesfféeedts composants (aréte
de coupe, porte-plaquette, porte-outil, élémentsritkage, etc.) ;

* les trajectoires de travail : mouvements relatifdree I'outil et la piece
décrivant les conditions cinématiques d’usinage.

Nous pouvons remarquer certaines différences dedreleux cellules élémentaires.
Afin de compléter cette analyse, une étude descesudes défauts de fabrication est
nécessaire. Ainsi, les sources des défauts redafivia cellule élémentaire classique
sont :
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e Sur la machine-outil : les défauts structurelsidisdns tels des rectitudes de
mouvement, des faux ronds, les défauts géométriqiiegion thermique,
déformation machine, la résolution de déplacement,les défauts de
comportement dynamique entrainés par des condidiomiisation.

* Sur le porte-piéce et les outils : les défauts giagques et dimensionnels, les
erreurs de mesures de jauges, les déformationsnergs par les actions
mécaniques d’'usinage affectant les porte-pieceudtée outils (Seo, 1998)
(Larue 2003).

* Sur la piece dans son état intermédiaire : la baité des dimensions issues
d’un lot de production lors de la phase préceddagedéformations dues aux
actions mécaniques d’usinage et de maintien eniquosi

* Sur les trajectoires d'usinage : les erreurs deutalde trajectoire faite en
FAO.

Dans notre cas, nous pouvons ajouter les souroemn$es :

e Sur le porte de piéce : les défauts de mise eni@osiu porte de piéce sur le

poste et de retournement de I'ensemble piece & parce.

e Sur la structure : les défauts cités precédemmend dnachine-outil, plus les

défauts de reconfiguration de cette structureespokte.

Ainsi pour la modélisation via un graphe, S. Tiahaeé proposé de modéliser toutes
les entités d’'une phase sous la forme de compopagques. Chaque sommet du
graphe représente I'état de la piece aprés chagaseples surfaces associées a un
sommet « phase » sont les surfaces actives : sarfflappui ou surfaces fabriquées
de la phase. Une phase est définie comme la ceflidlmentaire, les éléments
constituant celle-ci sont : la machine-outil, latpepiéce, la piece fabriquée ainsi que
les opérations de fabrication. Chaque opératiordéfhie par le volume de matiere
enlevé par un outil suivant une trajectoire. Unécsfication géométrique sur la piece
finie est une condition interne ou externe a urasphElle est dite directe dans le cas
ou les surfaces considérées sont actives dans rieempéase et transférée dans les
autres cas.

Pour I'adaptation de ce graphe a la modélisatiam@&’gamme d’usinage réalisée sur
un RMS, plusieurs concepts ont été modifiés :

* La notion de phase a été remplacée par la notigoske,

» Le fait qu’il soit possible d’avoir plusieurs sttuces sur un méme poste, a été
modélisé par plusieurs machines dans une méme,phase

» Le fait qu'il soit possible de retourner la piéag poste et ainsi de réaliser
plusieurs entités via une méme structure, a été&liséden dupliquant la phase
et en intégrant un élément « position »,

Ces modifications et plus particulierement la d&mmi ont nécessitées l'ajout
d’heuristiques dans le traitement de celui (le Wades chaines de cotes) :

» Si la structureapparait 2 fois dans la chaine alors la deuxiécmimence
n'est pas prise en compte dans le cumul des défauts
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e Sila brocheapparait 2 fois dans la chaine alors la deuxiéooeimence n’est
pas prise en compte dans le cumul des défauts,

* Siun seul élément position apparait dans la chaliows cette occurrence n’est
pas prise en compte dans le cumul des défauts.

Une vue générique de la représentation graphiqueedjamme est montrée dans la
Figure 88. Suite a l'adaptation, il est possibleendisager la procédure de
« mapping » du graphe des solutions générées auitreh&8 a ces graphes. Ce
« mapping » est simple étant donné la similarig€acepts manipulés :

* Postex Poste,

* Opération~ Surface + Opération + Broche,

* Retournement de piéeePosition,

» Ensemble d’'opérations en série sur un pesiructure
A partir des graphes, une approche de la simulatimidirectionnelle ou
tridimensionnelle d’'usinage est possible sous upees formel, basé sur une
modélisation des défauts géométriques panlesni les torseurs de petit déplacement.
En reprenant le graphe de représentation compactpeut dresser la liste des types
de Al ou torseurs qui caractérisent les écarts géoguitsi « & cause » ou « entre » les
différents éléments Al Opération,Al Broche + Outil,Al Structure,Al Position, et
Poste.
Chaque spécification géométrique contraint les udéfae position ou d’orientation
relatifs entre deux surfaces de la piece. Grace guaphes de représentation,
I'expression duAl resultant associé chaque spécification est lans@mesAl qui se
trouvent sur le chemin entre les deux surfacesuffit d’écrire chaque fermeture de
chaine pour trouver les différents composantalgeour formuler la condition :

IT specif> Alygsuttant= Y. Alochaine

La solution présentant I'ensemble des opératiarsndige effectué a un seul poste a
été choisi pour illustrer la simulation pat. La structure correspondante pour la
gamme sélectionnée est montrée en Figure 90.dua dtructures paralléles, chaque
une ayant plusieurs changements d’outil et de leoeh ayant un retournement de
piece. La configuration est illustrée en Figure Pl .spécifications entre surfaces ont
été considérées (Figure 92) (le dessin de défimitmctionnel est en Annexe E). En

utilisant les heuristiques et la composition dedes relations ci-dessous sont définies
et calculées :

|TCP22-P12: AL Tooling12 + AL Broche2 t AL Structurel T AL Position 1 T AL Position 2 AL

Structure2t AL Broche6 t AL Tooling22
=0.002 + 0.003+ 0.004 +0.004 + 0.004 +0.004 ©8-60.002
=0.026
|TCP32-P12: AL Tooling12 + AL Broche2 t AL Structurel T AL Position 1 T AL Position 2 AL

Structure2t AL Broche6 t AL Tooling32
=0.026

ITCP42—P12= AL Tooling12 + AL Broche2 + AL Structure1 T AL Position 1 T AL Position 3 T AL

Structure2t AL Broche7t AL Tooling42
=0.026

|TCP7-P12: AL Tooling12 + AL Broche2 AL Structurer ¥ + AL Structure2 © AL Broche3 T AL
Tooling7
=0.018
ITCPB—P12= AL Tooling12 + AL Broche2 t AL Structure1 t + AL Structure2 * AL Broche3 T AL

Tooling8

38



Résumé étendu en Francais

=0.018
|TCP7-P22: AL Tooling7 +AL Broche3 t AL Structure2t AL Position 1+ AL Position 2+ AL Broche6
+ AL Tooling22
=0.022
ITCP7—P32: AL Tooling7 + AL Broche3 T AL Structure2t AL Position 1+ AL Position 2+ AL Broche6
+AL Tooling32
=0.022
|TCP8-P22: AL Tooling8 + AL Broche3t AL Structure2t AL Position 11 AL Position 2t AL Broche6
+ AL Tooling22
=0.022
ITCPS—P32: AL Tooling8 + AL Broche3 T AL Structure2t AL Position 1+ AL Position 2+ AL Broche6
+ AL Tooling32
=0.022
|TCP42-P22: AL Tooling42 +AL Broche7+ AL structure2t AL Position 3% AL Position 2+ AL Broche6
+ AL Tooling22
=0.022
ITCP42—P32: AL Tooling12 +AL Broche7t AL Structure2t AL Position 3T AL Position 2+ AL Broche6

+ AL Tooling32
=0.022

Cette démarche a été effectuée sur d’autres sotutitile permet de comparer ces
solutions d’un point de vue Qualité — respect geExgications.

4.3. Conclusion

La sélection des solutions générées au chapitéc8ssite la définition de criteres et
les approches d’évaluation de ceux-ci. L’étendladamille de produit, la qualité, le
co(t, et le temps sont les principaux critéres aurex. Pour chacun de ces critéres,
des approches d'évaluation ont été identifiees atirpad’une recherche
bibliographique. Nous pouvons citer : I'entropi@posé par O. Garro pour I'étendu
de la famille de produit, I'approche ABC pour ledits.

Dans le cas du critéere qualité, les approches iglass comme ledl ne sont pas
directement utilisables pour la simulation d’unengae sur un RMS. L’architecture
d’'un RMS présente des structures en paralléle. ddiaptation des graphes générées
au chapitre 3 a été proposée afin d'utiliser lgsraghes de simulation développées
par S. Tichadou.

Ces travaux pourront étre complétés par :
* l'analyse de la robustesse et la sensibilité descateurs de performance
définis,

» ['étude de I'agrégation des indicateurs de perfoceaa
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5. Conclusion et perspectives

Ces travaux de thése se positionnent dans le dend&rconception du systeme de
production reconfigurable. lls visent a établirligm entre le niveau stratégique et le
niveau opérationnel, et a proposer des outils deaption au niveau opérationnel ; ils
contribuent a répondre a :

« Comment optimiser la conception du processusirntfige et du systeme de
production reconfigurable en tenant compte desrawitons entre le processus et les
ressources, des contraintes technologiques impgssda piéce a fabriquer ? »

La démarche que nous avons mise en ceuvre poundadecet objectif se
décompose de la fagcon suivante :

Etude bibliographique relative aux démarches etlsoate conception des

systemes de production,

Formalisation des besoins et problématiques deéravsux,

Les travaux relatifs aux méthodologies de concepties systemes de
production sont orientés vers deux directions : aneniveau stratégique
visant a optimiser le retour sur investissementsdéaonde au niveau
opérationnel visant a optimiser la structure epadatie commande. Nous
pouvons remarquer un manque de connections ergrgec directions.

Les approches existantes de génération de gammsmatje nécessitent
des connaissances sur les architectures des sgstdmeproduction
utilisables ; de méme, les approches de concepmt@iiarchitecture de
systéme de production nécessitent la connaissascgainmes d’usinage a
réaliser sur celui-ci. Nous sommes confronté aamagoxe : la conception
de A nécessite des connaissances sur B et « wezsat ».

Ces deux constats ont motivé nos travaux.

Définition d’'un cadre de conception permettant ienlentre le niveau
stratégique et le niveau opérationnel,

Basé sur les travaux de D. Cochran utilisant I'appe Axiomatic design
pour formaliser la conception d'un systeme de pectidn au niveau
stratégique, nous avons proposé une adaptaticap@dche FBS pour la
conception de celui-ci au niveau opérationnel,est cbnnections entre ces
deux niveaux par la structuration des indicateues pgrformances et
I'utilisation des principes d’Axiomatic Design.

Définition d’'une démarche algorithmique permettdigixplorer les solutions
au niveau opérationnel (co-conception des gammeassindige et des
configurations cinématiques associées du RMS),

Basé sur les travaux de génération de gamme dissifeantité d’usinage, carte
de visite, matrice d’antériorité,...), nous avons g®e une approche
algorithmique de génération des gammes d’usinagexptorant I'ensemble
des possibilités offertes par les RMS : plusieursictures cinématiques
usinant en simultané, ... et en s’affranchissant' agdctif nombre minimal

de phases. La génération est supportée par ungusation en graphe des
solutions générées. Des gammes d’'usinage peuventt&ées comme des
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variantes de gammes déja existantes et en phagmdeation. Cette démarche
générative peut étre assimilable a un problémeatisfaction de contraintes
dynamiques - le nombre de variables et de conegmidépendant des valeurs
prises par certaines variables. Les configuraticim@matiques nécessaires
pour chaque opération d'usinage sont identifieestteCdémarche a été
implémentée, puis validée sur 3 piéces du domari@dtomobile.

Définition des procédures d’évaluation des soligigénérées,

Basé sur le cadre défini dans le chapitre 2 etuser étude bibliographique,
nous avons proposé pour chaque critere d’évaluatioe ou plusieurs
approches afin de définir et quantifier celui-cndJattention plus particuliere
a été déployée pour le critére Qualité, les apme@Xxistantes nécessitant une
adaptation afin de traiter la simulation des dé&faat partir des graphes
générées dans le chapitre 3. Une adaptation dehagade S. Tichadou et
I'utilisation de la simulation panl permettent la validation ou non des
gammes générées.

Une vue panoramique sur la conception algorithnsgie RMS est montré dans
la Figure 96.

Nous émettons des critiques relatives a cette [sropo :

Lors de la génération des gammes et structuresplgsaintes liées au posage
de la piece n'ont pas été intégrées.

Lors de la génération des gammes et structurescdafaintes liees aux

JEEI Y4

La robustesse et I'agrégation des indicateurs denpeance pour I'évaluation
et la sélection des solutions n’a pas éte traité.

La validation du cadre de conception proposé danshipitre 2 n'a été
expérimentée qu’au niveau opérationnel.

Ces critiques ouvrent différentes perspectivessatiavaux. Il est trés important d'y
ajouter comme perspective le couplage de cettenabprd’exploration des solutions
avec l'optimisation du systeme de production d'urinp de vue logistique (par
exemple les travaux d’A. Dolgui).

En dernier point, ces travaux qui au départ seligaasur la conception de systeme
de production reconfigurable, ont abouti a la coesption de processus d’'usinage
reconfigurables et de systémes de production repmables. Ce point n'a pas encore
ete exploité, il nous semble pertinent de le careidlors de la reconfiguration d’un

systéme existant pour la fabrication d’'un nouveedpit : Quelle est la gamme et

quelle est la configuration minimisant I'activité deconfiguration ?
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Introduction

Introduction

In the recent times, there has been a lot of devedmt and expansion in the different
manufacturing system paradigms. The reductions @mand, rapid evolution of

products have made the new paradigm of Reconfitpir®tanufacturing System

appear. In terms of capability and flexibility, finds itself in between the two

previous types i.e. Flexible Manufacturing Systeam&l Dedicated Manufacturing
Systems.

This new advancement requires a design methodotbgy responds to the
question:

How to optimize the design of the manufacturinggassses and reconfigurable
manufacturing system while taking into account timéeractions between the
processes and resources, the technological camtstremposed by the part to be
manufactured ?

A lot of work has been carried out at the “Engneg research centre for
reconfigurable manufacturing systems” at the Ursitgrof Michigan, Michigan,
USA. Their work has demonstrated future trends tdwahe standardisation of parts
and machine modules in all aspects of reconfignmatAmong the aspects being
researched upon are: system level reconfiguratieachine level reconfiguration,
reconfiguration of the machining processes, consgdtem reconfiguration... The
production system can be constituted of machindstomeather independent or
regrouped based on their capability for a smalldioma or large series production
line.

This thesis report is written in four chapters.

Chapter 1, allows us to position ourselves witlpees to the general concepts of
RMS and existing works in the domain. A literatueziew has been carried out by
focusing on dedicated, flexible and reconfigurablanufacturing systems. Also a
synthesis of different existing works in the domainthe design of reconfigurable
machine tools is given

In chapter 2, a design framework for the desigmegbnfigurable manufacturing
system has been proposed. Axiomatic design apprbashbeen deployed for the
design of manufacturing in the context of lean niacturing. We have identified the
need to have a link between the strategic and tipeah level. In this chapter we
have proposed a supplementary domain i.e. Perfaenamomain, which is
characterized by performance indicators. Performandicators allow forming a link
between the design activities (explained in theexdnof lean manufacturing) and the
physical solutions (explained in this work). We @awupled the axiomatic design
approach with that of Function-Behavior-Structuppraach for the evaluation of
these performance indicators. The development goalication of the design
approach is oriented towards the machining operatigmilling, axial drilling
operations ...). The design process is divided ihted major domains: functional
domain represented by the geometrical specificatiprocess domain represented by
machining operations, their machining sequencegamess plans; structural domain
characterized by the kinematic configurations efitiachine architecture.

Chapter 3 attempts to address the problem of gemeraf process plans and
structural configurations of RMS. We have developedalgorithmic approach that
allows creating a link between the functions thatwant to achieve and the structure
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that will realize these functions. The passageosedby generation of the system
behavior characterized by the operations (machjrtiogi change, post change ...).
This algorithm is validated on 3 automobile pafise development and processing of
this algorithm is done in VBA with excel as intezéa

Chapter 4 focuses on the analysis of the evaluabbrthe generated design
solutions. The selected evaluation criteria aralityy range of product family, time
and cost. Among the set of criteria, the one rdlatequality (already defined as a
performance indicator chapter 2) is discussed taild®uality is defined in terms of
satisfaction of geometric tolerances. We proposesktaof heuristics allowing the
transfer of graphs generated in chapter 3 in grappporting the analysis of quality.
The “Internal Tolerance condition (ITC)” of eachligmn in the form of graphs is
calculated.

The conclusion presents a synthesis of the wonkethout and allows us to propose
future research objectives and directions. Theem®e in the level of reconfiguration
from the structural domain to the process domadissussed. The need for carrying a
multi — criteria evaluation along with other evaloa criteria like time, cost... is
highlighted. Aggregation of the performance indicatis also proposed.
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Chapter 1

A Review of Reconfigurable Manufacturing Systems

econfigurable Manufacturing Systems are the reegidition in the
Rseries of different types manufacturing systemirdesign is based

on the concept of part family, which they are regdi to
manufacture. In this chapter we have compared thastieg
manufacturing paradigms based on the key techncdbgharacteristics.
Principles of Reconfigurable Systems, along witle tkey enabling
technologies are explained. A synthesis based a@n dbncepts of
reconfigurability and flexibility is carried out. Aterature review of the
existing work in the domain of reconfigurable sygsiein general and
reconfigurable machine tool in particular is cardeout. The need for a
design methodology which takes into account théckadessign principles
of reconfiguration and the technological constraiminposed by the part
family is highlighted.

Changing Manufacturing Paradigms

Manufacturing can be thought of as a system in wipioduct design is the initial

stage, and the delivery of finished products tortteket is the final output (Koren,

1999). Manufacturing can be subdivided into manuf@tg processes, which alter
the form, shape and/or physical properties of aemiwnaterial; manufacturing

equipment used to perform manufacturing processesthe manufacturing systems,
which are the combination of manufacturing equipmand humans, bound by a
common material and information flow. Thus the cleoof a manufacturing system
represents the objectives of the enterprise.

Customer and market requirements are not only sutgaapid changes but also they
require the companies to deliver a product thgieets the requirements of low price,
high variety, and good quality. The strategies use@spond to these conflicting and
tough requirements include decentralization, mastufang of intermediate products,
automation, improvement in logistics, and developimef new manufacturing
systems...). Our work is concerned with the develagmef new innovative
manufacturing systems having capability to responaarket requirements.

A manufacturing system can be constituted of isdlatumerically controlled
machine tools for customized production or groupingether machine cells for an
automated transfer line for mass production.

Flexible manufacturing systems (FMS) developedhe 80’'s were expensive and
often under used in terms of their capability asmpared to the dedicated
manufacturing lines (DML), which have a high protiity but are rigid towards
further evolution. The rapid evolution of the designd launching of new products,
the need to fabricate the products of high qualitgt at reasonable price has enhanced
the need for a quick and adaptable manufacturistesy. To grasp the short window
of opportunity along with the need to reduce cost the time because of design and
product volume changes, the reconfigurable manurfilgf system (RMS) concept
was introduced.

In terms of design, RMS has a modular structunéigre and hardware) that allows
the ease of reconfiguration as a strategy to atlapmharket demands. Modular
machines and open- architecture controllers arek#éye enabling technologies for
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RMS, and have the ability to integrate / remove renftware/hardware modules
without affecting the rest of the system. This ff&MS the ability to be converted
for the production of new products, to quickly aljto exact capacity requirements as
the market grows and product changes, and to leetabhtegrate new technologies.
RMS not only combines the high throughput of DMLghwthe flexibility of FMS,
but also is able to react to changes quickly afetevely

However, research regarding the design of recordlgjea machine tools (RMTs) and
(RMS) has been going on in United States, undestipervision of Pr. P.Koren since
1998 at the University of Michigan. The future wleiowards the standardization of
the components as well as modules for reconfigumatias been demonstrated.
Among the most important aspects discussed are: rdmonfiguration of
manufacturing system, machine tools, processes;a@ystem...

In Germany, the project “METEOR 2010” (Multi Techogy based Reconfigurable

Machine Tool 2010 (Meteor2010, web). An approaahtifie generation of machine

tool configuration using reconfigurable processnpldhave been proposed by H.
EIMaraghy. The concept of modular machine toolsehbgen addressed before the
concept of reconfigurability became popular. Gdfearro, 1992) in his thesis under
the direction of P. Martin worked on the designoperational aspect of modular

machines having parallel architectures.

1 Objective

This chapter is written with an aim to carry outiardepth literature review of the
existing paradigm of reconfigurable manufacturiggtems. Also it reviews the basic
design considerations to be taken into accouattéimpts to highlight:

» the state of art and the need for reconfigurableufscturing systems (RMS),
« design parameters for the design of a RMS,

e existing work in the domain of RMS and its most ortant sub component
reconfigurable machine tool (RMT).

All these review areas are discussed with refereéacine overall objective of this
thesis i.e. development of a methodology for thagteof RMS.

The problem areas associated with the design apiementation of a RMS are:

global design of a RMS, design of each reconfigleratachine tool (RMT), design of

the control system, validation and definition ofesigoverning reconfiguration. Most

of the existing work is oriented towards RMS desagithe strategic level, giving out

the design activities involved. There is very ladgsancement at the operational level
of RMS design which includes the number of RMTsuregfl and detailed kinematic

design for each of them. More importantly the libktween the strategic and
operational level is missing.

In our work, we have concentrated on the technoldgispects of a RMS along with
providing the connection between strategic andaieral level through performance
indicators (Chapter 2 and Chapter 3). They arddbtrs that are directly linked to:
range of product family, quality, cost and time &pter 4); interaction between
machining features and their realization for a padamily. We focus in particular
on the development of design methodology and tHeniden of parameters for

evaluation of these design solutions.
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The development and application of the design appras oriented towards the
machining operations (milling, axial drilling op#éians ...). The design process is
divided into three major domains: functional domegpresented by the geometrical
specifications; process domain represented by mexthoperations, their machining
sequences and process plans; structural domairaatbezed by the kinematic
configurations of the machine architecture.

2 Manufacturing Systems

A production system is defined as a set of suceegsansformations in passing from
the initial state to its final state (Dano, 1968)achining operations are one of the
main agents that cause these transformations. @uk vg oriented towards the

generation of kinematic machine configurations wiglarticular reference to

machining. According to EIMaraghy (EIMaraghy, 2008)anufacturing systems can
be classified into three majors groups based an pineductivity and flexibility.

* Dedicated Manufacturing Lines (DML)

* Flexible Manufacturing Systems (FMS)

* Reconfigurable Manufacturing Systems (RMS)
2.1. Dedicated Manufacturing Lines (DML)

Manufacturing systems have evolved from job shegsch feature general purpose
machines, low volume, high variety and significdmtman involvement, to high
volume, low variety dedicated manufacturing lind3M(_s). These DMLs were
developed in the automobile sector (mass productitrere the manufacturing has an
objective of high productivity. Earlier DMLs wereased on mechanizing and then
automation of the machining operations. Each déelichne is typically dedicated to
produce a particular part at a very high productiae. Each station of a DML is
specialised to do an identical machining operatidmays at the same place.

Henri Ford revolutionized the manufacturing systeynintroducing the principle of
product flow through multiple stations. The DMLs/Banany advantages:

very high productivity (Finel, 2004),
* high precision due to the fixation of the parts #meltools,
* low maintenance cost due to standardized equipment,

* high degree of automation, it improves the quatitythe manufactured part
(Belmkhtar, 2006),

* long life.

Since the 80’s, the DML became less attractivetdugeir inflexibility in the face of
changing demand requirements and evolution of proolu in terms of product
variety and production capacity. Thus DMLs are ildasonly when we have fix
demand in terms of variety and it corresponds ¢dr ttapacity.

2.2. Flexible Manufacturing Systems (FMS)

In the 80s, Flexible Manufacturing Systems (FMSYyevmtroduced. They address
changes in work orders, production schedules, gragrams, and tooling for
production of a part family. They can produce ugri®f products, with the
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changeable volume and part mix, on the same sydt@s is a technology that
attempts to make the whole production system flexand adaptable to changes in
demand, without requiring any additional investmditte need to have a fast process
flow and automation of complex tasks are the bas$isheir development. These
systems can be modules of flexible manufacturinghprising of one or more
computerized numerically controlled (CNC) machines a single flexible
manufacturing systemFigure ). FMS were specially developed to respond to the
constraints of productivity and flexibility.

Figure 1 Example of a Flexible manufacturing layouthaving multiple machining cells

There are many factors which are contributing ® dinsatisfactory performance of
FMS. They include:

* high initial cost due to expensive general purposenputer numerically
controlled (CNC) machines,

e complexity of the system,

* lack of reliability of software,

* need for highly skilled personnel and high supposits,
* inability to upgrade,

e production capacity lower than the desired levekc@use of single tool
operation, throughput less than that of DMLS).

According to (Mehrabi et al, 2002), the industrighich have implemented and
installed FMSs, more often the level of flexibilithp not conform to the objectives.
Almost two thirds of the industries do not use tdmmplete functionality of these
systems and there is a capital waste.

To cope with the short windows of opportunity fatroduction of new products,
computer aided design has dramatically reduceduystadevelopment time during the
last decade. However, such design methodologiasotexist for the manufacturing
system itself, therefore the design time remaingtley. Manufacturing system lead
time has now become a bottleneck. These brief wiisdof opportunities can be
captured, if lead-time of manufacturing system aduced. This can be achieved
through rapid design of systems that are creatad fnodular components, or by the
reconfiguration of the existing manufacturing sysseo manufacture new products as
depicted in Figure 2 (Koren et al, 1999). More relye the reconfigurable
manufacturing system (RMS) concept was introduttedtas done to respond to this
new market oriented manufacturing environment.
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Current Practice

Develop product A | Product design time |
reduced by CAO

Manufacturing system RAMP UP Produce A for 20-30 Years
Design And Build

—>» Product —> Product TIME
............... A A
Concept In market >

Product Future Practice
A

In market

| Develop product C
Develop product B |
Develop Product A Reconfiguration
Mfg system RAMP Produce A R| Produce R Produce B&
Design And Build UP u A&B u C

Figure 2 Comparison between current and future pratices

A survey of literature suggests that there arers¢vecent studies on various issues in
future manufacturing and machine tools (survey bgimeering research centre for
reconfigurable machining Systems (ERC/RMS) (Kord®97), association for
manufacturing technology (AMT) report 1996, natiomasearch council (NRC)
report, 1998 and next generation manufacturing (N@&\ort 1997), have identified
some of the important drivers of the next genenati@anufacturing environment and
also the attributes required to respond to thesemdrare defined. The study carried
out by National research council (NRC report) idfeed RMS concept as the number
one priority technology for future manufacturing.

2.3. Reconfigurable Manufacturing Systems (RMS)

RMS are a cost effective response to market chareggsres a new manufacturing
approach that not only combines the high througlgbudML with the flexibility of
FMS, but also is able to react to changes quickty efficiently. Y. Koren has defined
his article “Reconfigurable Manufacturing Systeras?

“The reconfigurable manufacturing system is desth the outset for rapid
changes in structure, as well as hardware and so#wcomponents, in order to
quickly adjust production capacity and functionghtithin a part family in response
to sudden changes in market or in regulatory reguients.” (Koren, 1997)

The design of manufacturing system around part lfanwith the customized
flexibility required for producing all parts of thpart family. This reduces the system
cost. RMS is designed to cope with situations wibetd productivity and the ability
of the system to react to changes are very impbrtan

2.4. Comparison between DML, FMS and RMS.

A comparison between the three systems globallyedasn the coordinates of
capacity, functionality, flexibility, scope, cost.is carried out in Table 1. It shows
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that instead of providing a general flexibility duigh the complete life cycle of
equipment with built-in high functionality as in F RMS provides customized
flexibility (Hu, 2006).

Factors DML FMS RMS
e Complexity Low High Medium
e System focus Part Machine Part Family
«  Skill level and training | Low High Medium
required
e Capacity to integrate | Low Low High
new additions
e Up gradation potential | Low Low High
e System structure Rigid Adjustable Modular
» Machine structure Rigid Rigid Adjustable
« Simultaneous operatingYes No Yes
Tools
*  Production volume Always High | Variable Variable
e Product variety Low High- Very high Medium- High
» System Ramp up Timg High Medium Medium
« Initial Cost Low High Medium
»  Flexibility No General Customized
* Machine features Dedicated and Versatile (CNC), Dedicated but
fixed feature | variable no of axes, changeable functions
multi heads, multi (axes, tools, etc)
spindle

Table 1 Comparison between DML, FMS and RMS

The objective of RMS is to combine a scalable ougnd an adjustable functionality
with a minimum lead time and high productivity (Abe 2006(b)). RMSs are

designed to cope with situations where both pradiiztand the ability of the system

to react to changes are of vital importance. Aralid®MS takes into account the the
positives of both DMLs and FMSs (Koren, 2006). ®rehitecture of RMS can be
hierarchically structured as shown in Figure 3. tB& system level Reconfigurable
Machine Tools (RMT) are linked into sequential aragdlel production lines (Abele,

2006(a)).
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Figure 3 Classification of Manufacturing Systems (Aele, 2006(a))

2.5. Flexibility and reconfigurability

Elmaraghy in her article (H. ElImaraghy, 2006) déss the design, characteristics,
and potential merits of RMSs and how they compaith wther manufacturing
paradigms at this stage of manufacturing systemslugon. Similarities and
differences between RMS and FMS, the definitiongl@fibility, reconfigurability,
and changeability, and how to characterize a matwiag system’s responsiveness
are discussed.

It states that an RMS is designed, at the outset,af possible rapid change in
structure, as well as in hardware and software compts, in order to quickly adjust
production capacity and functionality within a p&amily while a FMS is a system

whose machines are able to perform operations camdom sequence of parts of
different types with little or no time or other eqiture for changeover. In practice,
FMSs consist of processing stations and materiadlliveg systems that are entirely
under computer control (CNC, DNC). In summary, RM% manufacturing system
with customized flexibility and FMS is a manufadhg system with general

flexibility (Hu, 2005). It is hypothesized that RMS positioned between DML and
FMS as shown in Figure 4.

Variety
A

FMS Customization

R M S Mass

Customization

DMS Mass
| Production

» Volume

Figure 4 Manufacturing Paradigms—A hypothesis

3 Technologies enabling Reconfiguration

The common denominator for existing dedicated aexilfle systems is their use of
fixed hardware and fixed software. For example qudyt programs can be changed
on CNC machines, but not the control algorithmseréfore these systems, including
CNC and FMS are static systems and are not recoafile. Two technologies that
are necessary enablers for reconfiguration havergade software and hardware
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modularization. Reconfigurable hardware and so#ware necessary but not
sufficient conditions for true RMS. The core of tR8MS paradigm is an approach
based on simultaneous design of open-architecterenfigurable controllers with
reconfigurable modular machines that can be dedigmg synthesis of motion
modules. To fulfill the requirements of an open,dular machine structure, the
modules and their interfaces must be carefully ngefi When examining a self
contained machine module, three main interfaces lwandentified: mechanical,
power and control or information. Only with the uslewell defined interfaces, the
reconfigurable manufacturing systems will becomeemended so they may be
improved and upgraded rather than simply repladdte survey by ERC/RMS
deduced that the most important enabling technetogire: high speed machining
(process), modular machine tools, open architectystems, training of operators,
and education of engineers. Enablers of manufagiusystem transformability and
classification of changeability were defined by (Wlahl, 2005) (Figure 5).

Dimensioning and design

of the various requirements
regarding product or technology,
e.g., variants flexibility

- Unrestrained
FI:ED%E ; mobility of objects,

e.g., machines on rolls

Technical, spatial and
personnel extensibility or

reduceability,
e.g., flexible labour time

Standarcfised. functional
e g., Plug&produce-modules

Networkability regarding

|:| material, information, media
and energy, e.g., standardised

software interfaces

Figure 5 Enablers of manufacturing systems transfanability
3.1. Key characteristics of RMS

A more precise classification the key charactesstif a RMS were done by Y. Koren
(Koren et al, 1999). He defined in order to achidwe design goal requires several
key characteristics, which are the following:

3.1.1 Modularity

In a reconfigurable manufacturing system all congoais are modular (e.g., structural
elements, axes, controls, software, and tooling).

3.1.2 Integrability

Machine and control modules are designed with fiaess for component integration.
The integrated system performance is predicteddbasea given performance of its
components and the interfaces of both softwarensexchine hardware modules.
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3.1.3 Customization

This characteristic has two aspects: customizexibiley and customized control.

Customized flexibility means that the machineslaré around the part family that is
being manufactured and provide only the flexibilitgeded by it, thereby reducing
costs. Customized control is achieved by integgationtrol modules with the help of
open-architecture technology, providing the exantfions needed.

3.1.4 Convertibility

In the reconfigurable system the optimal operatimagle is configured in batches that
should be completed during one day, with short eosien time between the batches.
Conversion requires changing tools, part-progrand,fixtures, and also may require
manual adjustment of passive degree of freedom.

3.1.5 Diagnosability

Detecting unacceptable part quality is criticakr@&ucing ramp-up time in RMS. As

production systems are made more reconfigurableaamanodified more frequently,

it becomes essential to rapidly tune the newly mégared system so that it produces
quality parts

Modularity, integrability, and diagonsability rexkithe reconfiguration time and
effort while customization and convertibility reducost. The system that possesses
these characteristics has high level of reconfigjlita.

3.2. Research Areas linked with the design of RMS

Advances in reconfigurable manufacturing will nator without machine tools that
have modular structures to provide the necessargracteristic for quick
reconfiguration. However, the lack of machine tdesign methodology and the lack
of interfaces are the major barriers that impedelutarity. Reconfiguration seems
increasingly difficult for hardware interfaces, #®ey are much more difficult to
realize that software interfaces. Following arekbg research areas in RMS design:

3.2.1 System Level Design issues in RMS

A system configuration is defined as a set of maehi(including controls) and
connections among them.

3.2.2 Life Cycle Economics

If we take into account the entire life cycle coba production system in an uncertain
market. Reconfigurable systems can be less expettstan FMS or DMLs. The main
factor that makes RMS less expensive is that itngalled with precisely the
production capacity and functionality needed andg io& upgraded, in capacity and
functionality, in the future, exactly when need#édalso eliminates the capital waste
that occurs in FMS.

3.2.3 Modular Structure

Reconfigurable manufacturing systems need modulanctare to meet the
requirements of changeability, which is providedabgnodular system structure. The
primary goal of developing reconfigurable manufaoty systems is to develop
machine modules, which can be quickly exchangeddss different manufacturing
systems. The exchangeability that can be accongulidly equal structure of the
machines and the control systems and the standéiotizof the interfaces that
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combine the modules, which enables short term abdpy to market changes by
reconfiguration of the system. The influence of thmdular structure on the
reconfigurability of the manufacturing systems deggeon the choice of the module
granularity.

3.2.4 Interfaces

To realize reconfigurable manufacturing systemsthet modularity, standardization
of the modules interfaces is required.

In this thesis, we concentrate on the technoldgispects of a RMS related to
machining operations. They are directly linked e guality and cost of the feature
that are required to be realized in a product faniRMTs are the basic building block
of a RMS. They play a vital role in the transforroatof the part family from its
initial brut state to the finished state.

4 Design of Reconfigurable Machine Tool (RMT)

The concept of RMT enables the integration of midtiproduction functions in one
machine workspace. The structure of RMT has a atiblee design and consists of
basic elements, which can be economically adaptexigh addition, substitution or
structural change (Abele 2004).

RMT design should be based on two core methodsdesign for modular
reconfigurable machines and design principles foenostructure architecture. In the
existing approaches, the machine design methodsddhdilize a library of machine
modules, each of which should be able to proviilendamental motion.

4.1. Modular design

The modular design is the key enabling technologyreconfigurability, as the

machining system can be easily reconfigured by simgding, removing or changing
the constituent modules or components. Modulesifead high degree of conversion
flexibility, as again, they are composed of chabieasub modules (e.g.; spindle
system or tools. Due to this flexibility a modift@an in the process plan to be
executed, can be performed.

The primary aim of any reconfigurable machine tsdb cope with the following
changes in products or parts to be manufactured:

* Work piece size

» Part geometry and complexity

e Production volume and production rate

* Required processes

* Accuracy requirements in terms of geometrical amcyrsurface quality, etc
* Material property, such as kind of material, hasinetc

To meet the productivity and quality demands of achmning operation, it must
satisfy the variety of requirements including thality to produce the specified
motions and adhere to part tolerance specificatidtss kinematic viability and
structural stiffness must be verified. Landers psmgadl a methodology to determine
the kinematic requirements automatically (Land20§1).
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In this method the machining operation is transtininto a task matrix that
contains the necessary motion requirements of thehime tool. The functional
requirements of the machining operation are usegetwerate a graph representation
of candidate machine tools. This graph gives thexall/topology of the machine tool.
Modules are assigned to various portions of graphse product of their
homogeneous transform matrix is compared to thk taatrix. If equal then the
machines are kinematically viable. The methodolisggpresented in Figure 6.

Part < Operation Task Matrix : T

Required Motion and |

Process data
Power

Structural
Configuration Graph Theory
Allocation of
i < Templates
Functions
i Parameterized HTM
Module Selection |« Module Library Modmian
Evaluation HTM

<

‘ Set of Alternative Reconfigurable Machine Tool Design ‘

Figure 6 : Methodology for RMT Design (Landers, 20Q)
4.2. Design of the Information and control

Similar to building a library of machine modulesntroller software components are
also stored and catalogued and stored for reuseniddular design of machine tool
equipment directly influences the requirements fbe corresponding control
equipment. To support the modularity, the contrgdtesm must also be designed
according to the principals of open architecturg.IBEE it is defined asAn open
system provides capability that enables properlglé@mented applications to run on
a vide variety of platforms from multiple vendonsteroperate with other system
applications and present a consistent style ofraugon with the usér In other
words a neutral system platform which is indepehd#nsystem applications and
which can be easily adapted to specific hardwarendsspensable to fulfil these
requirements. The system software for an openralosystem defined as above has
to contain at least three components.

* An operating system or run time module to exeduemodules

« A configuration system to combine modules into aniog system at boot up
of the control.

* A communication system to enable information irtarge between modules
on the basis of standardized protocols.
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4.3. Validation and system Ramp up of RMS

Ramp up time reduction is a critical objective bwing able to respond to the short
window of opportunity for new products as well as §caling systems to cope with
changing demand. The ramp up period is definedTag ‘period of time it takes to

introduce a newly introduced or reconfigured maouwfang system to reach

sustainable, long term levels of production in terof through put and part quality,

considering the impact of equipment and labor @upctivity.

Achieving the objective of ramp up time reducti@yuires diagnostic and ramp
up methodologies, at both system and machine |&gshroduction systems are made
more reconfigurable and their functionality andolats are modified more frequently,
it becomes essential to rapidly tune the systethathe opportunity is not lost.

5 Existing RMT designs

RMT is a piece of equipment that assures the toamsition (especially through
machining) in an autonomous manner while respedtiegconstraints of flexibility
and productivity. Since the inception of RMS, numey research works have been
carried out regarding RMT design. A few importanhtibutions in the domain of
physical design of RMTs are listed below:

5.1. SHIVA, Multi-spindle machine tool

SHIVA is the first of the machine tools develop&dtttouched the basic principles of
RMTs and was developed by O. Garro and P. Martarr@ 1992; Garro and Matrtin,

1993). These works present a design methodologyther operational design of

machine tools and it has implicitly integrated ttumcept of reconfigurability. Some

years later, the methodology was further elaborbtedollenaere (Tollenaere, 1998)
using the concept of machining feature. The progpasethod is oriented towards the
design of physical elements of product manufactusiystem.

The structural configuration of SHIVA consists oflage number of spindles
which perform the machining operations on fixed kvprece. The spindles work in
either a sequential or simultaneous manner. Fomiaehining features required to be
realized, a search of functional architectural nr@oly solutions of the machine tool
Is carried out. Garro proposed a mathematical fbratgon based on temporal logic.

Although, the method uses the concept of multipiedies performing multiple
operations at the same time, but it does not détailsteps required to take into
account the positioning and maintaining the positidd the work piece during the
simultaneous operations (Aladad, 2009).

5.2. Arch-Type RMT

Professor Koren and his team at the ERC/RmS (Eagimg Research Centre of
Reconfigurable Machining System) developed the feal industrial RMT. This team
essentially works for the automobile sector. Tharthal Arch Type RMT” is
designed at the outset for reconfiguration and daheount of reconfiguration is
determined from the part family (Katz, 2000). Wkwal reconfiguring the machining
angle in a discrete manner in the range of —1utbtdegrees.. However, the design
took into consideration, a well defined “part fayhilith a well defined “family of
functional features” such as some milling and ithglloperations which take place on
an inclined surface as shown in FigateDrilling and milling operation on inclined
surfaces are typical to many mechanical partsenatitomotive industry and in many
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other industries. Therefore, it represents a wabnf realistic options to utilize the

idea of angular reconfiguration and to apply thdsa in a design of some other
reconfigurable machine tools that will be built,eiable the change of the machining
angle.

Prototype presented at IMTS 2002

Figure 7 Example of a reconfigurable machine.

The RMT design methodology was developed by Y. Md@dloon and Kota,
1999; Moon, 2000). The idea of Reconfigurable Maehiool (RMT) goes beyond
the concept of modularity in that a RMT allows masstomization, facilitates easy
integration of new technologies. It is cost effeefi and provides high-speed
capability. The methodology presents a scientifasi® for design of RMTs. An
overview of the design approach is given in Figiire
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Figure 8 Overview of design methodology used for ah type RMT (Moon and Kota,
1999)

This approach requires the information regarding phocess plans and module
library before finding out the possible solutiorhuB it is not completely independent
of the processor structural domain. This is exgdim detail in chapter 3.

5.3. METEOR 2010

The project “METEOR 2010” is a German researchamioaimed at standardizing the
components of a RMT. The project consists of deguatp the principle of

reconfigurability by modularity and adaptability @hachine tools dedicated of
machining. The modules of this machine tool shoadithere to: minimum cost of
transformability to new configurations, reduce lirdawn time, capability to perform
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standard machining operations... This machine reguire standardization of all the
interfaces.

5.4. Machine structure configuration approach

Shabaka and EIMaraghy in their work regarding gatian of machine configurations
based on product features (Shakaba, 2007), prop@sedhachine structure
configuration approach. This approach is one ofrdeent additions in RMT design
for a particular part. The inputs include part dmsiens and tool directions for each
operation required to be performed. The operati@egrlence graph is also an input.
The approach requires clustering of machining dpera and generation of
machining operations. Figure 9, below gives anweer of the approach.

The output are the candidate machine tool conftgura machine modules,
minimum axis of motion and angles of rotation regdifor each operation cluster.
The approach uses the concept of mapping betweeprttessing requirements of
parts and the structural requirements of recondilgler machine tool. It generates the
minimum required machine capabilities for the magtyg cluster.

Part to be
produced

Precedence graph,
size, Tool
direction..

I

Operation
clustering

)

Generating Machines in the
machine |« manufacturing system +
structure available configurations

A

Calculate machine
configuration + used
modules +
Minimum axis of motion +
rotation

End

Figure 9 Machine structure configuration approach Shabaka, 2007)

6 Summary

The new manufacturing paradigm of RMS is an impuaréalvancement in the field of
manufacturing. It represents the market trendspasdesses the capability to adapt to
changes in requirement or market fluctuations. Magsearch societies including
CIRP (College international pour la recherche eodpctique) and NSF (National
science foundation of USA) are concentrating towdhed development of these new
systems.

Modularity is one of the most important characterisof RMS concept,
particularly with reference to RMT design and opiera The work ofGarro is one of
the first to introduce modularity in the manufaatgr system. (Koren and Ulsoy,
2002) engaged in the development of RMS and RMTh weference to industrial
application. The solutions for the rapid changimgeplacement of spindles and part
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holders are proposed by the PTW laboratory Darmsiads responsible for the
project METEOR 2010. One of the most significanbtcbutions in the domain of
RMT design came from Elmaraghy H

The design of reconfigurable manufacturing systesna complex process. It
utilizes many different scientific domains. In cexit of the machining domain RMT
plays a vital role. Its design includes the genenabf structural configurations to
realize the part family consisting of a group ofnufacturing features. The literature
review revealed that there is a need of a methgyadloat generates for a given set of
functional requirements of the machining featuri¢s,corresponding process and
structural domains. These domains need to be deamed by their machining
processes and kinematic configurations.
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Chapter 2

Formalization and Structuring of the Framework of t he Design
Process of a Reconfigurable manufacturing system

his chapter focuses on formalizing the designh peasd a Reconfigurable

Manufacturing System (RMS) and gives out a stredtdrame work to do

so. A review of existing design approaches likeoragtic design and

function-Behavior-Structure approaches was carried. It was revealed
that the existing works are oriented towards sigatelesign point of view. There is
a need to have a methodology that links both sggratend operational design point
of views, particularly with reference to Reconfighle Manufacturing System
design. They included non definition of physicdutions as design parameters
and lack of formalism for the evaluation of theigesolutions. In order to address
these difficulties, the design approach is resued with certain modifications.
Performance domain is added in the design framewatkperformance indicators
for each design parameter are defined. Evaluat®rtarried out by integrating
“Function-Behavior-Structure” approach to the desigmethodology. An
integrated design framework based on “Function-BabaStructure” approach
and axiomatic design is presentéithe knowledge base to support the transition
process between the class variables of Functiorhatier and Structure is
provided by manufacturing domain ontology calledSON.

1 Introduction

Manufacturing system can be defined as a combmaticnumans, machinery and equipment
that are bound by a common material and informaflimn. A manufacturing system design

can be conceptualized as a mapping from the pesfiocen requirements of a manufacturing
system, onto suitable values of decision variabMsch describe the physical design or the
operating manner of a manufacturing system (Figl@g Thus a manufacturing system
design is viewed as a common, cyclical activityalwing the definition of the system’s

objectives, the development of detailed system tcaimés and the implementation of the

design.

Mapping

Performance
System

or functional

. descriptions
requirements

Figure 10 Manufacturing system design process (Chsgolouris, 1992)

There are number of product performance modelinggyxt design, and simulation tools
for the manufacturing process. But the link betwgsnmanufacturing process and the design
still needs to be formalized. This area has marpontant factors like enterprise, production
resources, interaction between technical consgrant the size of the production line etc.
The link consists of two aspects: the design ofrttaufacturing process and the design of
manufacturing system. Use of a robust design melbgg is necessary to handle the system
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design complexities involved in the design processframework to guide the designer
through the decision making process while takirtg sccount the effects of these decisions
because of the interrelations between the sub dmisiessential.

Design can be defined amterplay between what we want to achieve and hewvant to
achieve it. Therefore a rigorous design approach must begih an explicit statement of
“what we want to achieve” and with a clear desariptof “how we will achieve it”. The
methods and tools for the design of manufacturiysiesns fall into three broad categories:
operations research, artificial intelligence anchugation (Chryssolouris, 1992). There are
numerous design approaches that are being folldwedesigners to undertake design of
engineering problems. They include Theory of InxenProblem Solving (TRIZ) (Altshuller,
1997), Axiomatic Design (AD) (Suh, 2001), FunctiBahavior-Structure (FBS) (Gero, 1990)
approach ... These modeling and analysis methodaduwige been developed to clarify the
system design complexities.

Engineering design processes are fundamentallytisoldinding processes (Pahl and
Beitz, 1996) that have to address the followingeatp specification of the requirements,
search for solutions, evaluation of available sohd, and selection of the best suitable
solution. Evaluation is in fact, evaluation of thesign decisions. Our objective of the design
of reconfigurable manufacturing system (RMS) leadsto some very important questions
which will be answered in our proposed framewortkey are:

* How to formalize and structure the design processhie design of a RMS?

* How to formalize the link between the functionakds and the physical elements of
RMS?

* How to evaluate a design solution and define medeiperformance indicators?

We have proposed a framework that assists recamafipr manufacturing system
designers in the structuring of the design prodessed on: functional requirements of the
selected part family, structuring of knowledge rieed during the design process and defined
evaluation criteria for reconfigurable manufactgrsystems. The application of the function-
behavior-structure paradigm made it possible tindeiunctional characteristics at a level of
abstraction that is suitable for their selectioonfgguration, and evaluation. Evaluation
criteria were defined along with proposed methddevaluation. Structuring and knowledge
formalization with help of a manufacturing ontologhASON s illustrated.

Section 1 details different design approaches itiaitide axiomatic design and Function-
Behavior-Structure approach. Existing manufactusygtem design frameworks based on
axiomatic design methodology are detailed with eespgo the design of RMS and the
necessary additional parameters are highlightetirigr design activities are detailed along
with the transition of these functional activitieso solutions. Existing work in the domain of
manufacturing system design methodologies in gérerd reconfigurable system design
approaches in particular revealed an emphasis t®wvdéine design at strategic level.
Improvement of economic returns is one of the majgectives. On the other hand there are
works (Bright et al, 2005; EIMaraghy et al, 200fatt focus on the operational aspect of
manufacturing system design. But the connectiowden the strategic and operational level
remains unexplored. We attempt to provide a linkvieen the two levels.

In order to have a measurable performance parasgterformance indicators are
introduced in section 2. The design process fromteggic point of view to an operational
point of view is discussed. We propose the additednthe performance domain and
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performance indicators to carry out the evaluatdrnthe generated solutions. A detailed
framework for reconfigurable manufacturing systesmsdal on axiomatic design is presented.

To evaluate the solution and integrate the prodessain for achieving a design based on
functional requirements of a product family is @rout by adding FBS approach to the
design framework. The application of FBS paradignoutdd make it possible to define
characteristics at the level of their abstractiwat is suitable for their selection, configuration
and evaluation. Its integration with the proposedign based on axiomatic design theory is
illustrated in section 3. This integration not ontyanages the transition from the functional to
the structural domain but also permits the evabmatf the generated solution. Section 4
details the compatibility of a manufacturing ongpJdMASON and its role as supporting tool
in the design process. The objective is to dematestMASON’s capability to provide the
necessary knowledge base during the design process.

2 Design Approaches

The design process may be defined as a hierarctemasion making process. Axiomatic
design theory provides a valuable framework fordgg designers through the decision
process to achieve positive results in terms offite design object. The ability of AD in
systematic propagation of functional requiremeatthe different facets of a system’s design
and the presence of existing axiomatic design basethufacturing system design
frameworks, makes it a suitable approach.

2.1. Axiomatic Design

A methodology must be used to systematically relde desired outcomes to design
parameters that are used to achieve the desiredtsrgSuh, 2001). Axiomatic design
principles were introduced to establish a scientifasis for design and to improve design
activities by providing the designer with a thema&tfoundation based on logical and rational
thought process and tools (Kulak, 2005). Any dessgmade up of four domainsustomer
domain,functionaldomain,physicaldomain angrocessdomain (Figure 11). The domain on
the left relative to the domain on the right représ the goals / objectives while the domain
on the right represents the design solution.

Customer’s requirements are given in the form ofstGmer Attributes (CA). It is
characterized by the needs (attributes) the custesnéoking for in the final product /
system. In the functional domain, the customer sem@ specified in terms of functional
requirements (FRs) and constraints to satisfy tifeubsequently, to satisfy the specified FRs,
design parameters (DPs) in the physical domaircaneeived. Lastly, to develop the DPs a
process is developed that is characterized by psocariables (PVs) in the process domain.

Axiomatic Design defines design as the creatiosyoithesized solutions in the form of
products, processes or systems that satisfy pedteneeds through mapping between
Functional Requirements (FRs). These FRs repreSehts we want to achieve” and Design
Parameters (DPs) representing “how we choose isf\s#ite need”. The definition of these
“what” and “how” is the base of axiomatic designthazlology.

The customer needs (CNs) in the customer domaimapped to the functional domain,
where they are translated into a set of FRs. Tld& are minimum set of independent
requirements that completely characterizes the timmal needs of the product in the
functional domain. By definition each FR is indegent of every other FR at the time, FRs
are established (Suh, 2001). Constraints will appesaa result of translation of customer
wants to FRs and these constraints have to beatespehrough the whole design process.
After defining the FR at the top level, a desigmaept has to be generated (Cochran, 1999).
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The FR is then mapped to the physical domain aad# is mapped to the process domain in
terms of process variable (PV). The next step is design process is the decomposition of
the FRs, DPs and PVs in their sub sets. A decompodierarchy is formed by doing Zig-
Zag (Figure 11) between the domains.

The process of zig-zagging between the functiondl ghysical domains to lower levels
provides a complete design decomposition of theteggic objectives (FRs) to the lowest level
necessary to explain and determine the physicaleimgntation. At the highest level the
design FR is established with the available knogéetb complete the detailed design, the
FRs and DPs decomposition i.e, leaf-level FRs ai.Drhroughout the decomposition
process the designer is transforming the desiggningéxpressed by the higher level design
matrices into realizable detailed designs giverthgylowest level design matrices. At each
level of decomposition design decisions must besisbent with all higher level design
decisions that were already made.

When the decomposition process propagates dowrhdéoldwer levels, the design
eventually reaches the leaf level, where one ofenkd®s can be fully satisfied (or controlled)
by the selected set of DPs without further decontipos The design process terminates when
all of the lowest branches of the FR tree are Igatemodule is a row of design matrix that
generates an FR when it is multiplied or suppliethva DP. Each FR leaf has one module
that generates the FR given the input of DP.Thigpimay process is shown in the Figure 11.

Customer Functional Physical Process
domain domain domain domain

Figure 11 Axiomatic Design

The basic hypothesis of axiomatic design is thatelare fundamental axioms that govern
the design process. Nam Suh defines an axiom fas\séént or fundamental truth for which
there are no counterexamples or exceptions. Inr dodehe mapping to be satisfied between
two domains, two basic axioms must be followed:

 Axiom 1: The Independence Axiom — Maintain the ipeledence of the functional
requirements (FRSs).

* Axiom 2: The Information Axiom — Minimize the inforation content of the design.

The independence axiom ensures that within a debayring two or more than two FRs,
the FRs have to be defined in a way that satisfgimg FR doesn't affect the fulfillment of the
other FRs. The second axiom, the information axigrbased on the idea that the success of a
design is determined by the probability associatétl achieving the FRs. This probability
decreases with the amount of information necegsafyfill the FRs.

The mapping process between the domains can bessga mathematically in terms of
the characteristic vectors that define the desgpals and design solution at a given level of
hierarchy, the set of FRs that define the spediisign goals constitutes the FR vector in the
functional domain. Similarly the set of design paegers in the physical domain that has been
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chosen to satisfy the FRs constitute the DP vectbng relationship between these two
vectors can be written as:

FR =[A] DP (2)

Where Aij is called the sensitivity matrix. It claaterizes product design for a product
having “i” FRs to be satisfied by “” DPs. Dependian the form of the matrix Aij, the design
can be classified as:

* Uncoupled Designlt is the most preferred design. It is a diagamalrix indicating
the independence of the FR-DP pair.

» Decoupled Designlt is the second choice. In this design the cpmading [A] matrix
is triangular; therefore the FRs can be answerstesyatically. FR1 to FRn by only
considering the first n DPs. This design appearstrnequently in real life.

» Coupled Designlt is the undesirable type. In this design thenpatrix has no special
structure. Therefore a change in any DP may inftaeall FRs, simultaneously. In
designing with AD-principles we try to avoid cougldesign as much as possible.

2.2. Function-Behavior-Structure (FBS) Approach

FBS approach (function-behavior-structure) intetalsmprove the design of products or
systems. It is directed to improve the design pectn FBS the act of designing can be seen
as transforming a set of functional representatibrie a design description or structure S
through the behaviors B. Thus a designer develofsetional requirement F, determines
behavior B, which will result in fulfillment of tre® functions and selects structures S to carry
out the behaviors. The FBS framework representsitisggn development in different states.
The basic assumption is the existence of threeseta®f variables required in a design
process: function variables, behavior variables atrdcture variables. They are linked
together by processes, which transform one cldssamother.

Gero (Gero, 1990) has introduced a representatbensa for design knowledge, i.e.
knowledge about existing (physical) or to be destyifimaginary) objects, based on the
notions of function (F), behaviour (B) and struets). The three major components of the
approach are:

* Function (F) describes the teleology of an object.

* Behavior (B) describes the attributes that arevedrior expected to be derived from
the structure (S) of an object.

» Structure (S) describes the components of an objettheir relationships.

Michel Labrousse in his thesis (Labrousse 2004jexhiout a literature survey of various
definitions of function, behavior and structuredteA careful comparison and discussion, he
proposed more generic definitions of each classabkes. The functions describe in an
abstract manner the objectives of the object (ptdprocess or resource). They are
formulated independently of any particular solution choice of structure. Behavior may
include a set of laws and rules (continuous modwisl) a series of sequential states (discrete
models) representing the evolution of a structwkowing an excitation during a given
process. While, a structure allows to specify tleenents that make up the object model and
the attributes of these elements.

Hu (Hu et al, 2000) defined Function, Behavior &tdicture (FBS) model as an approach
for designing devices which explicitly represerite functions of the device (the problem) ,
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the structure of the device (the solution), and ititernal causal behaviors of the device.
Function can be defined as what (an object) doglsavior as how (it) does what (it) does,
and structure as what (an object) is.

Application of FBS involves representing a partacuproduct /system by its required
functions. Connections between function, behavmt structure are constructed. Specifically,
functions are ascribed to behavior and derive bhiehdvom structure. A direct connection
between function and structure, however, is natl@ished.

It is an approach which represents in an explieihner, the functions of the product or of
the system (the problem), the structure of the peodSolution) and the behavior (process)
internal to the product. The objects are considaethree views (functional, behavioral and
structural) and are supposed to be able to be etkfivhile passing successively from one
view to other. In FBS the design process is divided eight different steps by which the
designer transforms the functions F into desigrcigietsons as shown in Figure 12:

Reformulation R

O, - -~ -l X
- ~
- A
- .
a F » = Reformulation
rd

b Y

Function —— ExpededBehaviorl}( Y R

N !

\ “ R eformulation

Y -

S N

Performance Indicators Structure ——— Documentation
Structural Behavior

Figure 12 Function - Behavior - Structure Approach

« Formulation: Transforms the design requirements,resqed in function (F), into
behavior (Be) that is expected to enable this fonct

« Synthesis: Transforms the expected behavior (Be) @nsolution structure (S) that is
intended to exhibit this desired behavior.

« Analysis: Derives the “actual” behavior (Bs) frone ynthesized structure (S).

« Evaluation: Compares the behavior derived from stmagc (Bs) with the expected
behavior (Be) to prepare the decision if the desigiation is to be accepted.

« Documentation: Produces the design description (@y tonstructing or
manufacturing the product.

« Reformulation: Addresses changes in the design (S).
« Reformulation: Addresses changes in expected beh®&).
« Reformulation: Addresses changes in the functiois (F

2.3. Axiomatic Design of Manufacturing Systems — An  alysis and
Modifications

Designing a manufacturing system to have a setrafegjic objectives involves making a
series of complex decisions over time. Making thdseisions in a way that supports the
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organization’s high level objectives require an enstanding of how detailed design issues
affect the interactions among various componenta ofianufacturing system. In practice,
designing the details of manufacturing systemsifegent design and specification, layout,
manual and automatic work content, material andrimétional flow, etc) in a way that is
supportive of a firm’s business strategy has pravelifficult challenge. Since manufacturing
systems are complex entities involving many inténgc elements, it can be difficult to
understand the impact of detailed, low-level deficies and change the performance of a
manufacturing system as a whole.

For the design of manufacturing systems the decsitipo in the functional and Physical
domain (design solutions to achieve the Functiddedjuirements (FRs)) is most effective
(Suh, 2001; Cochran and Reynal, 1996). To achibeedesired goals of a manufacturing
enterprise, manufacturing systems must be desi¢mesatisfy a specific set of functional
requirements based on the customer requirementsnandfacturing constraints (Garro and
Martin, 1993). Recent works includes feature bamddmatic design method of Li Chen’s
(Chen, 2005) for optimal module selection for rdagurable machine tools (RMS) and
Manufacturing System Design Decomposition (MSDD)rapch (Figure 13).

2.3.1 Optimal module selection methodology

Module selection method is directed towards germradf preliminary design solutions of

reconfigurable machine tool (RMT), but its solutspace is confined by the provided FR-DP
database. Axiomatic Design principles are usedntmduce a feature-based method for
selecting an optimal set of modules required tostroet a reconfigurable machine tool
capable of producing a particular part family.

The technique of grouping together parts of simgéwapes, dimensions, producing
technologies and functions as a family of work pgeavas used in “Group Technology
concept” (Halevi, 1995; Ham, 1985). Group Techngloggn be summed up as the
identification and exploitation of geometrical atethnological similarity of characteristics
and attributes of a product for higher productivity the formation of part families (han,
1994). In the context of RMS, a part family is defil as all parts (or products) that have
similar geometric features and shapes, the samel lelv tolerances, require the same
processes, and are within the same range of chstdéfinition of the part family must ensure
that most manufacturing system resources are edilinr the production of every member
part.

By optimal it is meant that the size of the seldcset is minimum, yet sufficient in
forming a reconfigurable machine tool which is atdemachine a family of parts. Here the
geometric features that signify a set of unique lreable features of a part are referred as
FRs, while the machine modules that signify striadtgonstituent units of machine tool as
DPs.

A few basic concepts are defined below; these arbet used in the explanation of
methodology for module selection (Chen, 2005).

» Configuration. It is a specific layout of the mawhitool dedicated to machining a
specific part from a family. Different arrangemers the machine modules will
correspond to different layouts, or rather, différeonfigurations of the machine tool.
In order to machine a given part, the reconfiguabbchine tool must adopt a certain
configuration that is dedicated by the machine nimdsed and their arrangement.

* Local Module. It is defined as the module with mspto a specific configuration. A
module is said to be local if it is discussed ia tiontext of a single configuration.
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* Global Module. It is a module with respect to alfjuired configurations. A module is
said to be global if it is discussed in the contehxll the configurations together.

» Axiom 1. Maintain the both the functional and plogsiautonomy of local modules.(
Important when selecting the local modules)

 Axiom2. Maximize the number of common global modulgimportant when
extracting common global modules across differenfigurations

The module selection method effects module seleciind we begin by considering
machine tools at high level, and then move to aeloevel through decomposition of those
machine tools into their constituent units. Lateglection formalism is developed to
computerize the module selection procedure.

In the method, successful design of reconfiguratdehine tool rests on the premise of a
proper set of available machine modules. Also nrangi process plan is an input to the
design methodology. Thus the reconfiguration issfms at structural level only. The
essential presence of a module library limits @ps. However it does provide an axiomatic
design framework.

2.3.2 Manufacturing System Design Decomposition (MSDD)

MSDD (Cochran and Linck, 2001), shows how an emigepcan simultaneously achieve

objectives such as cost, quality, delivery resparsess to the customer and flexibility. The
need for MSDD was felt because the previous wory described the objectives in their

concerned hierarchy and it did not clearly distispubetween objectives and means to
achieve them.

The Axiomatic design principles are used in the NDSBpproach. In case of MSDD,
decomposition proceeds for as long as it is passdto so without limiting the usefulness or
range of applicability of the decomposition. Acaogito axiomatic design principles, when
further decomposition of a DP is needed, FRs ferrtbxt level are determined. The goal of
this decomposition is to decompose the high levRtCHP pairs into their low level
components. In Figure 13, reading from left to righe MSDD shows path dependence. The
FR-DP pair on each level are arranged in such athatythe pair whose DP influences the
most FRs is on the left side. We see that quatitpblem resolution, predictable output,
throughput time reduction and labor reduction aitcal factors in implementing the desired
system design goals. Hence decisions should alsmdue following MSDD from left to
right.

The decomposition process defines the foremostingent of any manufacturing
system as “maximize long-term return on investm@mI)” It is labeled as FR1. In this
context, long-term return on investment ROI retershe lifecycle of a given system. ROl is
taken as the highest-level focus of the manufaogufunction as it represents a general
objective that is applicable to a wide variety oamafacturing environments and is not
inherently contradictory to any accepted improveimaativities. To satisfy the above
mentioned FR1, its corresponding DP1 is defineth@mnufacturing system design”. Basing
on the factors affecting ROI, this DP1 is furthexcdmposed to generate new functional
requirements (FRs) of maximizing sales revenuejmae production costs and minimizing
investment over the production life cycle. Accoglin the DPs are selected to satisfy the
newly defined functional requirements. The ovedjective of MSDD is economic and
maximizing the profits. All activities are directéal achieve this goal.
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Figure 13 Levels of MSDD showing its different domias (Cochran and Linck, 2001)

Study of MSDD with respect to manufacturing systdasign highlights that FRs are
independent of the specific physical entities sasmanufacturing stations or cells. The goal
of MSDD is to structure the stated FRs and to aehiedependence through the selection of
design parameters DPs. The process of decomposéiates low-level design decisions to
high level system objectives, and shows designesazpiby highlighting which decisions are
required to be taken first. MSDD highlights theticel relationships between a FR and the
physical or logical solution (DP); therefore it c®nsidered as a decision support tool
(Cochran and Reinhart, 2000).

However MSDD does not guide us to a complete sigatibn of the physical entity.
Professor Cochran and his team at MIT advanced M$®Ppropose a framework called
Product Delivery System (PDS) (Hendricks, 2002, i€as and Rudolf, 2003, Cochran
2003).

2.3.3 Product Delivery System (PDS)

The PDS approach, during the decomposition protmssses on the domains of product
design, quality, cost and delay reduction. Thisragph goes a step further in designing of the
manufacturing system. It moves beyond the statimitien of the FR-DP relationship. PDS
applies the axiomatic design in the allocation ohstrained resources to achieve system
design requirements. It represents the design &alsle manufacturing system that operates
with the fewest resources. PDS gives the systengrl@s its entirety. The requirements for
system stability are defined, which gives the ltiies for a successful manufacturing system.
It is a path dependent design and clearly illusgrathe importance of dependencies in
manufacturing system design. The path dependewingazsition in the PDS is shown below
in the Figure 14.
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Figure 14 High Level Path dependent Design of thel’s

However, we noted that both the above mentionedoagpes are interlinked and their
objective is to provide a framework that gives tlesign processes i.e. the activities that are
required to be performed during the design procéhke. FRs are functions of the design
processes for a manufacturing system while thed@®she activities for the design processes.
However they are not the physical entities (Figl¢. In the MSDD/PDS the DPs have a
measurable performance (MP) associated to it,Betays: throughput time reduction. Each
design activity results in some measureable pedon®. This measured performance effects
the complete satisfaction of FR. As in the statedngle The FR is “To meet customer
expected lead time” and its design activity wasref by Cochran as “Delay reduction. In
this case time is the measureable performance gaeam

On the other hand application of axiomatic desigrthndology for RMS design results in
a set of FRs which must be satisfied with the le¢lporresponding DPs. These DPs or design
solutions can be described as an arrangement oiffigarable physical entities of machine
tools.

ya Design process

Objective of design process
Activity of design process
Measurable Performance

{FR 4t gesign processt = [AI{DP o design process / actwiies)

Figure 15 Axiomatic design applied to the design jcess of a manufacturing system

MSDD/PDS design decomposition process is very iefiicto define the link between the
strategic level and activities of the design precd=or the approach MSDD and PDS the
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strategic level is characterized by “return on stugent (ROI)”, which is an economic

indicator. To be globally competitive, many largelustrial firms are attempting to adopt
"lean" manufacturing. The axiomatic design approbhab been deployed for the design of
manufacturing system in the lean manufacturing éaork

In short the manufacturing system design methodesogroposed by Cochran provides
us:

* An economic objective oriented methodology. E.dR1E Improve ROI".
» Clearly stated FRs.
* DPsin terms of activities of the of the designgass.

» Each activity of the design process is primarilpeledent on the FR it satisfies. Thus
there is dependence between the objectives anacthaties. Path dependency shows
that it is impossible to effectively achieve FR1Bem FRI 1 (Figurd4) has not been
satisfied; a design has not been implemented altdf the FR-DP pairs illustrated,
are achieved.

* The activities of the design process “DPs” do notvfale the physical solutions when
applied in case RMS design.

In short the link between the strategic and thespay level cannot be clearly illustrated
by the above mentioned applications. MSDD / PDSpse the design activities as design
parameters and not the physical elements.

3 Design framework for a reconfigurable manufacturing system
using axiomatic design and function-behavior-structure
approach and integration of performance domain

In order to formalize the relations between theeotiyes of evolution emitting from the
strategy of concurrent engineering and the uncegtan market trends, improving ROI alone
is not sufficient. It is necessary to add otherusibess criteria. The laboratory “Production
system design” (PSD) of M.IT, applied axiomaticigago construct a functional model. This
model is between the functional need derived frbm lean manufacturing concept and the
means to satisfy these needs. MSDD distinguiststfaegic level from the functional needs
and the means to satisfy them and the physical Velvieh represents the model of the system
under study. However the model developed by MSDD® s incomplete. In fact this model
does not propose a link between the strategic lamdlthe physical or operational level; it
proposes the interface between the functional nettle design process and the activities of
the design process of the physical manufacturirsgesy. It is very important to note that in
this approach, the DPs are the activities thathdefhe physical system, but not the design
solution themselves.

We have observed some deficiencies in applying@#i@matic approach for the design of
a RMS: the link between the strategic level (verychmdeveloped in lean manufacturing) and
the physical solutions, and the concept of perfolteaneasurement.

* Firstly, we are interested in the construction g telations between the functional
needs of RMS and the physical elements of RMS. HRe are decomposed and
classified in terms of product family range, capaes (quality, geometric
characteristics, precision...), time and cost. Th&Ras a function of RMS and a DP
is defined as an element of RMS. An example of ¢hris be that for FR5 in Figure 14,
“Minimize manufacturing Costs”, the corresponding B defined as: “Elimination of
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non value adding sources of cost”. Therefore in P®®P is an activity directed
towards realizing the objective of design.

» Secondly, the concept of performance measuremenidtigncluded i.e. it is not clear
whether the defined DP has completely satisfiedst#iected FR or not. To overcome
this deficiency, we propose a new domain of pertoroe indicators (PI) to be
integrated in the design approach. They are ewauibm the DPs of RMS. The
definition of performance indicators is renderedassary not only to evaluate the
solutions between themselves or with respect teeipected performance to make a
choice but also to evaluate the pertinence of agdexctivity.

The objective of this design process is to proadsolution in terms of a manufacturing
system. We attempt to complement the existing wairtSDD and PDS by providing a
complete design framework.

As discussed earlier the existing manufacturingtesys design approaches provide
solutions in terms of activities of the design mes The objective of this frame work is the
construction of the relations between the funcliomeeds for the RMS and the physical
elements of the RMS i.e. the link between the #@ai/ of the design process as defined in
MSDD and the physical level characterized by esgitof RMS. Axiomatic design to RMS
must satisfy a set of FRs and it can be describeaharrangement of reconfigurable physical
entities of machine tools (Figure 16).

Manufacturing system BN

Function of RMS
Physical entity of RMS
{FR otrust = [AI{DP yrust

Figure 16 Axiomatic design applied to Reconfiguratd Manufacturing System design

The application of AD principles for RMS design sghibresult in a set of DPs which are
physical entities of RMS but the concept of asdedianeasurable performance (MP), initially
available in PDS, will be missing. Therefore, wegwse to add Function-Behavior-Structure
approach and complement the design process adbpt®tEDD by including the concept of
the Performance Indicators (PIs). The concept oivith respect to the FRs of the RMS is
explained in the section 3. They are defined iatieh to the DPs (design activities in MSDD)
of the design process. To allow the evaluatiorhefdesign through the selected Pls, we have
proposed to integrate FBS design approach.

3.1. Design process

The proposed design in this research work is basedD principles like PDS. The basic
parameters like capability to produce the chosesdymt family, quality of the produced
product, production delays and cost are choserssesngal domains for the manufacturing
system. As per AD principles the FRs are to bevedrirom the customer attributes and DPs
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be defined to satisfy/realize the FRs. The propae=iign of a RMS which complements and
derives from MSDD, but instead of the activities mrysical solution as DPs (discussed
earlier), we have used the concept of performandeators. The deployment of axiomatic
design for the design of a physical manufacturiygjesn of RMS is proposed as shown above
in Figure 16and a supplementary performance domain which alltavlink between the
design activities and physical solutions. The irdégn of performance domain in the design
process will be explained in detail in the subsetsection.

The application of axiomatic design for the dessgrRMS architecture, the transition of
FRs to DP is done directly and no particular mactufidéng processes required during the
transition of the FRs to RMS solution. For examjhethe axiomatic design framework for
the design of RMS/RMT, one of the FRs is ‘The mantifring system should be capable to
manufacture all the products in the product familghe corresponding DP is ‘the
manufacturing system architecture”. The passagth@fRMS functions to its architecture
requires the definition of the processes which aeeessary to accomplish them. This
deficiency is removed by adding the FBS approachealesign framework.

3.2. Integration of FBS approach for the design of RMS

As discussed earlier, in all the manufacturing esystlesign approaches transition from
FRs to DPs is done directly. The particular manwidtcg processes necessary for the
transition of FRs to the solutions DPs for RMS amg defined. Also the concept of the
evaluation of the design solution is not catered lfofact, the transformation of the functions
of the RMS to its architecture requires the defnitof standard processes of manufacturing,
it thus seems relevant, to utilize the approachcion-Behavior-Structure (FBS) (Gero
1990). The objects are considered according t@thiféerent views i.e. functional, behavioral
and structural, and are supposed to be able tetieed while passing successively from one
view to another. The addition of this approach wehkpect to Axiomatic Design, within the
framework of the design of a RMS, enables us tegirate the manufacturing processes via
the behavior portion of FBS.

The concept of performance indicators (Pls) havenbategrated in the approach. It
utilizes the concept of performance measuremettteéxpected or desired performance with
respect to the real performance of the solutiorp@gsed by the approach. The utilization of
the approach requires as how to represent and nibeelthree principle elements of
FBS(Figure 17): the function, behavior and struetior the design of a RMS / RMT? (Bagai
and Dantan, 2007).

Manufacturing system

Figure 17 Deployment of FBS approach to RMS design
3.2.1 Functions

For the design of machine tool the functions aee glrposes or the expected capabilities.
These functions are based on the requirementsegbrtbduct family. The important question
that arises is how to characterize and describeodupt family? In case of manufacturing
system design functions are defined as
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“Functions are the geometric and dimensional nebdsed on the part family. They
include all part specifications like geometricalcadimensional specifications”

The common methods to represent a product famdytarcharacterize with respect to all
the entities in the product family required to kalized. This can be done by decomposing a
manufacturing part into its constituent manufactgrieatures i.e. representation by entities or
by grouping of parts / manufacturing features hgvémilar characteristics i.e. by group
technology. A part is a set of manufacturing esdit/ features. According to the French
community GAMA, a machining feature is a semangt characterized by a collection of
parameters used to describe an indecomposablet alejative to one or more activities
related on the design and the use of products gstgéras of production (Tollenare 1998).
Thus a manufacturing entity or feature should mdy de represented by geometric definition
but also with its associated manufacturing procelese is where the behavior aspect comes
into play.

3.2.2 Behavior

A designer constructs connections between the iimcbehavior and structure of a design
object through experience. Specifically, the desigrscribes function to behavior and derives
behavior from structure. A direct connection betéenction and structure, however, is not
established. The behavior for a machine tool desegmesents dynamics of an object. They
are the processes that the machine tool must lee@lblo. This will depend on the machining
operations required to completely realize the pcodamily for which the machine tool is
being designed. Thus the behavior part can be clesized by:

“System behavior is characterized by listing alé trequired machine operations, their
precedence relationships, required degrees of fyeedcand the probable directions of
machining”.

Moreover in FBS approach, it is possible to intégm distinction between the expected
and the structural (actual) behavior. The expebtdthvior Be is derived from the functions.
It is primarily the translation of the specificat® of the functional requirements. The
Structural or actual behavior Bs is derived frora sftructure and thus entirely depend on the
choices of solution. The goal of a design proceds imake Be and Bs coincide as much as
possible and to adjust them if necessary. In tise o a manufacturing process, the behavior
is that of the machine tools, or is its result, itee characteristics of the product manufactured
(cost, quality, times).

3.2.3 Structure

Lastly thestructurerepresents the interpretation of the functionshie form of a proposed
design.

“Structure is represented by a set of proposed tgmis i.e. by a set of probable
architectural configurations of a RMS”.

In the scope this work, we have limited to the gtad the mechanical aspect of the
kinematic structural configurations. The controtldagistic aspect has not been considered.
These configurations would be analyzed for the miwe®nstraints (time, cost, quality,
structural characteristics....) and the most suitatilé be selected. The evaluation of the
solutions is done by using performance indicatdte implemented performance indicators
should be representative of the various concegacterizing the performance.

However, in case of the design of RMS, this congmeribecomes very subjective i.e.
comparing the desired and actual machining proses€emparing real and expected
machining operations becomes very difficult. Theickl functionality can be more related to
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the out put of the system i.e. functionality thatits from the structure. Also the aim of RMS

design requires an evaluation at the resultingt®oiuln fact, the functions are relative to the

products that a RMS must produce, so a more tanghbt qualitative comparison can be
done between the expected and achieved functiahsting help of performance indicator i.e.

between the products that are expected to be peddaed those that are actually produced
Figure 18. Therefore the comparison and evaluaBoproposed to be carried out at the
functional level.

Reconfigurable Manufacturing System

Functon ———  Behavior ——— > Structure
Product family - Function ———————— Behavior
aracteristics
required Expected Expected
Function Behavior
Set of machine:
Performance configurations  Structure

Indicators /
Product family - Fynction «——— Behavior

Characteristics.
achieved Achieved Achieved
Function Behavior

Figure 18 Application of FBS for design of RMS
3.3. Design Steps

The application of the FBS approach for the desifRMS is proposed to be done in two
phases. The first phase consists of generatiosignlé synthesis of the solutions: definition
of the functions with respect to the requirementd ¢he transitions from the functional
domain to the behavioral and finally to structutamain. We need to define certain rules to
govern this transition. E.g. rules/criteria for ttigoice of machining operations to create the
manufacturing features and the grouping of opematioased on the given constraints. The
second phase consists of analysis, evaluationeadt®n of the solutions.

The first phase is of generation/design/synthesselutions: the definition of the functions
with respect to the needs and the transition frbe functional to behavioral domain and
subsequently from the behavioral to structural damEo achieve this we need to define a set
of rules to govern these transitions i.e. critdda selection of manufacturing processes to
realize the manufacturing features and rules fouging several operations basing on the
given constraints. These rules can be defined ast@ints or be taken from machining
visiting card of each entity. The concept of “mawthg visiting card” or “carte de visite”
(Villeneuve 1993) will be explained in the subsetuehapter. Possible solution approaches
include modeling of the problem as a constrainistaition problem or using algorithmic
techniques to explore the whole solution space.
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Manufacturing system

Function Behavior

Figure 19 Design Steps

3.4. Integration of performance domain

Initially, we restricted our performance evaluatimnmeasuring the efficacy, which results
from the comparison between the real or achievadtions (who are representative of the
results) and the expected functions (which resuoitnfthe objectives). Briefly Performance
Indicators (PIs) are financial and non-financialtmes used to quantify objectives to reflect
the strategic performance of an organization. Thedp define and measure progress towards
organizational goals. A Pl is a variable indicatihg effectiveness and / or efficiency of a
part or whole of the process or system againstengnorm / target or plans (Fortuin, 1988).

We propose to do the design decomposition of thes ERd their corresponding
Performance Indicators (PIs). The advantage ofgus$its is that they are not directly
associated with the design activities and therefwerestricted to any particular activity.
However they are directly linked with the FRs o& tRMS like DPs. is shown in Figure 20.
These performance indicators make a connectiondsgtvihe MSDD/ PDS approach and our
work.

Design process

Objective of design process
Activity of design process

{FR ¢ cesgnprocess} = [A] {D P cesign pracess ractives }

{PI ¢ rus} =[C] {DPotdesign process! actites }

Performance indicator

Function of RMS
Physical entity of RMS
{FRorrrs} = [A] {DPoiras}

Manufacturing system

Figure 20 Design Framework of RMS
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The construction of the design matrix is done milgir fashion as described in AD theory
and done in MSDD and PDS:

{FR of rms} = [B] {P! of rms}

We have carried out the definition of the FRs ameirtcorresponding Pls as DPs along
with the path dependencies. The corresponding dessgvities are defined in MSDD /PDS
already discussed. The relationship between thecamoalso be represented like the FR-DP
design equation of AD and can be written as:

{PIl of RMS} = [C] {DP of design process / activitg

The relationship between the RMS design as desiguitees and RMS design with the
supplementary concept of Pls is illustrated in FégeO.

«// Design process

Manufacturing system RN

Figure 21 PI as a link between frameworks based aaxiomatic design and FBS approach

The definition of the performance indicators isdered necessary due to the requirement
of evaluating the solutions with respect to theested performance, to carry out the choice.
Thus the PI forms a link between MSDD/PDS and tiBS Fapproach for the design of
RMT/RMS as shown in Figure 21.

3.5. Decomposition of PI's

Based on AD principles, a framework showing thefqgemrance domain in terms of defined
Pls for the given FRs was developed. Its decomipasiip to level 3 is shown iRigure 22
For each functional requirement its correspondirig (design activity) and Pl are then
selected. In our objective of RMS design, the Bis{p in the design based on AD principles is
the definition of the functional requirements (F&)the highest level which reflects the
enterprise long term objectives.

With the current market scenario, it is essentiahfive a manufacturing system that is
capable to achieve the production goals and ibtgust limited to manufacturing of a single
product. From the highly sophisticated and costlittin functionality, the requirement has
changed to have minimum built-in functionality thatcapable of upgrading at a later stage
(Mehrabi and Koren, 2002; Kulak, 2005). It shouldvé the characteristics of volume
flexibility, desired product quality, ability toansport the work-piece / product (Koren and
Lenders, 2001), quick detection of variance fromimel level of performance and the system
to be quickly ramped-up and validated after regpmfation. Group of part features belonging
to a par family and their corresponding machinipgrations are related to machine modules,
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SO as to enable product-process integration. Atesydevel, the machines are a group of
machining modules that are integrated via matérgadsport systems (such as conveyors and
gantries) to form a reconfigurable system.

FR1 = System capable of Manufacturing a Product

Fanily,

[

Pl1=Range of manufactured Product family

FR11=The system e capable of
manufacturing all the products in the
range of the given Product family.

FR12 = The produced products
should consistently conform to the
desired level of quality/ geometrical
specifications.

FR13 =To have Minimum delays.

FR14 = To Have minimum
necessary cost.

PI11 = Range of Manufactured PI12= Manufacturing capabilities Pi13= Manufacuring T Pi4=Cost Dgzt?;isty()f each RMS
Product Morphology = Wandiacting Times
!—(‘—\ ‘ | ‘
FRI21= FR131 =To have FR43=The || FR144=The
FR1 1= FR112 = Add Capablg of FR122 =To have| Minirmum the FR1_ 3_2 = To_have FR133= ) FR141 = To FR1,4,2 =To havel system.should system.should
Reql!ze gll the | | remove control delivering | (Consistent oqtput duraton of minimum time | [Reduced duration| | have minimum | | minimum part | | have minimum | |have minimum
entities in tije system fromthe p = = accurately over thg entire reconfiuration reguwed for | | ofsystemRamp | | machine setup setup cost process cost | | costfortool
product family. system pfoduced, system life cycle. and fabrication. maintenance. up. cost (fixed cost)| | (variable cost). | | (Proportional changes
(quality products, cost). (Variable cost).
PI111= P21 = PI122= Pl =Ti
Characterists - Manufacturin - = lime = =
range of Mantfacturing capabiliﬁesg PI131 = Time for R gmfj | | spent on system Pl141=0 ’ Pit42 ‘ Cost PIJ 4 COfSt PI144 =Cost
PI112= capabiltes . : fiouraton | | ReUCe time validation after =Cost | |drivers of part set rivers of divers of
manufactured " ; having service reconfgura spent on drivers of up (Moveable/ r0Cesses
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Product Quality Time Cost
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Figure 22 FR-PI Decomposition

Keeping in view the above mentioned requiremerits, functional requirement at the
highest level can be stated as:

FR1 = System to be capable of Manufacturing a ProBaantily, for the given constraints.

The design parameter, which satisfies the FRs lestial, is selected through a mapping
process between functional domain and physical daritae following DP has been selected
to satisfy the FR provided above.

DP1 = Reconfigurable Manufacturing System.
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This design parameter is developed in detail imptdra3, where different design solutions
are explained in detail. The design solutions asell on structural configurations of the
RMS. These configurations include spindle / tocddradee modules and part rotation fixtures.
The solutions are spanned from all machining opmraton a single post to spread over
multiple posts. At this level of decomposition, Wave limited ourselves to the functionality
and design concerning with technological aspedi® dontrol system and transport system
are not taken into account. However, in this chaweintend to formalize the design process
of RMS which is independent of the choice of comfagion i.e. DPs. Thus it is essential to
find a link between the axiomatic design based emigh activities and the one having
physical elements. The performance indicators ‘pigvide the necessary link.

Evaluation of the design solutions for productigistems is not a new concept. Olivier
Garro in his thesis (Garro(a) 1992) discussed taildéhe evaluation of design solutions and
criterions for evaluation for production system igaes He explained that initial design is
evaluated by the designer on the major criteridgngroductivity, flexibility and cost. Other
criterions include reliability, ergonomic desigmecsarity and maintainability. But these other
criterions are evaluated when the structural chbige been made. Flexibility according to
Garro can be measured on two complementary axesme or hierarchal decomposition. It
can be part change flexibility, design change féity or volume flexibility. According to
Pourcel (Pourcel, 1986), productivity is an intéi@t between a certain quantity of product
and one or many production factors. Finally coghis cost of production including all cost
incurring activities.

With reference to the design of RMS, we will foarseffectiveness of the design solution.
The following Pl has been selected to satisfy tRepFovided above.

P11 = Characteristics Range of manufactured profdunily.

l.e. the production system is based on part famtch can integrate the product design
changes while maintaining the desired quality atfiteaing to the cost and time constraints.

To explain and clarify the PI selected, AD prineplrecommended returning to the
functional domain for decomposing the 1st FR insolewer functional requirement set. The
proposed design framework defines that a RMS shbaige the capability to produce the
whole range of products for which it is designedr@ and Martin, 1993). The produced
products should have consistent quality as demamhgethe customer or decided by the
higher management. The cost of the produced prazhaild be as low as possible. Cochran
also emphasized the importance of the delivery timéhe production and manufacturing
process. Also there is an associated cost of repoation. Work has already been carried out
on a methodology to measure the ease of reconbdtyacalled “smoothness” (Ayman and
Hoda A. EIMaraghy, 2006). Further to make a desglection based on required time for
reconfiguration an approach has been proposed ahait al, 2007). According to PDS, the
manufacturing system should be such that the ptmiudelays should either be eliminated
or at least reduced to the very minimum. UsingAle principles and assisted by the PDS,
following FR-PI set is defined. As discussed bethie FR-PI pair at the top level is

FR1 = System to be capable of Manufacturing a ProBaantily, for the given constraints.
PI1 = Complete range of manufactured product family.

l.e. the production system is based on part famtych can integrate the product design
changes while maintaining the desired quality, temd adhering to the cost constraints. The
fore mentioned characteristics of product familyalkty, time and cost are taken as the core
concepts and second level functional requirement®ir corresponding Pls are selected.
They include: RMS architecture, manufacturing capeds, manufacturing time and cost
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driver of each RMS activity. An example of one bétdecomposed FR-PI pair is product
family realization. FR11 concerning with Producimily is further decomposed so as to
explain all the aspects related to system basepraoduct family. In general the functional
domain of a system designed to produce a partiquaduct family must have certain
necessary functional characteristics. It shouldehthe capability to manufacture all the
products in the family range and be able to cautyadl the movements required to produce
the products i.e. have necessary degrees of freamlinpossess the process capability
required to manufacture the designated productlyafiiota 2002) It should have common
basic control and informational structure with #hality to add / remove product specific
additional components (Koren, 1999 and Koren, 1993)

FR11 = System to be capable of manufacturing all thedpcts in the range of given
product family.

PI11 = Range of manufactured product morphology.

This is further decomposed to 2nd level FR-PI widelals with the realization of all the
entities in the product range. The concerning DPtlie FR is capability of having all the
kinematics in the designed RMS for the particulemdRct family (Cochran, 1996). Unlike
CNC machines, RMS are tailored to give the initipérational requirements for realizing the
entities rather than the beforehand inbuilt funwiity that leads to capital waste (Kulkak,
2005). Therefore for each product in the producgeathe functionality has to be increased or
decreased. It is designed to process a given fanfilpachining feature. It is designed to
process a given family of machining features frosetof standard modules. The operation
plan considered as basis for design of RMS, cangifta family of machining features
including machine operation types, cutter locatiand process plans (Bohez 2001):

FR111= Realize all the entities in the product famifpguct range.
P1111 =Characteristic range of manufactured entity morpgp RMT kinematics

In the decomposition, we have limited ourselveth&functionality and design concerning
with technological aspects. The control system #adsport system are not taken into
account. The technological aspects or RMS and psoaed machine accuracy are concerned
with.

Figure 23 shows the tree structure of the evaloafiamework. The defined evaluation
criterions of product family range, quality, timenda cost are interlinked with path
dependencies. In order to globally evaluate thegdesolution there is a need to have
common indicator. For this the methods for aggiegabf performance indicators like
ECOGRAI and SPEC can be applied. The propositian aiggregation of performance
indicators has been explained by M. Samuel Schasdhis “Projet fin d’études (PFE)”
(Samuel, 2008) at ENSAM Paris Tech.

The above illustrated framework is derived from th@éomatic design principles based
MSDD and PDS. Since the design activities have lreptaced by physical entities, the
measurable performance parameter needs to be aedreShe application of axiomatic
design methodology for the design of manufactursygtems in general and RMS in
particular, the transition from FRs to DPs is ddirectly. The particular fabrication processes
during the transition from FRs to the RMS solutians not defined. E.g. in axiomatic design
framework for the design of a manufacturing systdm, FR at the top level is “The system
should be able to manufacture all the parts inpitegluct family”. Its corresponding DP is
defined as “RMS architecture”. The transition frédamctional requirement of RMS to its
architecture requires the processes that are reegess accomplish it. This problem is
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resolved by the integration of FBS approach. Tlesigh approach allows taking into account
the manufacturing processes as system behavior.

The knowledge base to support the transition psoessl between the class variables of
Function, Behavior and Structure can be providednbyufacturing domain ontology called
MASON. In our work we have demonstrated the conbidsi of MASON developed at
ENSAM with our RMS design methodology.

FR1 = System capable of Manufacturing a Product
Family,

T
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Figure 23 Need for aggregation of the performancendicators
3.6. Formalization of the design Framework

The RMS design methodology based on the applicaifoRBS approach, requires the two
transitions i.e. from the functional to the behaaicdomain and from the behavioral to the
structural domain. Therefore the successful apgpticaof the design approach depends on
how these transitions are managed. The whole dgsapess based on FBS approach can be
divided in five main activities.
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Definition of expected functions ARroduct design specifications along with customer
requirements are taken as inputs and formal padeiis generated. This model
serves as an input to the subsequent activity.ummcase of RMS design part data
specifications are formalized in the form of paddal.

Generation of machining operations and precedergationships A2 This activity
generates the pre-process plans having differanbgwtions of machining sequences
for a part to be machined. Also for each of the-gnaess plan, corresponding
precedence relationships between different maadhini@atures with respect to
machining are generated in the form of a matrix.

Generation of process plans and structural confagians A3 The complete solution
space is explored and all possible process plamsgalith their corresponding
kinematic configurations will be generated in thsivity.

Evaluation A4 The generated preliminary designs design solstame evaluated with
different methods/tools according to already defineriterions with their
corresponding performance indicators.

Selection A5:After aggregation of different performance indicatcselection of
optimal design solution is carried out

The design process can be represented with help a€tivity diagram (Figure 24).
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Figure 24 IDEFO Activity diagram of the design Proess of Reconfigurable Manufacturing
System

4 Design framework and manufacturing ontology MASON

Next generation manufacturing companies have tamrhechighly responsive in order to
succeed in an ever more rapidly changing globaketaiThe ability to effectively develop
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and adapt their facilities (systems) to changirgurments on demand plays a crucial role in
achieving high responsiveness since the assembbegs has to deal with the full inherent
complexity of increasingly mass-customized products

This work on knowledge formalization in the manuéeing domain was motivated by the
current lack of a holistic manufacturing systemigiestheory that would enable design
environments to address the need for rapid systmlopment and adaptation. The challenge
is to create a common environment where domainrexpan effectively collaborate while
taking advantage of the best practices of theierdi® domains. This section investigates how
domain ontology can help to overcome those chadlenghe approach is taking advantage of
the higher levels of standardization inherent ia thodular manufacturing system paradigm
which is considered to be one of the fundamentablkmg factors to achieve a high level of
adaptation. Integrated and knowledge enabled metbgieés are one way to reduce the
design and integration effort by making the righformation available at the right time and
by providing state-of-the-art engineering tools thapport the development.

Information systems have nowadays well-known andl weastered architectures.
However rules, and shared corpus of definitionk lac widely recognized formalism.
Ontologies are semantic tools that address that édrnssue. Ontology is concerned with the
study of being or existence and their basic categand relationships, to determine what
entities or what type entities exist. They helpctarify a domain knowledge structure and
therefore improve knowledge sharing, utilizationcaptured knowledge and maintenance of
existing knowledge (Chandrasekaran et al, 1999n@nger and Lee, 2002). In information
science, ontology is a data model that represestst af concepts within a domain and the
relationships between those concepts. It is usedeason about the objects within that
domain. They are a formalized description of coteend relationships (both taxonomic and
semantic) that exist between these concepts.

A lot of work has been carried out on the tools arethods of representation of data and
knowledge, directed towards artificial intelligende solve problems involved in the
computer-integrated manufacturing and the induséngineering. The concept of ontology
providing a knowledge base has already been incatgd in various applications using
different tools, e.g. for cost estimation using extpsystem, for production optimization and
simulation using multi agents.

The implication for supporting design frameworksl &mowledge ontologies is that they
should provide mechanisms that take advantagei®higher level of standardization. This
opens the scope and need for higher degree ofratieg and automation during the design of
such systems. Development of an ontology frameviorkhe integrated design of modular
assembly systems has been proposed by Niels LOH&ts€(a), 2006, Lohse(b), 2006). He
proposed a new ontology framework has been develtgpsupport the design and adaptation
of modular assembly systems (ONTOMAS). The ONTOMASmework is based on
engineering ontology principles structuring the @musing formalisms for aggregation,
topology, taxonomies, and system theory principfesuumber of design patterns have been
identified and formalized to support key designisiea-making tasks during the design of
modular assembly systems. Furthermore, the funtt&avior-structure paradigm has been
applied to capture the characteristics of modutsembly equipment at different levels of
abstraction that reflect the specific needs ofaihgineering design process.

The aim of this work is to define a suitable desigamework and supporting ontologies
that enable rapid design of modular assembly systdime objectives include the definition
of a suitable design framework, the definition bé trequired domain concepts and their
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interrelationships, as well as the definition oitaile knowledge support formalisms to guide
and support the design process.

MAnufacturing’s Semantics Ontology (MASON) was deped at in LGIPM at ENSAM
in Protégé (Lemaignan, 2006). It is an ontologyirdébn and instantiation framework that
provides a software environment for the definitioh ontologies. The ontology can be
instantiated and made available as a knowledgefbas®th internal and external utilization.
In our work MASON act as a support to the desigtivilg. It provides semantic relations
between the concepts and also the constraints. ¥owié does not provide operational
relations. After demonstrating the compatibility MASON with our framework, any further
work will have clearly defined semantic relationsfalow. A brief overview of the
manufacturing ontology and the compatibility of tkey concepts of entity (product) —
operation (process) and resource is shown in theaximg sub sections.

4.1. MASON

Manufacturing domain has been described by Paiaktin (Martin 2003) as the sum of

product, process and resource concepts. Thusndeaith a manufacturing system means
dealing with these concepts. i.e., having contre¢érothem, as well as on the bindings
occurring between them. These bindings are drivethkee main elements: an information
System, rules and a common dictionary.

[ Costenty J;

[ Geometric entity for manufacturing ||

SLCE L A induces
'{ Raw material I-q )
Finished part
allowedProcessFor
allowedProcessFor
isMachinableWithTool OPHﬂOH
isMachinableByProcess = \
isMadeOf —| Manufacturing operation

become ' requiredToolFor previousOperatioh

enablesRealisationOf

executes

Machine resource

Semi-finished part
includes

contéins

Figure 25 Overview of the ontology’s main classesid object properties

As shown in Figure 25, the ontology is built upbree head concepts: entities, operations
and resources. The transition process is govergeckhiain rules which are represented by
the taxonomic relationships. A correspondence maydughly established with Martin’s
decomposition of manufacturing in product, procasd resource. Figure 25 shows main sub
concepts which inherit from head concepts as wellmain relationships between these
concepts. The figure is a small subset of the wbalelogy which contains today up to 270
base concepts and 50 properties binding them.
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4.1.1 Entities

Entities are all the common helper concepts. They ta provide concepts to specify the
product. It gives an abstract view on the prodilite most important sub concepts amongst
these entities are:

* Geometric entities and Geometric entities for maotufring which represent
respectively abstract (like isTangentTo) and camcrike Chamfer) geometric
features,

* Raw material, actually viewed as abstract featafgmrts,
» Cost entities which represent basic cost featwsetetined by H'Mida (H'Mida 2006).

An example of axial boring entity is given in Fig26. The concept of entity / machining
feature will be explained in detail in chapter 3.
Generic parameters of the entity:

v'Coordonates of the origine point (P)
v'Coordonates of the directive vector

v'Diameter of the internal thread
v'Hand of helix

AR S PR v'Diameter of accessibility
vLength ¢ o, e, v Distance from the surface
v'Tolerance on ¢ "~.,. ."'.‘ P v'Type of bottom
vAngle & “11° v'Type of entry chamfer
v'Tolerance on d *
v'Diameter
v'Depth
| vPitch
I
I

v'Number of fillet

: : ) . v'Form of the fillet
L o 1B vLength of the thread

vLength d1 el S v'Materials

v'Tolerance on d1 oS " v Type of spécificated roughness
vLenght d2 5 3 | v'Roughness of the roll
vToleranceond2  * .+ v'Value of B

+" vTolerance on B vTolerance on the diameter
v'Tolerance on the depth
v'Tolerance on the thread's diameter
v'Tolerance on the thread's length

Considering the Bottom : v'Specification of location

v'Materials

v'Type of specificated

roughtness
vradius R v'Roughness v
v'Tolerance on R ¥'Specification of fom 7

Figure 26 The MEGF “Non-through tapped bore” and its parameters (Etienne 2006)

4.1.2 Operations

Operations relate to process description. TheyrcaN@rocesses linked to manufacturing
in a wide acceptation:

* Manufacturing operations, including machining opiera as well as control or
assembly. Machining operations are further clasgifaccording to their physical
features (slow/brutal; hot/warm; with/without lasfsvolume...).

» Logistic operations,

* Human operations,

* Launching operation,
* Transportation,

* Setup,
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4.1.3 Resources
Finally resources stand for the whole set of marctufeng linked resource, like:
* Machine-tools,
o0 Axe,
0 Motor,
0 Bed,
o Slide,

e Tools,
« Human resources,

» Geographic resources (like plants, workshops...),

The above mentioned three concepts form the basieofontology MASON. Their
application with respect to the design of manufactusystems is explained in the following
sections.

4.2. Correspondence

As the design of machine tool is divided into fieee sub domains i.e. Function, Behavior and
structure, the important question arisdsoW to represent and manage the process of
transition between the domairidPis here the ontology MASON comes in effectptbvides

the knowledge base and the semantic relations betkey domains and their sun concepts..
Similar use of ontology for a manufacturing proc@esging) to store and exploit knowledge
has been carried out by P. Martin (Martin, 2007).

The ontology MASON has been subdivided into thregomclasses i.e. entity, operation
and resource. A function in FBS approach can beetaded with the entity in MASON, as the
functions are based on the product requirementschwrare actually the entities /
manufacturing features that are required to be maatwed. The desired or actual behavior
from a manufacturing system can be representetheasype of operations it can perform.
Finally the structure in FBS approach for manufaotusystem design can be represented as
the resource generated or created to perform theresl behavior i.e. operations or machine
capabilities.

The taxonomic relations give the rules that govdn relationships / transition between
the domains. Therefore the transition from one dont@ the other is subject to the rules
already specified under the ontology.
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In MASON taxonomic relationship between the operatand entity concepts represent
the information contained in the cutting tool chidtriassociates the manufacturing operations
with the geometric description. This is representedhe relation below and illustrated in
Figure 27.

Taxonomic imi
o _ Machining Process
Relationin = Information
MASON
Administrative entity® —

Entit
Assembly entit\p

Technological entityFle- Geomettic ety

| Geometric entity for r'nal'nufacn,wingB
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Maintenance /
\ Machine prepating

Logistic upevationﬂ

Allowed Process for
Launching operation

Assembly Operation

Control » Human operation «scheduling

Manufacturing operation”

Small variations of volume 5] =
Loss of wolume Programming

No loss of volume™

Figure 27 Association of manufacturing processes t@n instance of the entity concept

We have shown with this simple example that eagbrtamic and semantic relationship
represents a particular practical application.

5 Conclusion

The design of a RMS requires the precise stateroktite design objectives in terms of
functional requirements and measurable solutiongrims of design parameters. In view of
the system design complexities, a robust framautdegthe designer through decision process
is essential. The problem statement includes twxy weaportant questions i.e. how to
formalize and structure the design process ford#sgn of a RMS? and how to identify and
evaluate the performance of the RMS design process?

The traditional approaches towards manufacturirgjesy design are no more applicable
on the new system paradigms as the criterionsherdevelopment on process plans and
structural configurations have been modified. Ti@guires a new approach that integrates
specific development requirements. Our proposethdm@ork attempts to provide the link
between the strategic and operational levels. Defgignalism is provided which adapts the
FBS approach and integrates AD principles for teggh of RMS.

In this chapter we have focused in developing dedigmework of RMS and in
particular:
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a) Performance domain is developed and integratedxiomatic design process of RMS.
This overcomes the problem of measurable desiggnpeters. Performance indicators are
defined to measure and evaluate the defined demgameters, performance indicators
have been introduced as a performance measuringmpter. These performance
indicators act as the constraints for selectiomtifeumore these selected constraints serve
as objective function for the optimization of thestyn process for a reconfigurable
manufacturing system. To illustrate the approacbodgosition framework of FR-PI
along with path dependencies is developed.

b) To formalize and facilitate the evaluation of thés,PFBS approach is applied. The
approach is modified and adapted to the partictdatext of RMS design process. In our
proposed framework, Axiomatic design (AD) princplare employed to develop a
framework for carrying out the design process of&RNThe deployment of FBS approach
in the design process has allowed us to integhet&dncept of the comparison of desired
and achieved objectives.

c) The paradigm of RMS makes it mandatory to haverdormation system that has a
common knowledge base. In this article we haveudised the use of ontologies for
knowledge formalization and interoperability ofanfation. The usefulness of ontologies
for data formalization and sharing, especially mapen manufacturing environment is
discussed. We haveve presented the utilizationrodaufacturing upper ontology, aimed
to draft a common semantic net in manufacturing alamwith the design methodology
for a reconfigurable manufacturing system. We h#lustrated the compatibility and
applicability of MASON with the design of RMS based FBS approach.

The design of RMS is proposed to be done in twosehiaThe first phase consists of
generation / design / synthesis of the solutioe$indion of the functions with respect to the
requirements and the transitions from the funcligdonabehavioral and finally to structural
domain.

Chapter 3 focuses on the transition process framfuhctional to the structural domain
via system behavior. These transitions are caoigdvith help of a design algorithm. Design
solution space is explored and possible processisplalong with their kinematic
configurations are generated. Each of the procéms and kinematic configuration set
represents a design solution. In order to initia#ject a feasible and later an optimal solution,
these possibilities need to be evaluated with @dpdime, cost, quality...

Chapter 4 deals with the evaluation of the desmuat®ns with respect to quality based
on machining tolerances. Design configurationsrapresented in graphical form and their
compatibility to be evaluated by tolerance analggiproach using small displacement torsors
is demonstrated.
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Chapter 3

F-B-S transition: Generation of Process Plans and
Architectural Configurations of Manufacturing Syste ms

his research concerns the generation of processspéand architectural

configurations of reconfigurable manufacturing gyss simultaneously.

With the rapid changes in product design and coussatly its process

plan, a design methodology is required that trelatgh the links i.e.
Product-Process and Process-Configuration of martuféng system at the same
time. The inputs for the proposed framework are thet process plans but the
geometric part descriptions of the part family. Aadgorithmic design
methodology has been proposed to generate machipingess plans and
kinematic configurations. It explores the completelution space for the
particular part group. The application of the pragem algorithm is illustrated by
its application on an automotive part having a sétmachining features to be
realised.

Introduction

In chapter 3, we have developed a design framevaorthe design of reconfigurable
manufacturing system (RMS). This includes the epgtion of the complete solution
space by the generation of process plans and ttmiresponding kinematic
configurations. The objective of this chapter canrélated to the activity “A3” of the
IDEFO activity diagram of the design framework dissed in chapter 2. This
approach should be generic and be applicable wradluct families. The fundamental
activity in design is decision making: the designnoanufacturing system is the
process of deciding the values of the decisionabdes of the manufacturing system.
There are numerous methods and tools for the dedigmanufacturing systems and
they fall into three broad categories, namely, apens research, artificial
intelligence and simulation. As discussed earler RMS design is based on a part
family. In chapter 2 we have explained the modglinh the design problem based on
FBS approachRigure 2§. Inputs and objectives in terms of functions, &ebur and
structure are defined. Now the important questisntd how to manage these
transitions in order to achieve our design objectiv

Function — Behavior — Structure
E"O‘I?';Et'on Syst:‘lfm Manufacturing Manufacturing
should be capable to Process system architecture

manufacture all
manufacturing
features in the

Figure 28 Application of FBS approach for production system design

Section 1, discusses in detail the existing desigethodologies and their
applicability vis-a-vis design of RMS. Section &talls the major design activities
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involved in the design of a RMS. In section 3 andm have proposed a design
algorithm that manages the transition between HKomaitProcess and Process-
Structure domains. Major design steps involvedhe tlesign process along with
illustration on an automotive part are explaineddetail. Consists conclusion and
future works are presented at the end

1 Design Process Overview

A RMS and its most important component, reconfigleanachine tool (RMT) is
designed to process a given family of features sndonstructed from a set of
standard modules. A RMT is a machine that is sjpathy designed to handle product
variants within a specific part family (Katz 2007he RMS composed of RMTs will
have a specific kinematic configuration and a detmachining tasks that can be
performed on them. These sequenced machining taskealize the part family are
called process plans. In the following sub sectamsverview of the state of the art is
provided.

1.1. Determination of kinematic configurations

A methodology for designing reconfigurable machioels (RMT) (Moon and Kota,
2002(a), Moon and Kota, 2002(b)) takes a set oftfanal requirements and a set of
process plans as the input and generates a satevhatically viable RMTs to meet
the given specifications. A RMT will have a famity machining feature from the
outset of the conceptual design. As shown in Figi#ethe synthesis of the RMT
starts with the machining needs and informationualibe current configuration,
unless the design is for a brand new machine. Ia tlase, there will be no
information on the current configuration. The maahg requirements, captured in the
machining features, will drive the RMT design. Tim@chining features include the
tool path, machining parameters, and work piecermétion. The set of machining
features and machine configurations are the inpautsthe RMT design process.
According to Moon, during the RMT design processleaigner or design team will
do the following:

* Interpret the requirements and figure out whatesessary to be given in the
operation plan.

» Select the reference machine design using the@rgpited database, which is
based on the configuration information and the iregumotions.

e Build the function-structure graph using the moti@guirements and the
selected reference design.

« Complete the connectivity graph by searching trelable machine modules.

* Complete the solution graph by imbedding the fuoreStructure graph into
the connectivity graph.

All the possible paths in the solution graph frdme tvork support to the tool are
the kinematically viable solutions. The designerntitompares the configurations to
the selected evaluation criteria. The key to tlppraach is the unified modelling of
machining requirements, machine modules and mac¢baois.

An essential RMT design task is to determine thguired motions and their
parameters. Since the input information includesetaof operation plans, which are
the family of machining features including machmiroperation types, cutter
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locations, and process plans, the first step in Ridiceptual design is to interpret the
given information. The next step is to map eackhefkinematic functions identified
in the previous stage. Function assignments areedawut and the function structure
graph will be determined for given set of operagiomhe required motions,
determined in task clarification and the base pmsitare the functions to be assigned.
To accommodate the machine tool design practieefuihction mapping also uses the
library of commercial machine tools’ function sttwe graph. The possible
combinations are compared with the function stmctgraphs in the library and
selected.

{ Feature Family \

(O peration Plan)

A Set of RMT Configurations

% (@
=L
Parameterlzed Modue by ™

il %

i

RMT
DESIGN
(" Coment o THEORY

Hew Feature Family
(Operation Plan)

Figure 29 RMT Design Process (Moon et al, 2002)

“Li Chen et al” (Chen, 2005) presented a featurgedamethod for selecting an
optimal (minimum yet sufficient) set of modules essary to form a reconfigurable
machine tool for producing a part family. As alseefly discussed in chapter 2, the
method consists of two parts. In the first parfea@ture-module database is created to
form a selection space, where the machinable gemnieatures identified in STEP
(Standard for the Exchange of Product model dai®@EsSISO 10303, 1998) are
defined as functional requirements (FR's) and tinectiral component modules
derived from the conventional machine tools asgepiarameters (DP's). An inner
FR-to-DP mapping mechanism within the databaseased on the "Membership
Grade Matrix” which defines matrices to quantifg tthegree of association between a
FR and a DP. Within the confines of the selectipace built upon this FR-DP
database, the second part of the method againviesah two-step procedure for
module selection. The first step is to select tlolates from this space to construct
all the required individual configurations of theconfigurable machine tool. The
second step is to maximize the number of commonutesdamong the originally
selected modules through re-selection. Nevertheléiss design methodology
concludes that the successful design of a RMT w@sthie premise of a proper set of
available machine modules from the parameterizedutediberary.

From the above discussion we can conclude thatesdional approaches for the
generation of kinematic configurations of a RMSetdiunctional requirements and a
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set of process plans as inputs to the design melbgyl Also they require a
particular module library containing a set of madulthat can be associated to
different machining operations. Their output is gg@tion of a set of kinematically
viable configurations that meets the input desjggecgications (Lenders et al, 2001).
The machine tool structure can be representedkineanatic chain-like diagram that
shows the machine’s axes of motion and degreagedldm (Bohez 2002).

One very important distinction between the conwerdl design methodologies
and the one proposed by us is the difference intsg-irstly the existing approaches
address either process plan generation or strlictardiguration generation, but not
both simultaneously. Generation of structural agunfations is based on the inputs
functional specifications and process plans. Th&ventional design process
inputs/outputs for the generation of kinematic agunfations of RMT are shown in
Figure 30.

Part Model

|

Generate structural
configurations of
RMS

!

Methods

Process

plan — ™ I » Structure

Figure 30 : Conventional RMS design inputs/outputgMoon et al, 2002)

More recently Shabaka and EIMaraghy (Shabaka, 2@0@posed a methodology
for the generation kinematic configurations basedmduct features. The approach
proposes the selection of different types of mashiand their configurations to be
produced.

The design transforms a given description of mangitasks to perform (process
plans) into machine tool capable of performing éheschining tasks. This leads us to
the all important question of generation of progasass.

1.2. Process Plan Generation

The process plans and planning functions are irapbfinks between the features of
various generations and variations of productsodpet families and the features,
capabilities and configurations of manufacturingteyns and components throughout
their respective lifecycles Halevi, 1995; EIMaraghy, 2009). The process of
determining the sequence of operations for manufsgf a part from its design
specifications is called “process planning” (ToHdere, 1998; ElI Wakil, 1989 and
Wang, 1991). Process planning is one of the ficszidies which bridge design and
manufacture. The process domain is representedpbling out / listing all the
required machine operations, their precedenceiorHitips, required degrees of
freedom and the probable directions of machining.

Process planning is one of the first activities ekhibridge design and
manufacture. Two approaches to generate process @ currently used and a
synthesis of these approaches and tools usedes giFigure 31.
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Hybrid Approaches ] i
T s Generative Planning

Systems | NewAl

concepts

Variant Planning

Computer Aided Group Technology,
CAGT

GT Codes (second Generation
GT Codes ( case Based Generative
Reagg;'”g Process Planning (Milling phase distribution
l
based Systems i
4 Process Ascending Multi Agents
Generation Neural Iterative Evaluation Systems
PAG i i i
Network directed Generation| Constraints based

generation
(OMEGA,PROPEL)

Figure 31 : Milling plans generation concepts (Vikneuve, 1998)

First, there is the variant process planning basedlternative cases. All parts
already designed and machined in the company degadzed according to their
morphology and dimensions, process plans or othgringic characteristics
considered relevant and discriminating (GallaghE386). When a new part is
designed, it is then possible to find all similaases and thus to select the
corresponding plan (Anselmetti 1994, Chang 1990@weler, the use of such a
method requires tremendous capitalization of thewkhow of company’s process
planners (about 5 to 7 years of capitalization e¢oeffective according to (Bernard
2003)). In addition, several other difficulties sxi the durability of plans and
technical solutions produced the lack of flexililifit is impossible to adjust one
routing if the part to be performed differs locaflpm the saved reference) and the
subjectivity of the part coding. This approachspite of the sizable time needed to
capitalize knowledge and know-how, is really effieetin performing generic plans.

The second approach is the generative approadbes not retrieve and modify an
existing process plan but rather consists of geimgraone when a new part is
designed. Furthermore, this method does not ceatéthe problem and its solutions
(the machined artifact and its process plan) btheracapitalizes the method and
operations needed to find a solution. In generagiwecess planning, process
information of a part is used to construct a precetan which optimizes the
manufacturing process and generates the requimtgmegrams to machine the part.
Among the numerous solutions of this approach, cae mention: artificial
intelligence software systems (for example: PARTar{VHouten et al, 1989) or
PROPEL (Brissaud, 1992), generic process basegstaenss (one machining feature
is associated with the entire process needed tdimadt (ElImaraghy H. A. and
Elmaraghy W. H., 1993; Park, 2003), and solutiosshng decision tree method
(Ordered and hierarchical list of rules). Featuasdal process planning (Ho, 1997)
and PAG (Process Ascending Generation) is alsmeepd which complies with the
generative approach (Villeneuve, 1993) and givédstisns in the form of graphs. An
integrated manufacturing process planning framewadkich includes process
planning activities and integration with other apgifion systems has been proposed
by Ming et al (Ming, 2008).

Within these diverse approaches, we have reviewedet approaches: the
generation of process plans by experts systemggheoach by constraint satisfaction
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and reconfigurable process planning. These progkessing methods are discussed
with a view to find their compatibility with ourated objective of RMS design.

1.2.1 Generation by expert system

As a result of the work by J. Lederberg (kindsag7)9 DENDRAL, appeared during
the 1960s. It was generally employed to addresscthssification problems or
decision making problems. The first expert systesdichted to process plan
generation, GARI, was developed in the 80’s by Il of Grenoble (Descotte
1981). Since then a lot of prototypes have surfamed applied for process plan
generation (Kiritsis, 1995). PROPEL, which was twdafor Giat industries and
PART was utilized by Bosch and Phillips, can bedias two examples.

The expert system consists of two main elements:
+ Database It is further divided in two sub elements

0 Set of tasks It is the work memory of the expert system. ktludes:
the set used variable, the user response to gosdiythe tool and the
deductions by the inference engine.

o0 Set of rules It capitalizes on the knowledge base of the edgpgtem.
The task set is the list of works performed byekpert system. These
rules are formalized in the form of If<conditiorKs)
Then<conclusion(s)> or a new conclusion addeddas#t of tasks.

* Inference Engine An inference engine allows inferring the new khedge
starting from its own database. It is this partmgerforms the reasoning task.

1.2.2 Selection by constraint satisfaction

The constraint satisfaction problem is the secgma@ach which is analysed for the
generation of process plans.was interesting because it is nearer to the design
problem in which numerous constraints, demands raomns are required to be
respected. We were logically interested in the @ggn for the generation of the
process plans or rather the selection of the psogasiables considering a set of
constraints.

The constraint satisfaction approach (CSP) (Walez,2) appeared in the 70s but
only really emerged in the 90s. Contrary to therialr calculations which transform
the constraints so as to obtain the values of gimbles, CSP does not act upon the
constraints but rather attempts to reduce the idiefindomain of the variables. This
reduction of definition domain is very interestifigr combinatory problems e.g.
planning and resource allocation, logistics, desigd fabrication. The method CSP is
defined by:

* The variable domain: they are the variable typesReal, Symbolic, Boolean,
Rational and Similar.

e The constraint type, which can be numeric (equation equation), boolean,
similar or type. The constraints can also be sympohlgorithmic or
formalised in the form of tables.

A constraint satisfaction problem corresponds tsea of variables from the
definition domain and a set of constraints thatf®a link between the variables. This
approach was already applied for the generatiopradess plans in works PROPEL
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(Brissaud, 1992) or OMEGA (Sabourin, 1995), priadyp to resolve scheduling
problems and allocate machining resources.

In our work framework, we have applied the CSP apph to generate the
machining process plans. CSP allows to searchhallsblutions i.e. “enumerate”
them. In the method a constraint in general terssairelation between the
mathematical variables. This relation can be nurnexsymbolic, boolean ... A CSP
method is defined by the variables or constanteders, real...) and the constraints
(conditions, values of the function...). The metlpodceeds in two steps i.e. reduction
of the definition interval of each variable and frm®pagation of constraints through
each definition interval of each variable.

An application of CSP approach using constraint@ep® (Zimmer et al, 2004)
to our objective of RMS design was carried outgsarcopy is given in Figure 32).
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Figure 32 Modelling of the design problem as a CSP

It includes definition of the manufacturing consita and design variables, shown
in zone 1 and 2. Machining knowledge base is at¢ic¢h the form of catalogues in
zone 3. Finally generated results are enumeratembme 4, representing machining
process plans. For the application of CSP, thaifeatmust be realized by machining
operations; the constraints relative to the corbgayi between feature and the
operation directions, dimensions, topological iat¢éions ... the list of operations,
precedence, accessibility, and movements ... chieséomain to reduce. However,
further development of the design problem resulteddifficulties pertaining to
dynamic process variables.

Following an implementation of the transition FB4ture — operations), we have
concluded that it would be difficult to automatee thransition B-S (operation —
kinematic configurations) for the propagation toak the type and number of
variables describing the structure is not fixeathinges as a function to the values of
variables describing the B (machining operations).
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1.2.3 Reconfigurable process plans.

Understanding the type of the manufacturing sysaéfiects the method or approach
of process planning, which is an important stepréate relevant plans. Traditionally,
in computer-aided process planning (CAPP) syste&vhen generating process plans,
the manufacturing system components were consideegt and only one process
plan is developed. A static system has a fixed igardtion, e.g. dedicated
manufacturing system (DMS), which in turn impli@sefl capability and capacity. In
the past decade, research was carried out for @jgngl CAPP systems that generate
alternative process plans that suit the dynamiareadf such manufacturing systems
as flexible manufacturing systems (FMS) and RM&xible process planning was
introduced to handle product variability, hence tte=d for developing alternative
process plans. Flexible or non-linear process plares capable of representing
alternative processing sequences and manufactiegsogirces (Shabaka, 2007).

Reconfigurable process planning (RPP) approachalsasbeen proposed by H.A.
Elmaraghy (Elmaraghy, 2006(a); Azab and ElMarag®@7a). This approach deals
with the variations in process plans as a resulclwinging parts and products.
Changes in parts might require different machiresgament and thus increased or
decreased capabilities. In case of an existing maateconfiguration, RPP proposes
that the part family nearest to the new part, wdmddidentified and its composite
parts and master process plans are retrieved. iMigdgiatures and operations are
removed. Integer mathematical models and matheahatmrogramming for
reconfiguring the macro level process plans wemnitated and applied to the
process planning problem. Reconfiguration of preced graphs is done by inserting
/ removing features / operations iteratively.

Two criterions were used in RPP. First, the paasdhing and re-fixturing time,
when no value is added, is minimized to arrive gr@cess plan that minimizes the
extent of reconfiguration. Secondly a process Ratonfiguration index, which
measure the extent and cost of changes was adétd dRals with variations in the
process plans as a result of changing parts ardipt® Changes in the process plans
might require different machines assignment, dejpgndn the available machines
and their capabilities. Changes in machines, wiaidder changes in process plans to
utilize and benefit from these new capabilities. PRBupports process planer’s
decision making regarding the machine assignmédettsen and sequencing the
activities at the initial stages of manufacturiygtem design.

Pari Features

Mapping between part features
and machine capabilities

Figure 33 Mapping between part features and machineapabilities in reconfigurable
process planning (El Maraghy, 2006(b))
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1.3. Summary and Remarks

From the above discussions, it is evident that tfeg generation of kinematic
configurations, both functional specifications apmacess plans are required. The
generation of process plans weather with the cdioweasd approaches or using
reconfigurable process planning, requires functicarad geometric specifications
along with the knowledge of the target machine igumation as shown in Figure 34.
In case of RMS design framework, the process maasthe configurations change as
a function of the changes in the functional requeats.

FMS/RMS Architecture

|

Generate process

Part
o plans > Process plans
Family
Methods

Figure 34 Process planning approach (Halevi, 199Shakaba, 2007)

Thus in order to have a generic methodology fordégign of a RMS, which has
no particular product family in mind, requires thapability of to generate both
process plans and kinematic configurations. Thishowology should have process
plans in terms of allocation and sequencing of nmaeh operations and kinematic
configurations in terms of machine motion, axis anddules descriptions. More so
the conventional approaches of process plan gemetadsed on the identification of
accessibility and research of the minimum numbepaift positions knowing the
structural configurations of the machine is obsoleith RMS. For RMS, the process
plan approaches should take into account the aspmdctnulti-spindle and multi
structure in parallel.

For RMS design based on a part family the existapgproaches need to be
complemented. Therefore, one very important disbncbetween the current design
methodologies and the one proposed by us is therelifce in inputs. The existing
approaches address either process plan generatiostriactural configuration
generation, but not both simultaneously. In ourppsed method for the design of
reconfigurable manufacturing system, both procekmsp and their associated
structural configurations are addressed togethdére inputs are the functional
specifications, topological interactions and prgcksowledge base as discussed in
MASON. Generation of structural configurations i@sed on the inputs functional
specifications and process plans. In the contefegible manufacturing systems the
behaviour i.e. process plan is generated with thewkedge of the structural
configuration. In our work, the solutions are ire ttorm of tree structures. We have
proposed an algorithmic approach which is to bdagmed in the following sections.

2 Design Methodology and Activities

In the FBS based design process, as illustratéldeimlesign process activity diagram
of chapter 2 Kigure 24, we have focused on two activities out of five. ithe
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generation of machining process plans and machinemniatic configurations (
“activity 2 and activity 3”). The inputs for the quosed framework are the
geometrical part specifications.

There are numerous tools/methods to model and reattag transitions. They
include, modelling the decision variables as a tramd satisfaction problem,
modelling as an operations research problem amiding the algorithmic approach
for optimal decision making. Other methods incladti-agent and expert system.

In order to have an approach completely orientadtds the generation of process
plans and their respective kinematic configuratismsultaneously for an RMS, we
decided to follow an algorithmic and determinigtgproach. This approach takes into
account the machining constraints which dictatecti@ce of solution, as in the case
of a CSP. Also it benefits and utilizes a knowledgese and rules derived from
manufacturing ontology MASON, gives out the maamgnisequences and other
decision choices as in case of expert system &gémeration of process plans. In the
proposed framework the transition from the initighut of part specification to final
output of architectural solutions is governed byngs design algorithm proposed by
us.

The integrated algorithmic approach explores the&possible process plans and
at the same time explores the corresponding sgioss$ible manufacturing system
configurations to perform each of their generatextg@ss plans.

The proposed iterative method (Algorithmic) is ditesl towards the design of
reconfigurable manufacturing systems or dedicatehufacturing systems (for a
single part position). The algorithmic approachapplied to three automotive parts,
namely, CAl, CDV and CPHC, each having a set of himacg features. In the
subsequent sub sections each of the two actiwatiesexplained in detail and their
application is illustrated on an automotive parti@Bover intermediate shaftfrigure
35). The algorithm is implemented by developing ancéixbased interface and
programming in VBA.

Cy 103

PL 100

CY 104

Figure 35 Part to be manufactured CAl

3 Generate machining operations and precedence

relationships (A2)
The objective of this activity is to generate at Ief necessary operations and
precedence relationship between operatidrigufe 3¢. The inputs are a set of

geometric specifications for the group of featurethe manufacturing part known as
part model (part description). These specificatiomdude geometric data (position,
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accessibility ...). The corresponding topologicaknactions are also provided. These
design specifications are subjected to certairsruleile utilizing the knowledge base
in the form of cutting tool chart. The outputs dhe machining sequences and
precedence relationship matrices. Each of the abwaioned input is explained in
detail in the subsequent sub-sections.

Cutting Tool Ev[;?usall?igns
Charts  Rules

Ll

Generate
Part — .
Model machlnlng - Machining Features
operations and » - List of Operations

Process precedence - Precedence

> i i relationships
change relationships p
request A2

|

SQL Design Algorithimic
Queries Approaches  Approach

Figure 36 Activity 2

3.1. Machining feature

The concept of feature came into prominence irBlig as an intermediately between
the part descriptions and manufacturing plans. Tiraate the machining process
plan, the feature concept is pertinent where ipsug the problem complexity, which
is intimately linked with part model, technologiadtabase and the formalisation of
the expertise in manufacturing. However, as thdufeaconcept is employed in
different domains and with different steps in th@duct life cycle, a feature is
perceived in a different manner by each domain.

Features are defined as generic shapes with whésigd and manufacturing
engineers associate certain attributes knowledgegulusn reasoning about the
products (Zhang, 1994). Figure 37 illustrate th&thva simple bore hole, there are
three point of views associated. The geometric videntifies a cylinder; the
manufacturing view identifies a drilling operatiamd the designer view, associate
with this feature a product life cycle.

Vue géométrique : cylindre (négatif)
Vue fabrication : Percage
Vue conception : Trou de passage de vis

%

Y S

Figure 37 Different point de views of a boring opeation (GAMA, 1990)

Here the manufacturing ontology MASON provides tiieeessary knowledge base
and spells out the essential information requiggdtie definition of a manufacturing
feature. Graphically the integration of MASON witike machining feature concept is
show in
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Figure 38 Machining feature concept in MASON

Current process planning systems, such as modebrCAM software packages,
deal with the use of features (Shah, 1994). Theenustatus of this concept is drawn
in (Cunningham, 1988; Shah, 1988). As a solutiothef complexity of current part
designs, features perform the breaking up of tihxas& pieces in smaller and easier to
handle concepts (Pratt, 1984). Several definitmfrthese features are available: from
those needed to factorize machined parts (Carpe@0d0) to those used for
analyzing welded parts (Case, 2000).

When particularly applied to machining and manufang domain, a feature is the
combination of a geometrical definition (enricheihviechnical characteristics) and a
semantic definition inspired by process planningieeers. According to the French
community GAMA:

A machining feature is a semantic set charactermed collection of parameters
used to describe an indecomposable object relaiioae or more activities related on
the design and the use of products and systemsoaugtion (Tollenaere, 1998).
Also, it defines a geometric form as a set of dpations for which a machining
process is known. These machining operations argalha independent of the
operations for other features.

Machining features can be categorized into fourugso(Alpha 1 User's Manual
1992).

* Hole or axial features: These are the featuresddnatbe machined by point to
point operations. They include plain hole, tappedhele, counter-sink,
counter-bore, counter-drill, etEigure 39.

» Simple milling features: This category includesImg features that can be
described in standard forms, such as slot, rectangocket, face, straight-
step, etcKigure 40.

* Complex milling features: They include profile-petk profile-boss, profile-
side, profile-groove etd=(gure 40.
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« Compound features: Features in this category comdisnultiple features
oriented in special relationship, which includetaggular-pattern, circular-
pattern and step-bore.

Among the machining features given in the exampigure 40), simple milling
features along with axial features shown in FigB®eare taken into account in our
design framework.

N

Through Bore Taped Through Non Through Non Through
Bore Bore Taped Bore

Figure 39 Axial machining features

General_outside_profi [B<=
=

Figure 40 An example of machining features (STEP Agication Handbook, 2006)

In RMSs and DMLs the required manufacturing featuaee mostly axial and
simple milling type. In our application of the appch we have chosen products
having the above mentioned features.

An example of a manufacturing entity combined wahset of descriptive
parameters (geometrical, material and tolerancgjvisn in Figure 41. Etienne et al,
have divided the definition of a machining featurdéwo parts, i.e. machining enabled
geometrical feature (MEGF) and the machinable feattitienne, 2006).
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Generic parameters of the entity:

¥'Coordinates of origin point (P)

“on v'Coordinates of the directive vector
7 ne—— ".,.. v Diameter of accessibility
vLength ¢ ".... v, v Distance from the surface
v'Tolerance on ¢ oo, .""1 |P v Type of bottom
v'Angle ? b7 1 Y v'Type of entry chamfer
v'Tolerance on ?
{ vDiameter
. .....I......!...' v'Depth
L | vPitch
| IR | v Diameter of the intemal thread
H = e, v'"Hand of helix
: E‘E ., I ¥'Number of fillet
b v'Form of the fillet
e eL L L T oy 12 v'Length of the thread
vLength d1 TGS v Materials
v'Tolerance on d1 o s +Type of specified roughness
v Length d2 .."‘ s ~——vRoughness of the roll
¥ Tolerance on d2 R & v'Value of ?
o bo"a ¥Tolerance on ? v Tolerance on the diameter

S,
0,

¥ Tolerance on the depth
¥ Tolerance on the thread 's diameter
v Tolerance on the thread 's length

Considering the Bottom : v Specification of location

v'Materials

K v'Type of specified
Viiiidiiikiiid roughness
v'radius R v'Roughness v
v'Tolerance on R v'Specification of fom "t

Figure 41 A manufacturing feature (Etienne, 2006)

Their objective was to separate the geometricaltaoknical information. MEGF
was defined as an elementary geometrical semagtticharacterized by parameters
used to describe an indecomposable geometricalctolbgdative to the process
planning activity. The second concept called meable feature, supports the
manufacturing knowledge. In fact, one machinablatuiee characterizes the
possibility of linking at least one Tool/ (Operatio Sequence) couple and a
geometrical description from a (Controlled) MEGF.

In the context of the proposed approach, the arttébabe manufactured is required
to be decomposed into its constituent MEGFs. Theyuded axial through holes,
axial non through holes, coaxial holes, axial tegh holes, slots and planes.
However, for the moment stepped holes are notete#n illustration of the types of
features to be treated during the application ef diesign methodology is given in
Figure 42.

Machining
Feature

¥ 4

Hole/Axial Prismatic
features features

! I I | I

Through hole N°“:2{: ugh Plane Shoulder Slot
I I I
7}
A ¥ Y A, A, A ¥ -~
Plane base || Conical base || Plane base || Conical base L
Taped Non threaded taped taped non taped non taped Narrow plane Non narrow —— //
through hole || through hole non-through || non-through || non-through || non-through plane
hole hole hole hole

Figure 42 Machining features considered
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Each machining feature was detailed like the examplFigure 41. They include
geometric relations between characteristic surfamfea machining feature. Their
corresponding technical knowledge i.e. (Operati@eguence) couple is provided in
the cutting tool charts.

3.1.1 Application

In the context of part CAl we have three axial bpke plane and two threaded holes
(Figure 39. From the part drawing their geometrical dataderived and stored in an
excel file called “Part Group”.

Parameters CY103-
104

Diameter 6

Depth [N

Accessibility -Z

Length of
thread

Type of Through

bottom

Tolerance on | 0.03

Diameter Parameters CY107-

Tolerance on

Depth Diameter M6-1

Location Plan A Depth 145

Chamfer Accessibility | +Z
Length of 14

I CY104 st
Parameters CY105 Type of Conical

bottom

Diameter 40
Depth

Tolerance
on Diameter

Tolerance
on Depth

Accessibilit | +Z
Yy

Length of
thread

Location

Chamfer

Type of Through
bottom

Tolerance 0.03
on
Diameter

Tolerance
on Depth

Location
Chamfer 60°

Figure 43 Feature CY103, CY104, CY105, CY107 and (Y8 in part CAI

It includes the orientation and possible accestibg. This serves as functional
input data for the design methodology. THigure 43illustrates the axial features in
the part CAl along with their geometric specificats as stored in file “Part Group”.

CAl

Type Name | Diametre| Depth | Length| Width [Hieght Orientation Accecibility Position Angle
X|OQ YOV 2 ()EI XA YO Z]64 X ] Y | Z

Plan PL100 83,934] 82,01 i 1]1]1]1 10]10] 0

Hole CY103 6 14 i 10]3] 0

Hole CY104 6 14 1 94138] 0

Hole CY105 40 10,56 i iL 421 52| 0

[Threaded Hole|CY107 | M6-1 14,5 i i 241 23| 0

[Threaded Hole|[CY108| M6-1 14,5 i i 19] 23] 0

OP5-0P6

OP10-0OP11

Figure 44 Part to be manufactured CAl

However it is pertinent to mention that the partlanconsideration does not have
any oblique holes or pockets. An overall view @f plart model of part CAl can be
shown in the screen shot of the file “part grougigure 49.
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3.2. Topological interactions and relationships

In CAD, two volumetric features are defined asratéing features if their boundaries
intersect, so that they share a non-empty, commbmme. More than two volumetric

features are called interacting features if evemg of them interacts with at least
another one and all of them form a connected vollfeature interactions are divided
into six categories according to three types oblogy variations caused by their
interaction: merging of faces, loss of concave sgdgad splitting of faces.

However in manufacturing domain we are more inteces topological relations,
which permit to characterize a neighbourhood refatbetween two entities with
respect to machining operations. This conceptkiertdrom the knowledge formalism
of manufacturing ontology MASON. These topologicalations are very much
important with respect to the positioning of pandahe sequencing of machining
operations.

In the case of topological interactions, the parélgsis is not only geometric,
Figure 45 shows an example of topological intecachetween two axial features.

El | Hule

E2 | Hule

Figure 45 Topological Interactions - example (Villaeuve, 1990)

These interactions also directly influence the uheiieation of operational mode
associated to each machining feature. We haveatkfiossible interactions between
features like: starts coaxial, emerges coaxiatt st& start in, bore on, bore through,
tangent to, not possible at the same time, secdht(planes and cylinders), cross ,
interference, prolong ... etc. These interactions$ bél used at the time of creation of
precedence relationship matrix. An example of thaessractions is shown in Figure

46.

Start On Startin Emerges In Interference
I I E
Coaxial start in Coaxial emerge in Cross Prolong

Figure 46 Types of machining feature interactions
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3.2.1 Application

On the demonstration part CAIl, we have six machirfgatures (1 * plan and 5 *
axial features). Basing on their position with thart their topological relationships
are derived and noted on the form of a table aswstiéigure 47 E.g. feature CY103
bores on plan feature PL100 and is representechbynumber associated to it in the
relationship list. Each relation is given a numemode for ease of automatic
detection in subsequent manipulations.

Nom PL100 CY103 CY104 CY105 CY107 CY108
PL100 0 4 4 0 0 0
CY103 11 0 0 0 0 0
CY104 11 0 0 0 0 0
CY105 0 0 0 0 0 0
CY107 0 0 0 0 0 0
CY108 0 0 0 0 0 0

0=No interaction,

1=Starts on,

P2=Starts in,

3= Starts coaxial,

= Pierce on,

5= Pierce in,

6= Pierce coaxial,

[7= Cut through,

B=Tangent,

9= Secant with (for holes)

10= Not possible at the same time
11= Secant with (for plans with holeg)

Figure 47 Topological Interactions for the part CAl

3.3. Cutting tool chart

In the concept of cutting tool charts, knowledgerfalization and capitalization, the
validity range and methods to employ are contalmethe solution itself. The cutting
tool charts (‘Carte de Visite’ in French) is a cept defined and implemented by
Villeneuve (Villeneuve, 1990; Villeneuve, 1993; &the, 2006). These charts look
like tables (where production routing specialisé® store the validity domain of a
machining process (several machining and geomktpaeameters are consigned)
(Figure 4§. This approach however is limited to rigid paréeng foreseen by the
experts.

Rd Note : we wrote the Rd medium value in these lists.
The authorized variation percentage on both sides is  * 10%

Part material : 3F , 4F , 4G

min. ¢t - max. ctD»

Cutting tool Dt 6-8 ] 10-12

CAST STELLITE IT6 0,05 01

BORING BAR IT? 0,05 0.1
T8 0.1 02

min. ¢iD - max. ctD»

Cutting tool Dt [12-20 | 25-32 | 40-50 | 63 -80

CARBIDE TIP IT6 | 0.2 0,25 03 nothing

BORING-BAR IT7 | 02 0.3 0,4 0,45
IT8 | 025 03 04 0,5
ITS | 035 0.4 0.6 0.8

Figure 48 Carte de Visite (Villeneuve, 1990)
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Multiple extensions of this concept have been psepo F. Langlet, proposed a
new implementation of cutting tool charts, so asd@nder them more flexible by
allowing the modification and management of theapseters, more interactive in
having a link with the data base interfaced in Ascéne of the interfaces is shown
in Figure 49 (Etienne, 2003

CARTE DE VISITE OPERATIONS

Homdebull [T bisachinrid A | G opérations et cutils permatant do réaliser les emtités
Description [Evamcie 02 cae de vale cpon

[ Typesdouiils | Ou | Puis |
Hom du crbste =)

Liste des EUAS 1
composant entité [ #|20T  ©

] —

isnir

0&E & D&

[T

[ﬁ Description des entités

Prermgre EUAS EUAS Derriére
EUAS précédente  suivante EUAS

B B B B8
(| I I
|+ Accessbdité ¥ |- Diamitre B[ Fond 1
+ Sens dantrée [_] Limitabin [LimiteMax] [ [ Valew ]
[»] a 100} |#|Comque =
mE ||+ Fond2 Qui
e la peofondeur ||+ com1
[__|* Tolérance sur le damétre ||+ Com2 ¥
* Ragport LD x| |1+ Matibre Cybndre = ||

Figure 49 Interface Carte de Visite (Etienne, 2003)

The concept of OSE (Ben Younes, 1994) is an exasiudf cutting tool charts. It
allows a selection of tools for a given machiniegttire and can be decomposed in
two parts.

» Description of the machining context with the help three models: the
features (entities), the sequences that can beceession of machining
processes, and the functional grouping of tools.

+ Association of the three elements so as to trdms@t write down the choice
of the process planer.

3.3.1 Proposed Formalism

We have used the concept of cutting tool chartspgogosed them to be integrated in
the design process due to its ease of use andcahdeployment users. For each type
of the entity separate cutting tool chart has beempared. To handle the geometric
variations between machining features (within te@reed scope of feature types) a
number of cutting tool charts are defined.
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Administrative entity®
Cost entity®

Entit
Assembly entity?

\ =
| Technological entityfle- Geometric it

| Geometric entity for manufacturin

L) Geometric flan®
f Raw material™
Handiing

4 Maintenance
h Machine preparin
Logistic operatior® e

Launching operation

‘\ Assembly Operation

\\\ \ /;

N Conttol = \yanutacturing operation Human operation « sceduling

o -\ N

fatons of vol 55 of volume® Programiming

-
'
AL

Figure 50 Association manufacturing processes to dnstance of feature

Again referring back to MASON, it provides us thecassary taxonomic
relationship between a feature and its necessagceted machining operations.
According to MASON, to realize each machining featta set of machining
operations are associated to it. This is illustrateFigure 50.

Based on geometric specification of features aralr thssociated machining
operations cutting tool chart for each feature tiypstances are prepared. They include
charts for various axial prismatic features. Anragpée of which is given in Figure 51.
Under the associated operation a suggested ctkds also given.

10 iy i

Drilling (DIN | Finish Boring
340 NFE | R429.90090
18] 20 h7 166 3D All Centering 66068) 301CB H10H

g

Drilling (DIN
338 NFE
25| 16 h7 120 3D All 66068)

s

Steel and  Drilling
10 25 m7 108 5D| pigiron | (Factory Std

Trou débouchant / Through hole Steel and|  Drilling
10 24 h7 20C 7D pig iron | (Factory Std
Steel and  Drilling
10 25 h7 275 10D| pig iron | (Factory Std
Rough Borin
(CoroMill 39q| Finish Boring
- (CoroMill
Drilling R390012A1¢ 391.38-1-
12 | 125 | 1m9 | 32cC All (Factory Std 111) T09 A)
Rough Boring Finish Boring
(CoroMill (CoroMill
391.68 - 8 -| 391.38U-1 -
10 | 270 IT9 320 All T16 A) 2ATP11A)

Figure 51 Cutting tool chart for a through hole
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Combined with the algorithmic approach, the aldgwn$ can perform process
plans, taking data contained in these charts (dngs tthe know-how of the
corporation) into account. Detail cutting tool disaaire attached as Annex A.

3.3.2 Processing

For the illustration of the application and the ggeinvolved during the execution of
the algorithm part CAIl has been chosen. The padeurstudy has three types of
manufacturing features to be realized i.e. a plahege axial through holes and two
threaded axial holes. The location of the machirengjties along with their possible
set of operations required to realize them are shawFigure 44.

As an example machining feature CY105 has beereshpggure 44. To select

possible machining sequences cutting tool charts accessed in the following
manner:

Materia | Operati | Operati | Operati | Operati
Feature Diameter D Tol Depth L L Max | on on on on

Rough Finish
F o Boring Boring
4 | 2 (CoroMi | (CoroMi
A i

A 11390 - 1
\ Driling | R39001 | 391.38 -
Trou débouchant / (Factory | 2A1611 | 1-T09
Through hole 12 125 IT9 320 Al Std) ) A)

Figure 52 Example cutting Tool Chart CY105

» Based on the part model, machining feature tymelscted and stored, which
in case of CY105, is a non through axial hole. @sponding cutting tool
chart is accessed.

« From the geometric data of the axial entity, copasding machining
sequence(s) is (are) selected.

The steps for the selection of the machining sempiare (CY105),
0 IF the diameter D is 12 < D <40mm THEN
Select corresponding rows of cutting tool chart

o IF tol < IT9 and material = val (Material) THEN coesponding
machining sequence is selected:

In case of CY105 two sequences satisfy the conditio we select both.
| T | E
Rough Boring
(CoroMill 399 Finish Boring
(CoroMill

Drilling R390012A16 391.38-1 -
(Factory Stc 11L) TO9 A)

18 A

Rough Boring Finish Boring
(CoroMill (CoroMill
391.68 - 8-| 391.38U-1 -
T16 A) 2ATP11A)

Figure 53 Selected machining sequences for machigifeature CY105

« The two sequences will be used to generate preepsoglan combinations
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3.4. Machining Sequences

The process plan generation method derives itebfsim generative approach. Use
of the analogy approach can be relevant in spec#ges. For standard borings (for
instance: for the spark plug drills, geometry, tafee, tools and material are
standardized), or other drillings whose process @awell known to designers, it is
useless to generate again these mastered processeder to prevent our process
plan generation method, loosing time regenerating plan of these mastered
processes, experts’ process knowledge was usedheittoncept of sequences.

These sequences are defined by (Sabourin & Villemet996) as a series of
machining operations that can be interrupted. prresents a series of sequenced
machining operations that leads to the realizatiba machining feature. The first
step is the generation of machining sequences.

It is the first step of the proposed algorithmi@eagach, where sequence trees are
constructed for each geometric feature. A featane ltave multiple sequences that
can be followed, depending upon the technologicaktraints. These set of sequences
are called pre-process plans. The different bradfiesequences are generated from
the knowledge base of the experts stored in theté'ade visite”. For each type of
manufacturing feature its possible machining segeerare given. From these set of
sequences, pre-process plans are generated irriagad the possible combinations.

3.4.1 Proposed formalism

In our case, we define a pre-process plan is afsafichining operations constrained
by the precedence relationships which were defimgdhe topological interactions
between features. The process of generation ofesegs and its pre-process plans is
shown in Figure 54.

F , B

~ ~ —~

Sequence Pre-Process plan
Feature < Sequence
Sequence
Pre-Process plan
Feature <: Sequence
Part Sequence

Feature = — > Sequence
Sequence
Feature <E Sequence
Sequence
Figure 54 Formalism of machining sequences and pnerocess plans

3.4.1 Processing

Figure 55 shows for the part CAl the possible segaecombinations generated using
our developed VBA application. In the generatechessguence is numbered, where
the first digit represents the feature number ahd second digit represents the
sequence number. E.g. Seq 12 means second segfiénsiefeature.

With reference to the selected part CAl, the in@res in the form of geometric
data and topological interactions between the sitdres. With the help of cutting
tool chart all possible alternatives operations @®sociated with their corresponding
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manufacturing entities. This association of maaignioperation to machining
features is subject to technological and topolobaanstraints. Operation lists along
with their corresponding tool movement and accel#tsilolirections are generated.

Possible combinations of different sequences ard¢hi® machining features are
generated and are known as pre-process plans. Eaehof theFigure 55represents
a pre process plan and is a possibility to be epguoby generating precedence
relationship matrix.

Sequence 1l of Feature 1

Feature list

—> |PL100 CY163 CY104 CY105 CY107 CY108
[seqll §e/q 21 seq 31 seq4l seq51 seq 61
seq 1l seq 2l seq 31 seq42 seq 51 seq 61
seq 1l seq 2l seq 32 seq4l seq51 seq 61
seq 11W seq 2l seq 32 seq42 seq 51 seq 61
seq 1l seq 22 seq 31 seq4l seq 51 seq 61
seql1l seq 22 seq 31 seq42 seq 51 seq 61
seq 1l seq 22 seq 32 seq4l seq 51 seq 61
seql1l seq 22 seq 32 seq42 seq 51 seq 61
Pre-Processplans seq 12 seq 2l seq 31 seq4l seq51 seq 61
seq 12 seq 2l seq 31 seq42 seq 51 seq 61
seq 12 seq 2l seq 32 seq4l seq 51 seq 61
seql1?. |seq2l seq 32 seq42 seq 51 seq 61
seq 12\ seq 22 seq 31 seq4l seq 51 seq 61
seq 12 \ seq 22 seq 31 seq42 seq 51 seq 61
seq 12 \ seq 22 seq 32 seq4l seq 51 seq 61
seq 12 seq 22 seq 32 seq 42 seq 51 seq 61

Sequence 2 of Feature 1

Figure 55 Possible pre-process plans

3.5. Precedence constraints

Precedence constraints are designed in machinieatipns, so that planners have to
take scheduling decisions keeping in mind the teldgical, time and cost
constraints. Feasible process plans require pracedeonstraints to be taken into
account. Precedence relationships can be consertitistly one operation always
goes behind the other operation, also, there isegence which obligates one
operation to be done before the operation, no méttillows it or not (ciurana,
2003).

3.5.1 Proposed formalism

For each sequence set, topological relationshipsuaed to define the precedence
relationships between different features (Hale®95). However for the precedence
between different operations of the same featwaesponding machining sequence
from the cutting tool chart are used in which tleewences contains the order of
operations for the realization of the machiningdea
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In order to avoid duplication / repetition of theachining operations certain
heuristics were required to be defined.

 Case 1: Precedence between two similar operatibrtheosame entity or
feature:

IF OPi = OPj AND Feature i = Feature j THEN
Machining precedence Prij =0
« Case 3: Precedence between two operations of ffieeetit features:
IF Feature i <> Feature ] THEN
Refer to feature topological relationship table
Machining precedence Prij = interaction {Featufeppssible values are:
Prij=-1 (before) OR
Prij = 1 (after) OR
Prij = 0 (no-interaction) OR
Prij = 2 (Not possible simultaneously)
This non simultaneous operation condition (numéretue = 2 in the precedence
matrix) is necessary due to the possibility of t@ollision during simultaneous

machining operations. The necessary condition ifoukaneous operations between
two holes is:

Distance between the hole > (Dial+Dia2)/2 + factosafety

As in case of part CPHC (Figure 56), machining apens on features CY117
and CY118, cannot be performed at the same timdaltleeir interacting diameters,
thus they have a topological relationship whichbids simultaneous operation on
them.
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T [
0]
inlimih il

[WEGHAII]

Figure 56 Part CPHC

« Case 3: In cases when the precedence is requirededie two different
operations of the same feature:

IF OP i <> OPj AND Entity | = Entity j THEN
Refer to feature sequence table

Machining precedence {Prij} = {Position OPi} in Seence of {Feature}with
respect to {Position OP}}

If {Position OPi} < {Position OPj} THEN
{Prij} = -1 ELSE,
{Prij}=1

3.5.2 Processing

Continuing with our illustrative machining featu€&Y 105, procedure for generation
of precedence relationship matrix is detailed below

 From the pre-process plans sequence table CY108snego machining
operations to realize it, namely “OP15” and “OP16".

 We now define all precedence relationships for ORith respect to each of
the other features. E.g. with respect to Entity BlLhaving OP1

o From the heuristics define in the previous sectwn have “case 2”
which corresponds to the scenario

IF Entity | <> Entity ] THEN
Refer to feature topological relationship table

Machining precedence {Prij} = interaction {entit} i
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o From the interaction table we have no interactienaszero is inserted
in the corresponding position.

PI']__15 =0
Prl_le =0

For the complete part CAl the precedence relatigmshatrix is shown in Figure
57. The values 0, 1, -1 and 2 represent no precajeoperation after, operation
before and cannot be performed at the same tinpeotisely. The column adjacent to
the list of features to be realized, gives the apen number of the machining
operation required for each feature. Each numberresponds to a particular
operation given in “Carte de Visite” e.g. operatidil” represent rough vertical
milling and operation “2” represent finish verticahilling.

Operation List

OP5

follows
OP1
Features

Y\Yi PL100 | PL100 CY198/ CY103 | CY104 | CY104 | CY105 | CY105 [ CY107 | CY108
Na 1 2 5 6 10 11 15 16 20 21
PL100 | 1 0 1 1 1 1 1 0 0 0 0
PL100 | 2 -1 0 1 1 1 1 0 0 0 0
CY103| 5 -1 -1 0 1 0 0 0 0 0 0
CY103| 6 -1 -1 -1 0 0 0 0 0 0 0
CY104 | 10 -1 -1 0 0 0 1 0 0 0 0
CY104 | 11 -1 -1 0 0 -1 0 0 0 0 0
CY105 | 15 [) 0 0 0 0 0 0 1 0 0
CY105| 16 / 0 0 0 0 0 0 -1 0 0 0
CY107 | 20 0%—_0 0 0 0 0 0 0 0 0
CY108 | 21 0 0o [~e—] o 0 0 0 0 0 0
OP20
no interaction
with
OP1 OP1

precedes
OP11

Figure 57 Precedence relationships for part CAl

Precedence relationship matrices for part CPHCGDY are attached as Annex
B and Annex C. The contractual link between thecfiomal requirements and process
domain is given by process plans. The generatiora ahachining process plan
consists of chronological determination of machinioperations (Chep, 1998). It
contains the machining sequences and accesswliiitieeach entity.

4 Generate process plans and structural configurations (A3):
F->B->S

As described earlier the objective of this activéyo generate manufacturing process

plans and their corresponding structural configarst In the preceding sections we

have detailed the generation of pre-process pldnshwepresents an initial draft of
behavioural aspect. For the generation of the ldet@rocess plans and the kinematic
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configurations, we have proposed an algorithmic detrministic approach for this
phase. This approach is inspired by the mechanimontrolled enumeration in

constraint propagation. The comprehensive iterathaethod based on the design
approach is discussed in this section. The outpfutse “activity 2” become inputs for

the “activity 3 (Figure 58)”. The outputs of “adti 3” are process plans and their
associated structures.

Expected Functions

- Range of Product Family
- Quality requirements

- Time Requirements

- Cost Requirements
Evaluation Criteria

)

- Machining Features Generate Process
(Palrt Chalactenlsncs) plans and machine Process change request
- List of Operations —»
- Precedence

relationships

configurations » - Process plans
- Structural configurations
A3 ¢

]

Cutting Tool ~ Algorithm
Chart

Figure 58 Activity 3

A process plan as defined earlier is an orderedfseachining sequences (Gama,
1990), while a structure is a set of structurahedats forming a kinematic chain or
elementary machining cells organized between theeseso as to realize a group of
parts. In the context of RMS, a post is a collectiof structures that can
simultaneously perform machining operations frorfiedent accessibility directions
also to quickly realize a part. A complete machgnsystem consists of multiple posts
and each can have parallel or simple structure&dmito, 2007).

The algorithm is based on 6 main steps, each haviparticular selection criteria
and each step defines a set of solutions along thiir associated structures. The
possibilities are generated in the form hierardhiicge structures (Baqgai et al, 2009).
Each branch of this tree represents one / manyatpes. Each operation realized at a
post by a simple structure or parallel structure

These successive steps having conditional loopsergees a tree of possible
alternative process plans. Once an operation @ceged or assigned to a particular
process plan, it frees a series of other operatiwaitscan be assigned subsequently on
the same structure or simultaneously by havingrallehstructure. Each process plan
has a particular kinematic chain associated tohickv has; machining modules; part
holding / rotating fixture and tool change modul€kis allows further branching and
growing of the alternative process plan tree. Tosspbility to have a set of branches
in parallel, thus multiple operations can be penied simultaneously by different
kinematic chains.

The general steps followed by the algorithm areasgnted in the logic flow chart
below in Figure 59.

o Step 0: Initialisation of the first process plan tioe first post.
o Stepl: Generation of process plan and associatatemiitic
configuration with operations having zero prece@enc

124



F-B-S transition: Generation of Process Plans amdhitectural Configurations of Manufacturing
Systems

0 Step 2: Generation of subsequent process plan§ER 3 by assigning
operations, possible to be performed on the saruetste.

o Step 3. Generation of subsequent process plansTBPSL & 2 by
assigning operations, possible to be performed lsmeously by
having one or more parallel structures.

o Step 4. Generation of subsequent process plan§BP3, 2 & 3 by
assigning operations, possible after a tool / dpindange.

o0 Step 5: Generation of subsequent process plansEP 3, 2,3 & 4 by
assigning operations, possible after a part rotatio

0 Step 6: explore any other possible solution

0

v

> 1

v

2

v

i
v v

> 4 5 |«

| |
5 4
I |

)

6

v

Figure 59 Manufacturing System design Algorithm

4.1. Graphs

Each step of the proposed algorithm for the se@mtidity is detailed in the sub
sections below. The illustration and processingamonstrated on part CAl (Figure
35) for each step. In the subsequent figures,tititing the implementation of the
design algorithm is done by using graphical repregen. It includes the machining
operations, machining posts and kinematic configuma.

Along with the development of the algorithm, it wascessary to develop data
storage formalism. It should store the generatedcqss plans and kinematic
configurations in a readable and retrievable foAm.the number of operations for
each work piece in the product family increase, plssible solutions becomes a
combinatory explosion and an automated tree reptasen becomes difficult. On the
other hand it was required to illustrate and idgrthe different structures working in
parallel at first glance.
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Different software and programming approaches wemesidered. One of the
methods required an addition of a double line icdk® each time a new machining
operation is instantiated but this was discardesl tduthe stalling of the application.
Thus it was decided to analyze the solution bynigkhe first possibility until the last
operation is attributed to a post. After this wevedo next post and study the
different possibilities till we reach the last pasid all possibilities are documented.

The proposed solution is stored in the form of tadoles (Table 2, Table 3). The
first table stores and displays the solution arstant in between the process plan
generation. It includes:

* machining operation being realized,

* branch no of the assigned operation in the soluties

e process plan number,

* post number in the kinematic configuration,

» structure number of the parallel structure on theva mentioned post,
* number of times the algorithm is looped (Step éefalgorithm),

* any other branch that is in parallel representingtl@er simultaneous
operation on a parallel structure,

e branch precedent.

N° Process
N° Branch Plan N° Post N° Structure
79 70 4 1
Op
Performed 16
Branch
Simultaneous
Branch
Precedent 76 68 4 1

Table 2 Assignment of operations in a Process plans

The values in table 1 are taken from the generatddtions. In the example
branch 79 is instantiated representing operationtltelongs to process plan 70 and
is performed at structure 1 and post 4. On therdtlaed, Table 3 shows for each
possible process plan which are the operationgadyrassigned. It has the process
plan number and the assigned branch number. Bl in automated recreation of
the solution tree, after the complete solution spaxploration. Data belong to the
example in table 1 is used for illustration.

70
N° Process Plan
N° Branch 79
Active

Ops already
Performed 1,2,5,10,15,20,21,6,11,16

Table 3 Assigned operations in a process plan
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Here the process plans represents two importaninginddual concepts. Firstly it
represents a set of physical elements i.e. stegtyosts and tool, spindle change
modules. On the other hand it is also a conventiceguencing of machining
operations. Now we move towards the actual impleéatem of the design algorithm.

Before explaining the activity “A3” certain importa concepts and their
representation in the solution graphs are explained

« Operationg=——> :

Conventionally a machining operation is referrecdsoa material removal activity, in
which the power driven machine tools are used wsfithrp cutting tools to take away
the part material so as to achieve the desiredeshdpwever in our graphical
representation, an operation arc is not limitechegal removal processes. It includes
any activity that incurs time, is directed towatls final realization of the part and is
required to be performed along with machining opena e.g.: machining operations,
tool change operations, spindle change operatjoes, rotation operations and post
change operations. Depending on the machine steuatd configuration, each of the
discussed operations can be represented with eswar

Parallel axial operations having the same oriemiadire assumed to be performed
together with multiple spindles.

e Structure:

A structure is a set of kinematic modules allowihg displacement of one or more
elements e.g. spindle + tool.

» Posts and Start / End of activities on a @st

A machining post comprises of one or many machingtires. For a post a single
part position is permitted. However, the artefacynbe rotated to allow more
accessibility and avoid multiple loading/ unloadioigpart. A post can have multiple
parallel structures to allow simultaneous metaloeah operations. Depending on the
orientation of the machining feature to be realiaad the possibility of simultaneous
machining, structures are defined. Each parallelcsire is assigned a particular
accessibility.

» Start/ End of an/several activity/activiti‘

It is an intermediate state either between macyimiperations or any other related
activity that is to be performed on the same pdste representation of this
intermediate state is very important as it not oinigicates the start or end of an
activity but also permits to display the necesgamgcedence relationship between
machining activities being performed on parallelstures simultaneously. For the
activities that will affect the parallel structures “dashed line:------ " is used to
connect the activity that it will be performed siltameously. E.g. in case of rotation
of a part during its realization, being performedparallel structures, it is necessary
to indicate the minimum condition before which taa cannot be carried out. This
will be demonstrated later in the illustration cartpCAl.
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4.2. Step O

4.2.1 Objective

The objective is to initialize the first procesamland the first structure at the first
post. For the 1st iteration all variables like mamumber, process plan number, post
number etc are initialized.

4.2.2 Processing

As an input to be used in the application of thesigle algorithm, following
classification of the machining operations is @trout.

« Ranking of the operations bases on their anteyiasit precedence. (The
precedence is defined as a set of operations thst ne performed before the
one under consideration.)

* Ranking based on the no of operations followingp@ration (Posterior)

» Grouping based on the similarity of spindle direcs with the operation under
consideration.

* Grouping based on the alternate spindle directisitls the operation under
consideration.

e Grouping based on the similarity of feature axighwihe operation under
consideration.

* Grouping based on the similarity of operation typéh the operation under
consideration.

For the second iteration all operation already gmesl are eliminated and
precedence and posterior re-ranking is done.

4.2 .3 lllustration

After carrying out the above classification and gpong we have an Excel sheet for
each group. They will be accessed during applicatd the algorithm. To illustrate
one of the sheets performing the precedence rankimgn applied to part CAl is
given inFigure 6Q The first row and column are the operations pfedkl by the pre-
process plan for the part. Second row is generaeadng values showing the order of
operation precedence. Machining operations {1, 2B, and 21} are found as
operations having zero preceding operations. Indkeond sub table shows a ranking
in increasing order of precedence.
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Operations Precedence Ranking P?(;)Ce;ggsge
i" 1|15|20|21| 26| 5|10 6|12 /

N, (o] o] o o 1] 2] 2] 2[3] 3 Precedence groups
t|ol ol ol ofa] oflafafa] 1| 15| 20| 21
5[0 of ol ol of 2o o]l o] o 15 20| 21| 2
200l ol ol ol o ofof of 0] o 20| 21| 2| 16
21{o|l ol ol ofo| o|of of 0] 0 21| 2| 16
21| of of ofof| ofla] 2|2l 2| 16
60| 1| ol ol of of o o o] o 16| 5| 10
s[1] ol of of 1| ol o] o] o 5| 10
01| of ol ol 2] of o o o] 1 0| s
61| ol of of 1| o]l 2] o] 0of o 6| 11
11 (1] of ol ol 2] of o 2|0 o 1

Figure 60: Generation of precedence ranking of opetions for part CAl

4.3. Step 1
4.3.1 Objective

The objective of step 1 is to find out that for leadf the generated solution already
generated, which is (are) the next operation(s) ¢tam be performed on this post
basing on precedence and operations posterio? tdatvever for the first iteration it
can be modified to find the operation(s) are havzego preceding operations and
maximum following it.

4.3.2 Processing

For the first iteration, this step identifies thiestf operation that can be performed on
the post. It identifies for each generated propéss and corresponding configuration,
the machining operations that can be completedowtthffecting any other operation.
These are the operations that have no precedingtap®operations to them. After
listing these operations, the operation/operatidraving maximum operations
following it is/are selected from the one alreamyeld i.e. the one having maximum
operations “POSTERIOR” to it. Step Bigure 6) can be represented as follows:

* For each generated process plan sort the operdiotiout the one already
assigned) with respect to number of operation gieceto it. This set may be
called OPi.

* For each of the generated process plan and coafigar from OPi, select the
operation(s) having maximum operation(s) postefibis set may be called as
OP;j.

« Instantiation of the selected operation to a pregdan, a post and a structure.

» Update for each process plan, the list of alreasbygaed operations and the
tables resulting from step 0.
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Initialisation
poste =1
structure = 1
gamme = 1

|

For each genereated process plan, sort the remaining Ops
as a function of their precedence

l

For each generated Process plan, select Opj which has
max Ops to follow

}

For each generated process plan, add a new branch
having Opj and active branch from the process plan list
as precedence

)

For each process plan update the list of process plan and
list of operations and active branches

l

Figure 61 Sequence of sub steps of STEP 1
4.3.3 lllustration

The first step identifies operations {1, 15, 20d &1}, as operations having zero
precedence and operation {1} having maximum openatiposterior to it. Thus
the first solution has operation “1” at the firstogt and first structure. In the
subsequent figures, illustrating the implementatafnthe design algorithm, a
triangle represents a post and circle representstart / end of a machining
operation.

Op1
O—@

Figure 62 Step 1 for part CAI

4.4, Step 2
4.4.1 Objective

Step 2 finds out for each of the already generptedess plan, the operations having
zero precedence and which are similar to the opesainstantiated in the first step,
and to create alternative process plans with th8&milarity signifies that the
necessary kinematics to perform the operationthe.accessibilities of the features
are identical.

4.4.2 Processing

It indentifies operations same kinematics requitedrealize feature i.e. identical
accessibility directions for each process plan.s€heperations are searched from the
generated list of operations having ZERO precedenc&TEP 1, thus creating
alternative solutions. This step and its sub stepgperformed as follows

* For each solution already generated, select theatpes OPj from OPi
having the same spindle direction, type of opemamd axis to the ones
selected in Step 1.

e If the result set is empty: proceed to step 3.
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» If the result set is not empty: create new alteveaprocess plans with the
affectation of operations.

+ Alternative solutions are added.

The complete sequence of sub steps for step Dwrsim the following flow diagram
(Figure 63:

For each generated Process plan, select Opj that are from
Opi , having same type_OP, same spindle_direction and
same axis as that of OPj

‘ Add a new branch , for each of the selected OPj

Proceed to A
next step Create a new process plan in the process plan list by
copying the active branches and the assigned OPs

v

Figure 63 Sequence of sub steps in Step 2
4.4.3 lllustration

Classification based on axis, similar spindle difes and similar operation type is
carried out as shown iRigure 64 Figure 65 Figure 66

Operation
1| 2] 5| 6 10 11] 15 16 20 21 «—— List
1 1 1) o o o o o o o o
2 1 1) o o o o o o o o . ©OP6 _
5 ol o 1 1] 1] 1 ol ol o o has dis-similar movement axis to
6 0 o 1 1 1 1] o o o0 Ot—-: oP21
10 o o 1 1 1 1 o 0 o o
11 o o 1 1 1 1 o o o o
15 o o o o o o 1 1] 1 1 -
16 o, o o o o o 1 1 1 1 - OP15 .
20 o ol ol o o o 1 1 1 1 has similar movement axis to
21 o o o o o o 1 1] 1 1 OP21

Figure 64 Group Axis
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Operation
1| 2] 5| 6] 10] 11 15[ 16] 20] 21 List
1 1| O O O O Oof 0o o o0 ©O OP6
2 0L 1 0 0 0 0 0 0 0 0 has dissimilar operation type than
5 O O 1| O 1l o 1 O 0 O = OP21
6 o o o 1 o 1 o 1] 0o O
10 o o 1| of 1l o 1/ o o0 O
11 O O O 1 o 1 O 1 0O O OP20
15 O o 1 0 1 0 1 0 0 0 has similar operation type than
16 o o o 1 o 1 o 1 o 0O OP21
20 O o O O O O o0 0 1 1
21 O O O o o o o o 1 1
Figure 65 Group OP
;— Operation
1 2| 5| 6| 10| 11] 15| 16| 20| 21 List

1 1 1/ ol o o o 1/ 1 1] 1 o OP5 .
5 1 1 o o o o 1 1 1] 1 has dissimilar spindle direction to

‘ = OoP21
5 O O 2] 1f 1] 1f 0o 0O o0 o0
6 o o 1/ 1/ 1/ 1/ o] o o o
10 o o 1/ 1/ 1/ 1/ o] o o o OP16
11 o o 1/ 1/ 1/ 1/ o] o o o . . .

has similar spindle direction to

15 1 1/ ol o o o 1/ 1 1] 1 £P21
16 1 1| o o of o 1 1 1 le—
20 1 1/ ol o o o 1| 1 1] 1
21 1 1] o] o] o o 1 1 1] 1

Figure 66 Group Spindle

On part CAl, the application of this step does generate any alternate solution
and so we proceed to step 3 without assigning amyaperation. An application of
step 2 in the developed tool is shown below arkigitre 67

From OPjmSpindle to Opj =1 2 15 16 20 21
From OPjmOP to Opj=1
From OPjmAxe to Opj=1 2

Op1l

O—@®

Figure 67 Step 2 for part CAI

4.5. Step 3
4.5.1 Obijective

The objective of this step is to explore the alyegdnerated solutions the possibility
of performing machining operations simultaneousiyooe or more parallel structures
with the operations identified in Step 1 and Step 2

4.5.2 Processing

This is done by having parallel machine configunasi at each post. The criteria for
selection of the simultaneous operations are altem accessibility direction to the
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operations already assigned from the set of opemthaving zero precedence.The
application sequence of step 3 is as follows:

* From the operations having zero precedence, stlecoperations that have
the alternative spindle direction to the operatialieady assigned to the post
under consideration.

» If the result set is empty: proceed to next step.

« If the resulting operation set is not empty: SulBvthe operations into
groups of operations having same spindle direcimhtype of operation.

» Create alternative solutions by copying the previquocess plan and
instantiating the operation groups and (one or inpegallel structures (as a
function to the number).

The complete sequence of sub steps for step Dwrsim the following flow diagram
(Figure 69:

For each alternative process plan, select {Opj’}, from
{Opi} and having alternative spindle_direction (=/=)

}

Subdivide {Opj’} in sub sets of same type_OP, same
Proceed to spindle_direction. Op : {Opj'l} present in all different sub sets
next step L

Add a new branch to the procedure and complete with {Opj'l}

v

Create a or many new process plans in the process plan list
by copying the active branches and the assigned OPs

\

}

Figure 68 Sequence of sub steps in Step 3
4.5.3 lllustration

For the application on part CAIl, from the spreadesh “group Spindle-Alt”,
operations having alternative spindle direction®ferations in OPj were searched.

Operation
1 2| 5| 6] 10 11| 15| 16| 20| 21 List

1 o o 1/ 1| 1] 1 1 1] 1] 1 OP11

2 o o 1 1 1] 1| 1] 1] 1 1 has alternate spindle direction to

5 1 1| o o o o 1 1 1 1 OoP21

6 1 1/ ol o o o 1 1 1] 1
10 1 1| o o o o 1 1 1 1
11 1 1 0 0o 0o 0 1 1 1 1 OP20 does not have
15 i 1] 1) 1] 1] 1) 0 0 0 0 alternate spindle direction to
16 1 1] 1 1} 1] 1] O Of Oof O OP21
20 1 1/ 1| 12/ 1 1] o o o 0*”‘
21 1 1] 1| 1] 1/ 1] o o o o
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Figure 69 Group Spindle_Alt directions
Result of application of Step 3 is shown below:

Spindle_alt to OPj=1 5 6 10 11 15 16 20 21
From OPi Spindle_alt to OPj=1 15 20 21

* This resulted in the generation of a set {5, 6,1110,16, 20 and 21}.

* Further application resulted in two sub groups {¥6jd {20-21}. Here an
assumption is made that similar machining operation parallel features
(having same orientation and accessibility) willgeeformed with the help of
twin spindle, therefore simultaneously (this coaistir may be removed if
required). Thus the two possible alternative preqaans and structures are
generated as shown in Figure 70.

Op1 Opl
Op Op15
20-21

Figure 70 Step 3 for part CAI

4.6. Step 4
4.6.1 Objective

The steps attempts to find for each generatedisnoluta a tool change and/or spindle
change. Thus the selected operations will be ofsémae kinematic type and same
accessibility direction to the operations alreassigned on the post.

4.6.2 Treatment

Step 4 explores all possible alternatives generatpdto step 3 that can be
accomplished by a tool and broche change. Thetepls are as under:

e Update the tables generated in Step 0 by remowiegoperations already
assigned from the list of operations. Redefine ghecedence relationships.
New set of operations OPj” having zero precedesgenerated

» Select from OPj”, operations having similar sp@dlirection and movement
axis to the one already assigned to the structifrége post.

e If the result set is empty: proceed to next step
» If the generated set is not empty:

o0 Sub-divide, based on similarity of operation type.

o Alternative process plans and structural configarst are generated
by copying the previous plan and associating assigwol change
operation along with the operation group.

The complete sequence of sub steps for step owrsim the following flow diagram
(Figure 7):

134



F-B-S transition: Generation of Process Plans amdhitectural Configurations of Manufacturing
Systems

For each generated alternative process plan, eliminate the
already assigned Ops, Redefine the precedences, sort the Ops
as a function to their precedence and identify the operations
{Opj~} having precedence 0

v
For each alternative process plan already genereated for each
structure of the post under consideration, select from the
{Op;~}, the operations {Op;--}, which have the same
spindle_direction and axis to the OP already assigned on the
post

v

Proceed to next Add one or more new branche(s) in adding a tool change module, copy
step the branches generated in Step 3 and complete with {Op;--,}

7

Create a or many new process plans in the process plan list by copying
the active branches and the assigned OPs

v
Figure 71 Sequence of sub steps Step 4

4.6.3 lllustration

« Between the two generated process plans we haveewrhihe one having
assigned the maximum no of operations i.e. {1, 2 21}.

* Precedence rankings are redefined after eliminatien already assigned
operations.

« The new zero precedence operation set is {2, 15}.

e Operation set is {2, 15} satisfies the next craeof similar spindle direction
and movement axis to the Operations already assignthe structures of the
post.

Figure 72 shows the sequence of implementatiorherdéveloped tool. Two sub
groups of operations i.e. {2} and {15} or operat®o{R} and {20-21} are generated
for the two parallel structures on the same post.
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Step 4

OPs already assigned 1 20 21
OoPj” 2 15
Same Spindle and Axis to the OPs already assigned...

OPj” — Same spindle to OP1 2 15
OPj” — Same Axis to OP 1 2
{OPj""_to OP1} 2

Among OPj” same spindle to OP20 2 15
Among OPj” same Axis to OP20 15

{OPj" to OP20 } 15

Among OPj” same spindle to OP21 2 15
Among OPj” same Axis to OP21 15

{OPj"" to OP21} 15
Set_OPj™" 2 15
OPj""1 2

OPj™2 15

Tool
and/or
Spindle
change Op2

Op

2021 Tool Op15

and/or
Spindle
change

Figure 72 Step 4 for part CAl

4.7. Step 5
4.7.1 Objective

Like Step 3, the objective is to find the operasiohaving alternative spindle
directions than the solution under consideratioh@ generated solutions are explored
with the possibility of part rotation. The criteniovhich allows the possibility of
alternative process plans is the existence of ahimiag operation of same nature to
that of the ones already assigned in the previdepsshaving an alternative
accessibility direction.

4.7.2 Treatment

Depending on the structure and machining featuneéntation, a rotation of the piece
is proposed after in this step. Details of the Sti@lps are given as under:

« Update the tables of “step 0” by removing the ofjena already assigned. Re-
define the precedence relationships. A new setpefrations OPj”" having
zero precedence is generated.

» Select from OPj’, operations having similar alietive spindle direction and
similar kinematic type.

» If the generated set is empty: proceed to next step
» If the generated set is not empty:

0 Sub-divide on similarity of spindle direction aogeration type.

o Alternative solutions are generated by assigningaat rotation
operation, if required a tool and / or spindle d®mperation, to the
copied plan from the previous step.
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The complete sequence of sub steps for step Bowrsin the following flow
diagram (Figure 73):

For each alternative of generated process plan, delete already
assigned operations, redefine the precedences, sort the Ops as
a function to their precedences, and indentify the {Op;-}
having precedence 0

'

For each alternative already generated process plan and each
structure of the post under consideration, select from {Op;-}
the operations {Op;} having alternative spindle_direction
and same type_Op to the operation that has already been
assigned on the post

Subdivide {Op;} in sub set(s) same spindle_direction and same
Proceed to next type_Op : {Opj~n}, containing the different sub sets
step v

Add one or more new branche(s) in adding a tool change module,
copy the branches generated in Step 4 and complete with {Op;n}

;

Create a or many new process plans in the process plan list by
copying the active branches and the assigned OPs

}

Figure 73 Sequence of sub steps of Step 5
4.7.3 lllustration

* Precedence rankings are redefined after eliminatien already assigned
operations.

« The new zero precedence operation set is {5, 1QL&hd

e Operation set is {5 and 10} satisfies the nexteci& of similar alternative
spindle direction and similar kinematic type to Mperations already assigned
to the structures of the post.

« The resultant process plan and structural conftguras shown after adding
to the second parallel structure is shown in Figisre

Figure 74 shows the sequence of implementatiorherdéveloped tool. A group
of operations 5-10 is generated and is shown iufag’4
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Step 5 )
OP already assigned 1 2 20 21 15
OPj” 5 10 16

Spindle_Alt and same type_OP and sameType_Kinematiet®ps already assigned....
OPj™ having spindle_alt and sameType_kinematic 810

OPj” having spindle_alt and sameType_kinematic 820

OPj™ having spindle_alt and sameType_kinematic 1820 5 10
OPj™ having spindle_alt and sameType_kinematic 822 5 10
OPj™ having spindle_alt and sameType_kinematic t8X5 5 10
Set_OPj™” 5 10
OoPj™_1 5 10
Tool
and/or
Spindle Part
rotation
op1 change  Op2
t e
|
|
|
|
1
Op
2021 Tool Opl5  Part Op
and/or rotaton 510
Spindle Tool
change and/or
Spindle
change

Figure 74 Step 5 for part CAI

4.8. Step 6
4.8.1 Obijective

The objective is to explore any other solution gasseither by tool / spindle change
or part rotation. Step 6 is to explore the compseti@tion space and assign as much
machining operations as possible at the same post.

4.8.2 Treatment
Step 6 performs three tasks at the same time.

» Firstly it attaches the generated solution to aliive process plan tree.

* It returns the possible alternative process plansteép 1, for their continued
processing on the next post.

* it sends the alternative process plans throughltwps towards Step 4 and
Step 5 as shown in Figure 59. The closed loop Aeéb5S4 is continued until
the generated solution is similar to the one atstaet of the loop (no new
operation is added).

This Step ensures that all possible solutions fpardicular post for all structures
have been explored. However care should be taksrfdhStep 4 and Step 5, the last
generated operation is kept for reference instdattheo complete list of operations
already assigned. A detailed view of step 6 ismiveFigure 75.
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'R}

Process Plan N
<>

Process Plan 1

I > Towards

step 5&4

Towards |
Step 4&5

Results

Figure 75 Step 6 for part CAl
4.8.3 lllustration
* For the loop step 4-step 5, step 4 did not reaudiny new solution
* A part rotation in step 5 resulted in the generatibop set {16}.

* In particular case of part CAl, for the first iteom, first solution was found

(Figure 76).
Tool
and/or
Spindle
op1 change Op2 Part rotation
?
|
|
|
|
2821 Tool  Opl5  Part Op Tool Op  Part Op16
) and/or rotaton  5-10 and/or 6-11  rotation
Spindle Tool Spindle Tool
change and/or change and/or
Spindle Spindle
change change

Figure 76 Step 6 for part CAl

5 Discussion

The design algorithm has successfully been applredifferent parts. For part CAl
more than 80 different solutions have been gengrate
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Tool
and/or
Spindle
Op1 change Op2 @ Part rotation
?
l
|
|
|
282 1 Tool Op15 Part Op Tool Op Part Op16
and/or rotaton 510  and/or 6-11  rotation
Spindle Tool Spindle Tool
change and/or change and/or
Spindle Spindle
change change
No of posts 1 (Part rotation modulg)
No of structures 2 (Parallel)
No of post changes 0

Structure 1: 2*axe, 1* tool change module
(parallel to Structure 2)
Structure 2: 1*axe, 4tool change module,

(parallel to structure 1)

Structure 1

Tool Axis™——, I Movement

Axis
Part

Rotation

|
/ .
«—Movement
Axis

Tool Axis

Structure 2
Post 1

Figure 77 Graphical and schematic representation cd single post solution

They range from all machining operations on a sngbst to each post only
having a single machining operation. The first scenhas been illustrated in the
preceding section. The configuration shown in Fegév has two parallel structures,
first as a 2-axe and other as 1-axe type. Botlttsires have tool change and spindle
change modules. One part rotation module is algaimed. Figure 77 illustrates the
solution in graphical form along with the schemaligram.

However on the other extremity of the solution gpanother configuration of the
type having only one (operations for parallel amshilar features are performed
simultaneously) operation is performed on each.plss type of configuration has
two structures 2-axe and five structures laxe.ifffportant point to note is that there
is no tool/broche change as well as there is no np&ation involved. This type of
architectural configuration is especially suitabde high volume productions. Both
the solution and it schematic diagram are showkigare 78 and Figure 79.
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Op5-10 Op6-11
O () N N N >O
g i N/ g
Op1 Post Op2 Post Post Post Op20-21
Change Change (op15 Change Op16 Change
No of posts 5
7
No of structures 2 *Parallel
5 *Single
No of post changes 4

Structure 1 : 2* axe

Structure 2 : 2* axe

Structure 3

:1* axe (parallel to Structure 4)

Structure 4

:1* axe (parallel to Structure 3)

Structure 5

:1* axe (parallel to Structure 6)

Structure 6
Structure 7 : 1* axe

:1* axe (parallel to Structure 5)

Figure 78: Graphical representation of five posts@utions

Structure 1

Movement
Axis
Tool Axls

Structure 2

-«
Movement

Tool AXIS ]

s-a-a-a-a

Structure 3

Movement

Tool Axis , Axis

Movement
Axis
-«
Structure 4

Tool Ax|s

Structure 5

Movement

Tool AXIS

Structure 7

Axis Tool Axis

Movement

Tool Ax|s
-«

Structure 6

Axis

Movement

Axis

Post 1 Post 2 Post 3 Post 4 Post 5

Figure 79: Schematic representation of the 5 posbhition

For RMS design of the initially defined part famdy the three artefacts namely;
CAl, CPHC (Annex B) and CDV (Annex C), the algonths applied. Complete steps
of the algorithm are shown in Annex D. Possiblecpss plans for a particular set of
functional requirements are generated and theirresponding architectural
configurations are generated. Feasible solutionghi® complete product family are
selected as RMS design solutions. Optimal solutimong the feasible can be found
by analyzing each with respect to time and cost.

6 Conclusion

The conventional design approaches for the dedignoaluction systems are no more
applicable to the recent reconfigurable systemthascriteria for the generation of
process plans have been modified. The process grlaitonmore attempts to reduce
the number of part positions, rather he attemptsptimise the criteria of time and
cost of machining for a work piece.

This chapter focuses on the algorithmic developnoérdan iterative application
which generates all possible process plans ancesmonding kinematic structural
configurations. This is achieved by instantiatingfedent machining operations,
following different intermediate criteria. The op#ons are grouped not only

141



F-B-S transition: Generation of Process Plans amdhitectural Configurations of Manufacturing
Systems

according to their accessibility direction, cuttingpvements but also according to
possibility / impossibility of simultaneous machigi

In this chapter, an algorithmic approach is presgmthich iteratively explores all
possible instances of configurations. Machiningrapens are assigned following
certain criterions. Operations are not only groupedording to their accessibility,
axes of movement and similarity of operations bsb according to the possibility of
performing the operations simultaneously. The allgor and its implementation on a
series of automobile parts have been tested so\aditiate the approach.

Most importantly the algorithmic approach providedditional reconfigurabilty
than conventional design of production systems. &@onventional system design
approach, the particular part / part group is as&dyand its machining features are
identified. Subsequently for each feature its nemgs machine movements are
identified. After that machine selection is carriedit basing on the required
capability. In other words the inputs for the desaf a conventional machine cell are
the geometrical specifications, process plan, bsiod, set of machines and machine
capability. Thus the reconfigurability is at stw@l configuration level. However
with the proposed design approach, each part h#glapre process plans. For each
of the pre process plan its precedence relatioaship generated. Possible process
plans and for each multiple structural configunasi@re generated. Reconfiguration is
possible at the pre process planning stage, gemerait process plans and structural
configurations.

For the moment certain criterions of productiontsysdesign are not taken into
account. Importantly, to reduce the possible adoiisg directions, a single part
position on part holder is considered. A single cptaent is envisaged and
consequently all solutions generated are for thdiqular part position. Secondly the
generated solutions are required to be verifiedabimence of collisions.

These two remarks require an evaluation of the rg¢e@ salutations with respect
to these constraints.
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Chapter 4

Approach for Evaluation of the design solutions of
Reconfigurable Manufacturing Systems

his chapter focuses on the necessity to evaluategémerated design

solutions of Reconfigurable Manufacturing Systetncdnnects and

elaborates the work explained in chapter 2 regagdihe definition of

performance indicators as a criterion for evaluatidvaluation criteria
are defined for the generated solutions (Chaptem3jhe form of process plans
and their corresponding kinematic configurationsirtitular emphasis was given
to the criterion of quality which is evaluated irms of machining tolerances of
the generated architectural configurations. A revief the existing techniques and
methods for the tolerance evaluation is carried. dtepresentation of machining
process plans for the proposed kinematic configanat in terms of the graphs
proposed by Stephane TICHADOU and measuremenboaigfec deviations using
one dimensionalL simulation are explained and illustrated. Compiditip of the
process plan / architectural configuration graphighathat of the one proposed by
TICHADOU is demonstrated. Heuristics for the saidpips are defined and
calculations of Internal Tolerance Condition (IT&)e carried out Appoaches for
the 2D and 3D geometric deviation analysis aretified.

Introduction

Evaluation of the generated design solution reguaertain criterions to be defined.
These criterions are subdivided into static andadyic evaluation. The static evaluation
consists of the reliability, maintainability erganms, security... But the static
evaluation is performed only after the dynamic nfacwring system architecture is
chosen. For the critera linked with reconfigurdpjlirange of product family ...
O.Garro proposed the dynamic evaluation criterigragluctivity, flexibility and cost
(Garro 1992). Flexibility includes, part mix flexiiy, volume flexibility, design change
flexibility... Flexibility on the time axis can be divided in tarevels:

» short term flexibility is concerned with the opeéoatl level, as the dynamic
affectation of one part to another machine,

* mid term flexibility is concerned with the tactidalel, such as the change in the
mode of realization of the parts,

« long term flexibility is concerned with the straietevel: change of production.

However flexibility at the production system lewan be defined as an aggregation
of all the different flexibilities. O.Garro has mused the concept of entropy to
characterize the flexibility.

Also productivity is defined as the relationshipviaeen a certain quantity of product
and factors of production. (Pourcel, 1986). Costdefined as the cost of the
manufacturing activities that are performed byrtrenufacturing system.

The criteria for the choice of an optimal procetpare many. Among them the
most important are cost (Sormaz, 03) (productiorgtemial, tooling ...); time
(preparation time, machining time...); machining p®snumber of operations
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quality...These measuring criteria validates a design solut@sed on the measuring
the difference between the desired and the acerébimances, as already explained in
chapter 2, where we incorporated FBS approach e dbsign framework. The
framework acts a link between the design activiéied the design solutions. This link is
in the form of measureable performance indicatBis)( These Pls serve to evaluate the
design solution. Recalling the proposed framewarlchapter 2, we have four basic

performance measurement parameters; range of prémhady, quality, time and cost
(Figure 80).

FR1 = System capable of Manufacturing a Product
Family,

T

’ PI1= Range of manufactured Product family ‘

FR11 = The systom o capable of FR12 = The produced products

. FR14 = To Have minimum
manufacturing all the products in the hould ﬁ:v";'z'fe::';,ﬁ;’," :;LT,":;Z:,
range of the given Product family. Specifications

FR13 = To have Minimum delays hecessary cost.

’ PI11 = Range of Manufactured

Product Morphology
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F Minimurm o FR133= FR141 =To | [FR142=To have| | system should | |system should
Realize all the deliverin g [Consistent output| u of ini time Reduced duration have minimum minimum part have minimum have minimum
entities in the R accurately over the entire of system Ramp machine setup setup cost process cost cost for tool
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lauality products. cost). (Variable cost)
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}
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Figure 80 Performance measurement parameters

1 Evaluation

The proposed structuring in chapter 2 is basederakiomatic design approach which
has the essential objective of measuring the quafithe system in terms its aptitude
for redesign and implementation. To judge the desigality, N. Suh took into
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consideration two axioms: the independence axionh the information axiom. The
independence axiom states that an optimal designno& be of the coupled type in
passing from the required functions (independernoedhe structure. An acceptable
design must avoid the improvement in a functiothatcost of another. The information
axiom states that a design is globally optimat requires minimum information. Here,
the information in question requires assuring thegaiacy between the desired level of
satisfaction of a function and the performanceveeéd by the system.

Following this structuring, the dependence of tharfprincipal criteria has been
identified and decomposed (Figure 80). These fadicators can be evaluated in a
hierarchical manner. The evaluation approachethfese criteria are detailed in the sub
sections of this chapter. Our defined PI's for design of RMS are range of machining
features in the product family, quality, time andstt Among the four defined
parameters the range of product family is the nrogortant evaluation criterion. As
illustrated in the, all subsequent parameters teetad by the choice of solution for the
complete realisation of the product family.

1.1. Range of product family

The product family range represents the set ofam#siof machining features to be
realized, the interval of the values of the featpagameters... In chapter 3, possible
design solutions in the form of machining proceks® and corresponding kinematic
machine configurations are generated. Each solgabisfies the realization condition
of the product family. These solutions explore twmmplete solution space for the
complete manufacturing of the product family. Eadhthe generated design solution
satisfies the first parameter of our performancenao i.e. the solution has the
necessary capability to realize all machining fesgpresent in the product family. This
affirmation however needs to be moderated becewesednstraints linked to the part
positioning and collision verification are not takento account. Therefore it is
necessary to evaluate the feasibility of each geadrmprocess plan.

* The part position must be materially realisablethié holding and clamping
surfaces and not capable of maintaining the pasitipa, then the process plan
and the kinematic configurations are not capable.

e Collisions must be detected. In his PhD thesis ldad ( Aladad, 2009), used
the software DELMIA so as to validate the kinematiof a reconfigurable
machine tool.

1.2. Quality

The second most important performance evaluatipeass the quality of the realized
product family i.e. depending on the choice of kiagic solution the quality will vary.
Quiality represents the guarantee to the produdbomity. If the geometric error of the
part realized on one of the generated solution asenthan the desired tolerance, the
process plan and the kinematic configurations ae qapable. The manufactured
machining features should have a geometric andrdiiaral quality within the defined
tolerance limits.

From an industrial view point the study and analysi machining tolerances with
respect to quality is very important. The evaluatad this criteria attempt forecast the
probable behaviour of the production system follayyrocess plan via the simulations.
These simulations allow taking into account the uclative effect of these
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manufacturing deviations. Also this approach hasyebbeen integrated in the process
plan generation system (Tichadou, 2005). To doitlgsnecessary to study the possible
sources of machining errors, their contribution dodg quality and their effect on the
functional aspects of the product. This requiredindmn of the dimensional
specifications between active surfaces during ahmaw phase called “cotation de
fabrication” and simulation of the machining opemas to analyse the effect of the
operations on these dimensional specificationsherattive surfaces of the work piece
(surfaces which are machined or are used duringdhepositioning).

The manufacturing specification consists of detamg the specification of the part
in its intermediate state; it quantifies and dediribe type of associated tolerance. P.
Bourdet (Bourdet 73a, Bourdet 73b) stated that eative surface in a phase evolve,
in a limited area and limited space of the machimbe dispersal area, called
Al, is attributed either to machining errors or isetterrors. The tolerance intervals for a
given manufacturing specification in a machiningagd (Figure 81), between two
surfaces | and j is given by the formula: ITCfipk + Alj.

. Dol D12
A
* —————— —_ - - — -
0 1 2
7 A0
L0 o7 Al
L1 > 7 Al2
L2 >
s

“Ref. machine

Figure 81 One dimensional modelling of a machininghase (Bourdet 73a)

Machining phases can be represented graphicaliy.dh effective tool to generate
datum chains. Mainly there are two methods for lgicgd representation in one
dimensional tolerance analysis, the method “dig&pproposed by P.Ji (Ji, 99) and
“exploitation graphique du tableau d& proposed by P.Bourdet.

There number of works regarding the 3D simulatidnmachining is very less
(Tichadeau, 2005). Spiewak (Spiewak, 94) propose Kimematic and geometric
simulation of a machining phase of milling operati®ut this study was limited to a
single phase and succession of phases cannotdggated. The kinematic modeling of
manufacturing errors proposed by Bénéat (Bénéabl)2@llows to simulate the
manufacturing of a part. The modeling is based len representation of machining
errors by jacobian matrices. Uncertainty tensor ywesposed by Clément (Clément,
1996). This method permits to analyze the dispardige to part setup but does not take
into account the errors due to machining. Modetghe geometric deformation and
deviations by small displacement torsors is progobg Villeneuve and Legoff
(Villneuve, 2001). Stephane Tichadou (Tichadou, 2)0&8lso modeled the geometric
deviations using small displacement torsors. Heplycally represented the process
plans and kinematic machine configurations. Thegse plan graphs used by Tichadou
are important tools to illustrate the relationswestn different elements of the kinematic
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chain. In conclusion there are studies in the a#sene, two or three dimensional
guality. The different approaches of machining datian (one or three dimensional)
use the geometric deviation models.

1.3. Cost and Time

Cost represents the expenses incurred for the ptioduof a product. The time
represents the duration of each operation or &gt{yproduction activity, preparation
activity, reconfiguration activity ...)

Manufacturing cost and time estimations are canpb&ormed by different
approaches: parametric, analytical and analogical.

The analogical methods are based on evaluatioheotdst of a new product with
that of an existing one. The cost of the existimg as described with the help of
parameters judged discriminating and pertinenie(likorphology, quality, dimensions
...) which allow also describing the new produat idnich the cost estimation is being
done. This approach is similar to the variant pssqaan generation approach.

The parametric cost estimation methods includertathods which are based on
the knowledge of the mathematical relations linkingm to quantifiable parameters of
the product such as volume, time etc.

In the analytical methods we group all the methdust take into account
necessary sequenced operations and activitiesasgtbciated kinematic modules. Thus
we have retained the approach “Activity Based @gs{ABC)” (Park, 1995; loannou,
1999, Ong, 1993).

After the identification of the activities and oesces (kinematic modules) is
done, ABC method quantifies three inductors touwate the cost:

» Resource inductor: allows distributing of the rases between activities. This
allocation can be: time allotted to each activitythe quantity of raw material.

» Cost inductors: It is the factor influencing thefpemance level of the activity
and its consumption of the associated resources.

e Activity Inductor: This inductor allocates the cesbf activities between
different products.

Colt= Z(IndiA. Ind¢. Ind% .Cout,)

Ind* Inductor of activity

Ind® Inductor of cost of activity

Indfj : Inductor of resource linking an activityo the resourcge
Cout, : cost of the resourge

All these inductors can be identified for each afcthe graph of the generated
solutions.

Cost estimation based on ABC can adopted to foerb#sis for estimating cost and
time as proposed by Feng (Feng, 2000). Each manufag activity can be one of
many processing activities, such as setup, loagaahlhandling, processing, and idling.
Each processing activity involves cost of using aegources and overhead cost. Cost
and time estimating equations are described ifialf@ving equations by Feng:
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1.3.1 Manufacturing cost estimatiion
where

N .
- [
Cm - anctivity
i=1

N
— ' [ i i i i
- Z(CDVOCGSSiﬁE Csetup-l_ Cnandling+ Cload-unload+ C|0IIing + Coverhegd
i=1

Cn is manufacturing cost of an artifact.
[ is an index.
N is the total number of manufacturing activitiesplegd to
_ manufacture an artifact.
Clactivity is the manufacturing cost of activity i.
Clprocessing 1S processing cost of activity i.
Clsetup is setup cost of activity i.
Clhandiing is handling cost of activity i.
Clioad-unioad IS load and unload cost of activity i.
Clidiing is idling cost of activity i.
Cloverhead is overhead cost of activity i.

| - Processing cost

C[iarocessing= Ctiaquipment+ CIiabor + Crinaterial + Ctioo|
Ciequipmenis the equipment cost of activity i. Equipmenttcesdecided by the
_ time the equipment being used and the cost petioret
Clabor  is the labor cost of activity i.
C'material 1S the material cost of activity i.
Cwol is the tool cost of activity i.
Il - Tooling activity cost
Ctiool = Cifixture + CluttingTod + C;augeTool+ C;ccessoryd'ol
Cliixture is the fixture cost of activity |

CleutingTool IS the cutting tool cost of activity i
ClgaugeTool IS the gauging tool cost of activity i
ClaccessoryTool 1S the accessory tool cost of activity i

[Il - Setup activity cost

i — i i i
Csetup - C + Cs—tool + Cs—workpiece

s—-machine

Cimachine i the machine setup cost of activity i.

Cs-tool is the tool setup cost of activity i.
C's-work piece IS the work piece setup cost of activity i.
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Tool cost is decided by the time the tool beingduesed the cost per unit time.

In our case of cost estimation for a technologasgect of the design solution of
RMS, C'processing is the machining cost. As the part is fixed onlycenfor all
configurations so we have a fix&ewpfor all solutions.

1.3.2 Manufacturing time estimation

N .
tm = Z t;:1Ctivity
i=1
( .

i i i i i
tprocessing + tsetup handling + tIoad—unload + tidling )

+t

v

{0l
[y

tm is the estimated manufacturing time of an artifac

[ is an index.

N is the total number of manufacturing process cduifect.
tfpmcessing is the processing time of activity i.

tsewp IS the setup time of activity i.

thandiing IS the handling time of activity i.

toad IS the load and unload time of activity i.

taing  is idling time of activity i.

+t!

s—workpiece

+t!

tisetup = tis—machine s-tool
tfs-machine is the machine setup time of activity i.
t's-tool is the tool setup time of activity i.

t's-workpiece is the workpiece setup time of activity i.

1.3.3 Relationship with graphical solutions

In our case of RMS design, the design solutionsrepeesented in graphical form as
presented in chapter 3. They are a ordered setashimng operations along with

different part / tool / spindle movementsigure 83. Each operation and movements
Incurs certain cost and time.

Tool
and/or

Spindle
Op1 change Op2 . Part rotation
. ?
|
|
|
|
*—0—©0
2(?21 Tool Op15 Part Op Tool Op Part Op16
- and/or rotation 5-10 and/or 6-11  rotation
Spindle Tool Spindle Tool
change and/or change and/or
Spindle Spindle

change change

Figure 82 Graphical solution

The manufacturing cost Cm of the part is the sunthefcost of all the activities
involved in the manufacturing process. There arendPufacturing activities “N”. The
activities include machining operations and togliridle/ part rotation. {Opl1, Op20,
Op21, Op2, Opl5, Op5, Opl0, Op6, Opll and Opl6ltleemachining operations
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incurring Ciprocessing . This processing cost idekimaterial tool and labour costs for
the above mentioned machining activities. For oMfSRdesign solutions we have only
one Cisetup.. For the moment we have not considérieding, and Cioverhead . Also

there is no Ciload-unload. Simiarly time estimation can be carried out for the
generated solutions. The times; tiprocessing tupseand tiload can be calculated
similarly as that for cost.

A product, in its manufacturing phase can be diigtefive levels form geometrical
point of view. They are before project, productrtpaart under manufacturing and
finally the part surface. The associated competetmehese levels are globally design,
industrialization and production. Each level iseoted towards the common objective
i.e. to have a product having geometrical charesties closest to the nominal one.

In this chapter, we have focused towards the etialuaof geometrical and
dimensional characteristics of the kinematic chainthe manufacturing system by
geometric simulation of the machining processeshEanfiguration has a particular set
of geometrical characteristics, associated to gt aill affect the final product realized.
Thus, there is a need to have a method to valtdatproposed configuration so that it is
apt to guarantee the conformance of the work piece.

2 Geometric simulation of the machining processes

In this section, we focused on assessing the gemnatd dimensional characteristics
of the kinematic chain of the manufacturing syst&mach configuration has a particular
set of geometric characteristics. Thus, we needethad to validate the proposed
configurations.

The approach allowing to mathematical formalizatwinthe specifications and
uncertainties of manufacturing process, and toesgthe expected geometric behavior,
is the Al approach developed by P. Bourdet (Bourdet 19¥bis approach proposes to
quantify the manufacturing dimensioning (cf) frommetfunctional dimensions (FC),
regarded as known. This approach consists of twormsteps:

» The first is to establish a simulation graph whiela modeling of the machining
process. In this model, each surface is represelyed column, and each
coordinate correspond to a step in the manufaguprocess. The crosses
designate the created surfaces and triangles myrdse surfaces participating
the positioning of the part. The tolerance intes\al the dimensional simulation
are noted aali for the created surfaces andlj to contact surfaces. The index i
is the number of the concerned surfaces, the expgiethe number of phase or
coordinate.

* From this graph, the approach proposes to estdlligtal relations between the
produced dimensions (and their associated toleramegvals Ali) for each
functional dimension. Since the approach is basedaoone-dimensional
modeling, the minimum pass is unique. Writing thesations is thus quick and
unequivocal. These relationships help to validée $pectrum of machining
process plan.

This approach has been generalized by S. Tichathauproposed the use of graphs
to formalize the dimensioning of machining procgdan and the use of small
displacement torsors model these defects / dewiafidhis approach is based on
modeling the manufacturing process, highlighting thmain relations of (contact,
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machining and positioning) between geometric exgtitof the part and machining
resources (machine, part holder and | 'machiningrain used). This model then
allows the identification of play and error thaé aequired to be formalized in the form
of torsors.

Given some similarities between the graphs develdpe S. Tichadou and our
graphs proposed in Chapter 3, we chose to adappmsoach to our problem. In his
thesis research Tichadou proposed the use of gtapitlsstrate the process plan and
use of small displacement torsors to model thedaalees. The proposed method interests
us due to its proximity with our objective i.e. silation and measurement of geometric
deformation. Also the graphical representationha machining process plans is very
similar to our generated graphical solutions. Weerapt to demonstrate the
compatibility of the method proposed by Tichadoub® used for evaluation of the
generated design solutions (Chapter 3), with rdsfmeenanufacturing tolerances and
quality.

In the modelling technique under discussion, tltec@ss plans are a succession of
machining phases. To find the sources of the geaaktdeviations in the
manufacturing process, it is pertinent to modelaeiming phase after having listed all
the elements and potential errors of machining. rAcess plan is described by
representing as a graph. With theses graphs, litbeipossible to visualize the sources
of deviations that are originated due to positignemrors with respect to the machining
surfaces of the part.

The machining simulations are to be carried oub\ait objective of forecasting the
geometric deviations of the features during andhatend of the machining process.
These deviations are the geometrical and dimenisi@arations, appearing during the
machining phases. The modelling by Tichadou is dbasethe concept of elementary
machining cell or a machining post. A machiningl aal post is composed of its
following main constituent elements.

* Machine Tool: It is a set of electro-mechanicalipment, composed of multiple
liaisons directed and controlled to generate tHative cutting movements
between the part and the tool.

» Part holder: it has the principal function of pmsiing and holding the part

* Part to be machined: It's a solid, which can betsnoriginal or intermediate
state during a machining process.

* Tools and their attachments: Assembly of differeainponents (tool holder,
featuring elements, start and stop of cutting nmia).

* Work trajectories: relative movements between tw &nd the part describing
the kinematic machining conditions.

In our case the elementary machining cell incluledollowing elements:
* Post (Chapter 3)

» Structure similar to the machine-tool: a set coregosf several liaisons driven
and controlled to generate relative movements tinguand advance between
the part and tool; a post can have multiple stmestyerforming operations
simultaneously.
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Part Holder: mobile assembly moving from post tetpghose main functions is
to position and hold the part during machining agiens performed by the
structures.

Part to be machined: solid from the previous posith an intermediate state.

tools and their attachments: assembly of differesrnponents (cutting edge,
insert holder, tool holder, clamping elements,)etc.

Working trajectories: relative motion between taoild part describing the
kinematic machining conditions.

2.1. Sources of manufacturing deviations

An error is defined as a domain between the desiomiinal situation and the actual or
real situation. A manufacturing error causes gedonatand/or dimensional deviations
on the part to be manufactured. The manufactunragysoriginate from the intervening
elements during each machining phase.

Machining errors have two origins: either, it insked to the errors of the intrinsic
characteristics of each machining feature, or, greythe function of coupling between
multiple features. In other words, if the dimensicend the geometry of machining
features are different from the desired one orpbsitioning between each feature is
disturbed, errors and deviations are expected frdésent on the part.

Part Holder Part Trajectories Tool + Tool Holder
. »la g — —— " """~ é‘ 4 ;
- N gD B
Ref
J Machine R
+“—>

Figure 83 Errors generated by dimensioning errors bentities

The errors pertaining to the intrinsic characterssbf machining features are given
below along with their related machine elementgyFe 83):

Machine tool: The structural deviations of thed@ns of moving elements, non
circular rounds, geometric deviation of solids, rthal expansion, machine
deformation... The non continuous behaviour due éousage conditions (high
speed and mechanical actions). Dimensional spatigit (Cf) (Dugus, 2002)

for the prediction of deviation due to dynamic babar.

Part Holder and Tools: Geometrical deviations, measent errors and
deformation generated due to the mechanical actbngachining. Dimensional
specification (Li, 99) for the modelling of defortran of part holder and (Seo,
1998) (Larue 2003) for the simulation of the toefldction.
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» Part or feature in its intermediate state: Theexiness of dimensions of a part
in its intermediate state, due to either the preneghase or precedent operation
(Raghu, 2004).

« Calculation errors machine trajectory

» Positioning errors: They include:
o0 the part and the part holder (Rong, 2001)
o the machine and the part holder (Armillotta, 20@i)yusa, 2004a)
o the machine and machining trajectories ( localsaérrors)
o the machine and tool

Our work focuses on the determination of the gedamand dimensional deviations
of kinematic chains for the manufacturing of a graaf parts. These deviations are
considered to be generated during machining opestiin our case, we can add the
following sources:

» On the part holder: positioning defects of the pattler on the post and rotation
of the whole part and part holder set.

e On the structure: the deviations cited above fax thachine tool plus the
reconfiguration defects of the structure on the.pos

2.2. Machining phase modelling

Tichadou proposed to perform the simulation of amrang process (in phases). For
this, four physical elements are taken into consiilen. They are the part to be
manufactured P, the part holder H and the maclone MIT. A new supplementary

physical component, machining operation Mm (Tichad)05), has been created.

The machining operation is seen as a virtual stégcribed by the trajectories of the
machining tool and tool post on the work pieceha tmachine space. The machining
operation is a function of the trajectories, theeknatic structures of the machine tool
and the tool used.

In the modeling approach the surfaces in a phasedoh machining phase were
identified:

» The surfaces Pil of the work piece P. They inclindepositioning surfaces and
the machined surfaces that result from the toaingng a machining operation
Mm2. These surfaces are called the active surfaces.

* The part holder surfaces, that are at the interéddbe part and the part holder
and contact surfaces between the part holder Hhenthachine tool MT.

* The machining surfaces MmI3 generated by toolsnduane of the machining
operations Mm while realizing the surfaces Pi @f work piece P.

! Pi : Surface “i” of the part
2 Mm : Machining operation « m » of the phase
% Machining Surface « | » of the machining operafidm
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To adapt this graph to model a machining process jplerformed on a RMS,
several concepts have been modified:

* The notion of phase has been replaced by the nofipost.

* The fact that it is possible to have multiple stowes on a single post has been
modeled by several machines in the same phase,

e The fact that it is possible to rotate the partpmst and thus realize more
features using the same structure was modeled pljcdting the phase and by
incorporating an element “position "

3 Graphical representation of a machining phase

Multiple studies have shown interest to represkatrelations between surfaces of
the part by using graphs (Ballu, 1999), (Case, 1989graph represents a series of
binary relations between the elements. Differenapbical representations of a
machining phase have been proposed. They include répresentation of one
dimensional cases (Ji 1999) and two dimensionakscaskue, 2002). A three
dimensional modeling graph was proposed Bénéatg&@¢2001), but it differentiated
the sources of different types of deviations inrdygresentation.

A detailed description of the graphs used by Shddau in his approach for the
three dimensional modeling of a machining phasegiven in the subsequent sub
sections. It starts by finding out the elements thaticipate in the machining phase.
The basic components are work piece or part, palden, the machine tool and the
machining operations. The data is homogenized énftiim of solids and surfaces.
Considering the machining operations as virtualdsplpermits the integration of all
errors relative to tools, machining and trajectarie

The graph is a support to three dimensional sinmraif machining deviation and it
gives us:

» lists all the surfaces and solids in a machiningseh
» places the geometrical deviation between diffeedgmnents,
* represents phase by phase graph which permitabdnalysis

» lllustrates the geometrical deviations with outogsasting them to any particular
typology.

The graphs proposed in the methodology containkbl@nd links. The physical
elements are defined by the rectangular blocksthedinary relations between these
elements by the links as shown in Figure 84. THels@and surfaces are differentiated
by a slightly curved corner block.
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Solid Surface

Links :

Geometrical deviations

Figure 84 Elements of the graph
In this graph the rectangular blocks are:

* The theoretical model of the part P and its actu€aces. They include the
positioning surfaces (P1, P2, and P3) as well asrtachining surfaces (P4, P5,
and P6).

* The part holder (H) and its surfaces. They incledatact surfaces with the
work piece (H1, H2 and H3) and with the machine-HH2-1 and H3-1).

e The machine tool (MT) and its contact surfaces whth part holder (MT1, MT2
and MT3).

e The machining operations (M1 and M2) and their nraog surfaces (M11,
M12 and M21).

Geometrical deviation exists between each of teé=ments, thus there will be links
between these elements. Figure 85 shows the Imismide a machining element and
also between the elements for a machine tool “Mavihg part holder H, for part “P”
having surfaces (P1, P2... P6). The part P is matwifd through machining
operations M1 and M2 having M11, M12 and M21 ag theachining surfaces.

In the approach under consideration, the wholegeg®lan is represented with the
help of a set of graphs, each representing a pfAdseassociations of graphs to each
machining phase describes the process plan folgptia proposed modeling approach
and also allows to identify the origins of posiiiog errors relative to part surfaces as a
function of machining processes. This graphicahmégue is also applicable to represent
one, two or three dimensional modeling of geometagiations during the machining
processes.

Machine tool Part Holder Part

Machining Operations

M1 on P4

M11
N

(m21) P6

So_oe0

c
?

Figure 85 Graphical representation of a machining pase with reference to geometrical
deviations
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The methods permitting a representation of the al®n between components
include homogeneous transformation matrix and sthafilacement torsors. Utilization
of small displacement torsors is more favored intiast to complex matrix calculations
for the movement of coordinates; it allows a matagoal formulation based on linear
algebra. In the next sub section, the typologyheftorsors and their use in modeling of
a machining process plan is explained.

3.1. Representation of deviation with a small disp lacement
torsor

The torsor presented by P. Bourdet et A and A. @éniBourdet, 1988), represent

the displacement between two entities E1 and B@avectorsQ andPO . In a base B

(X, y, Z), the vectors are expressed as:

Q =a.x+ B. §/+ y.i wherea, S,y are the three small angles of linear rotation.

Do = U. X+V. §/+ W, Z whereu,v,w are the three projections of the translations.

Torsor Tey g2iS expressed as:

J - fo u |

Notation : Te1 g2 =" - =‘{[3 v

g : IE1E2 1 ) J
DgJo v W oB

Figure 86 Equi-projection of the translation

3.2. Typology of the torsors used in machining simu lation

Four types of deviations in a machining process plee modeled with help of small
displacement torsors i.e. error torsor, deviatiorsdr, play or connection torsor and
global torsor. The error torsor represents the laigment between a theoretical
nominal surface and the position of the real safdthese torsors only depend on the
topology of the surface. A deviation torsor représethe deviation of difference in
position between two surfaces of the same workepidbe connection or play torsor
represents the positioning error between two sagfad two solids. The global torsor
represents the deviations of position of a solithwespect its nominal position
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The geometric deviations between the elementsniraehining phase are associated
with a particular small displacement torsor. Glotmabr is used to give deviations in
machine tool and tool positions. Play or connectiorsor represents contact error
between part holder and part surfaces and alsoelketwnachining operations and
machined surfaces. Finally error torsor repres#rsdimensional errors of machined
surfaces.

A geometrical machining condition is a constraimattlinks two surfaces of the
machined part. To simulate the geometrical behavias sufficient to add the set of
different torsors present in the component loopigbault, 2001). With the help of
graphical representation of the machining phasesgekpression of this condition will
be the sum of different small displacement torsehich are present in the machine
element chain linking the two surfaces. An exangdléghe geometric condition in the
form of a torsor chain is given in Figure 87.

Phase n
MT H

n M Admj n Mmj,Pq

Figure 87 Torsor chain of a graph representing phasn

It determines the geometric deviation between twdases, Pl and Pqg, machined
with the same tool in the same phase n. The cllosgrlof the torsor chain is written as:

Tripg=- Tammipi- T avmMmit T nvmmmit T nMmjPq

This formalism models up to three dimensional geoicsd deviations between two
machined surfaces in one single equation. It reguivriting of constituent torsor
equations and then the closed loop torsor chaihesd two activities are distinct and
will be executed separately.

As a function of the type of conditions between surfaces, there can be multiple
chains linking the surfaces. For a multi phase gge@lan these chains can pass from
one phase graph to another. These conditions céetiaeeen two machining surfaces,
one machining surface and one positioning surfadeetween two surfaces realized in
different phases.

The representation of the geometric condition betwivo surfaces with the help of
a torsor chain becomes our point of interest. Temesentation will help in carrying
out a one, two or three dimensional analysis of geaerated process plans and
structures.

With reference to our objective of analysis and leaton of the generated
structures, the modeling approach for simulatiorg@metric deformations is applied
with certain modifications as discussed earliereSéh changes have necessitated the
addition of heuristics in the processing of thessebs (computing dimensional chains):
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» If structure i appears 2 times in the chain thengi&cond occurrence is not taken
into account in the accumulation of defects

» If spindle i appears 2 times in the string chaim $slecond occurrence is not taken
into account in the accumulation of defects

« If the element “position” appears only once in tfain then this case is not
taken into account when the total defects.

As for the moment, the proposed RMS design requiresgle positioning of the

part on the part holder and this remains the sdregh out the process plan, so the
geometric deviation between machine tool — pardéwland part holder — part are

neglected. However, new geometric deviations beatweechine tool, post, part
positions and structures are added.

A generic view of the graphical representationtd generated RMS process plan

and kinematic configurations is shown in Figure 8&8llowing an adaptation, it is

possible to visualize the procedure of “mappingthe graphs of the generated solution

in chapter 3. This mapping is simple due to thdlanity of the manipulated concepts.

e Post= Post,

e Operation= Surface + Operation + spindle,

* Part rotatior= Position,

» Set of operations in series on a peS§tructure

Structure
1

Spindle
1

Op1l

N

Position
1

Position
2

Position
3

v

Position
i

I

Spindle
2

Op2

Structure
2

Spindle
8

OP 3

A 4

Structure
|

Spindle
i

Structure
1

Spindle
1

Opl

Spindle
2

Op2

Structure
2

Spindle
8

OP 3

v

Structure

Spindle
i

Figure 88 Graphical representation model for a gemated solution of RMS
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4 One dimensional analysis based on AL

From the graphs, an approach to one dimensionahrme-dimensional machining
simulation is possible, based on modeling of geamahperfections bl or torsors of
small displacement. Returning to the compacted lgrapresentation; we can list the
types ofAl or torsors that characterize geometric deviatlmecause" or "between" the
different elementsAl Operation,Al spindle + tool,Al Structure,Al position, andAl
Post.

For the analysis, we have used the following valfeassociated error / deviation
with respect to different activities related to l{ogpindle, structure, position and part
change activities in part manufacturing processbl@a). This data is based on the
input by experienced operators. Algd, associated to the machining operations and
machining surfaces is calléd_-Tool.

Values forAL (mm)

AL tool 0.002
AL Spindle 0.004
AL Structure 0.003
AL Position 0.004
AL Post 0.006

Table 4 Values ofAl

Each specification constrains geometric defectpasition or orientation relative
between two surfaces of the part. Using graph sgmtation, the expression of each
resulting Al associated to each specification is the sumAbfocated on the path
between the two surfaces. It is sufficient to synptite each closed chain to find the
different components afl to formulate the condition:

IT specif> Al resultant = AICJChain

4.1. Application for the design on RMS

The generated process plans and their corresporstmigtures are represented as
graphs and one dimensional tolerance analysis risedaout. We have chosen two
solutions (generated and illustrated in Chaptethd) represent the extremities of the
solution space. The first solution has all the nraoly operations performed at a single
post. It has a no of tool and/or spindle changdanghrt rotation activities. The other
has the machining activities spread out on numepmsts. It has a number of part
rotation or tool/spindle change activities and neskes a dedicated manufacturing line.

To illustrate the generation of the graphical repreations, we continue the use of
part CAl. All machining features required to belisad along with the operations to be
performed are shown in Figure 89. The functionalgtam showing all the liaisons
between different surfaces for part CAl is giverAimex E. The graphs are modeled as
a RMS having one or multiple posts, for each pleste can be different positions of the
work piece. Further, at each position one of mdractures are present to perform
machining operations. Each structure can have esiogimultiple spindles performing
machining operations “OP” on part surfaces “P”. ¢dghe rough and finishing
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operations for the same machining feature are dersil as two independent operations
and are scheduled independently.

| cv103-104 |

CY 107-108 > |

|
ii Ii | op20-21 |

Figure 89 Part CAl

4.2. Solution having a single post

The corresponding structure for the above parigare 89 along with its corresponding
process plan is given in Figure 90.

Tool
and/or
Spindle

op1 change Op2 . Part rotation

¢
é
¢
®

Op Tool Op15 Part Op Tool Op Part Op16
20-21 and/or rotation  5-10 and/or 6-11  rotation
Spindle Tool Spindle Tool
change and/or change and/or
Spindle Spindle
change change

Figure 90 Single post generated solution

The shown kinematic configuration is based on ki imachining operations
performed on a single post. Thus there is no paatging activity and consequently no
deviation associated to it. It has two paralleldtriees each having multiple tool and/or

spindle and/or part rotation activities. The confagion can be graphically represented
as below (Figure 91):
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Spindle Surface
—» Opl |—»
Structure 1 i P11
1
Spindle Surface
2 —» Op2 |—» P12
_| Position
OP20 [ S“'F',f;’ce
Spindle {
3
Structure OP 21 |—»| Su;f;ce
2
Spindle Surface
4 —» OP15 |—p P41
Post
RMS ——»
1 OP5 | Surface
Spindle { P21
5
oP10 |5 Sttace
Lyl Pos;tmn Strucz:ture
Surface
OP6 [—» P22
Spindle
6 Surface
OP11 — P32
Position Structure Spindle Surface
Ly 3 ] 2 —» 7 > OP16 |—» “o

Figure 91 Graphical representation of a single postolution

There are 11 liaisons between realized surfacegvas in the functional drawings
(Figure 92). Each liaison is in the form of a chain of inténgotlements.

Surface

-
H

Structure
1

Surface ‘
P12

3

Broche Surface

Position
1

Structure

RMS

PazP3a. —p

Figure 92 Possible liaisons between interacting siaices for single post solution

Using the defined heuristics for the graphs, catauaof Internal Tolerance
Condition (ITC) is done as follows:
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|TCP22-P12: AL Tooling12 +AL Broche2 AL Structure1t AL Position 1t AL Position 2+ AL Structure2
+ AL Broche6 T AL Tooling22

=0.002 + 0.003+ 0.004 +0.004 + 0.004 +0.004 + 0.003 +0.002

=0.026

ITCPSZ—P12: AL Toolingl2 +AL Broche2 T AL Structure1t AL Position 11 AL Position 2+ AL Structure2
+ AL Broche6 t AL Tooling32

=0.026

|TCP42-P12: AL Tooling12 +AL Broche2 AL Structure1t AL Position 1t AL Position 31 AL Structure2
+ AL Broche7t AL Tooling42

=0.026

|TCP7-P12: AL Tooling12 +AL Broche2t AL Structure1t + AL Structure2t AL Broche3t AL Tooling7
=0.018

ITCPS—PIZZ AL Tooling12 +AL Broche2t AL structure1t + AL Structure2t AL Broche3t AL Tooling8
=0.018

ITCP?—PZZZ AL Tooling7 +AL Broche3+ AL Structure2 T AL Position 1T AL Position 2+ AL Broche6 +
AL Tooling22

=0.022

ITCP7—P32: AL Tooling7 +AL Broche3+ AL structure2 T AL Position 1T AL Position 2+ AL Broche6 +
AL Tooling32

=0.022

ITCPS—P22: AL Tooling8 +AL Broche3+ AL structure2 T AL Position 1T AL Position 2+ AL Broche6 +
AL Tooling22

=0.022

ITCPS—P32: AL Tooling8 +AL Broche3+ AL structure2 AL Position 1T AL Position 2+ AL Broche6 +
AL Tooling32

=0.022

|TCP42-P22: AL Tooling42 +AL Broche7t AL Structure2t AL Position 3T AL Position 2+ + AL Broche6
+ AL Tooling22

=0.022
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ITCP42—P32: AL Tooling12 +AL Broche7t AL Structure2t AL Position 3T AL Position 21 + AL Broche6
+ AL Tooling32

=0.022

4.3. Solution having a five posts

The corresponding structure for this process plad s structural configuration is
given in Figure 93.

Op5-10 OP6-11

Post OP20-21
change

Post
change

Post Post

Opl  change Op2 change

Op15 OP16

Figure 93 Five posts generated solution

The shown kinematic configuration is based on eafcthe machining operations
performed on a single post. Thus there is no toahgk or spindle change activity and
consequently no deviation associated to it. It Ings posts and two parallel structures
along with four post change activities. The confagion can be graphically represented
as below (Figure 94):

Position Structure Spindle Surface
Post 1 1 H 1 H 1 H Op1 H P11
Position Structure Spindle Surface
| [Swicire|_[Sonde] [ oy, | [ST

Structure
3

Spindle
5

Position
3

RMS

Structure
4

5

Position
4

Structure Spindle Surface
6 " 7 H O 16 H P42

_ A 0P 20 | » StTace
" »| Post5 Position Structure Spindle
4 7 3 Surface
OP 21 P8

Figure 94 Graphical representation of a multi possolution

There are 11 liaisons between realized surfacegvas in the functional drawings
(Figure 95). Each liaison is in the form of a chain of inténgotlements.
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B 2 2 | % 2 [” P2 i pg,
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Figure 95 Possible liaisons between interacting siaices for five post solution

Using the defined heuristics for the graphs, catauaof Internal Tolerance
Condition (ITC) is done as follows:

|TCP22—P12 =AL Tooling12 + AL Broche2 + AL Structure2 AL Post2 AL Post4 T AL Structurest
AL Brochest AL Tooling22

= 0.030
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ITCp32-p12

ITCps2-p12

ITCp7-p12

ITCpg-p12

ITCp7-p22

ITCp7-p32

ITCpg-p22

ITCpg-p32

ITCps2-p22

ITCps2-p32

=AL Tooling12 + AL Broche2 AL Structure2 AL Post2 + AL Post4 T AL Structurest
AL Broches T AL Tooling32

= 0.030

=AL Tooling12 + AL Broche2 AL Structure2t AL post2 + AL Post4 T AL Structure6
AL Broche6t AL Tooling42

= 0.030

=AL Tooling12 + AL Broche2 AL Structure2t AL post2 AL Posts T AL Structure7
AL Broche7t AL Tooling7

= 0.030

=AL Tooling12 + AL Broche2 AL Structure2 AL post2 AL Posts AL Structure7
AL Broche7t AL Tooling8

0.030

=AL Tooling7 + AL Broche7t AL Structure7 AL Posts AL Post4 + AL Structures T
AL Broches T AL Tooling22

= 0.030

=AL Tooling7 + AL Broche7t AL Structure7 AL Posts AL Post4 + AL Structures T
AL Broches T AL Tooling32

0.030

=AL Tooling8 + AL Broche7t AL structure7 AL Posts AL Post4 + AL Structures T
AL Broches T AL Tooling22

= 0.030

=AL Tooling8 + AL Broche7t AL Structure7 AL Posts AL Post4 + AL Structures T
AL Broches T AL Tooling32

0.030

= AL Tooling42 + AL Broche6 T AL Structures T AL Structures T AL Broches T AL

Tooling22

0.018

= AL Tooling42 + AL Broche6 T AL Structures T AL Structures T AL Broches T AL

Tooling32

= 0.018
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The one dimensional analyses of the two possiblatisos i.e. single post-multi
operations and multiple posts-single operations ciseussed above. The maximum
value of the Internal Tolerance Condition (ITC)veen any two interacting elements
in the torsor chain for a kinematic configuratisrthe tolerance limit for that particular
process plan and structure. This value should lsethes the one specified /demanded
by the product design specifications. In case ofsbudied cases the ITC (Max) for the
single post solution is:

ITCsingle post{Max) = 1TCp22-p12/ ITCp32-p12/ ITCpas-p12
=0.026,

For the multi post solution

ITCwmutti post (Max) = ITGp22-p12/ ITCpz2.p1d ITCpa2.p1d ITCp7.p1d ITCpgp1d ITCp7-p22/
ITCp7.p32/ ITCpg.p24I TCps.p32
=0.030

5 Conclusion

The selection of solutions generated in Chapterq@iires the definition of criteria and
approaches for evaluating them. Definition of théeda for the evaluation of the
generated solutions is an important step to vaittae proposed approach. The range of
product family, quality, cost, and time are key cr&eio measure. For each of these
criteria, evaluation approaches have been identifiech a literature search. We can
cite: the entropy proposed by O. Garro for the eddenproduct family, the ABC
approach to cost and time estimation.

Quality is measured in terms of machining toleranoé the designed kinematic
chain and process plan. In the case of test quadagitional approaches such Alsare
not directly usable for the simulation of a rangeam RMS. The architecture of a RMS
present structures in parallel. An adaptation ofplgsagenerated in Chapter 3 was
proposed to use the simulation approach develoge8. @ichadou, who modeled the
error and geometric deviations, using a small degteent torsors. The graphical
approach helped us to identify the sources of gémnéeviation caused by different
interacting elements.

After having studied the interacting elements irmachining process plan and
kinematic structure, the sources of errors and g#acal deviations in the machining
process, implementation of one dimensional simulatwe have demonstrated the
applicability of the modeling approach proposed Byephane Tichadou. One
dimensionalAL data based on machining experts is used to eeumumerical values
for each chain.

Future works involves:
* analysis of the robustness and sensitivity of the definddrpgance indicators,

» study of the aggregation of the performance indicators.
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Conclusion and Future works

This thesis is positioned in the domain of recamfalple systems. It attempts to establish a
link between the strategic and operational levesoAdesign tools at the operation level have
been proposed. Our work addresses the main prohbleas associated with the design and
implementation of a RMS. It is directed towards the respoishe problem statement:

« How to optimize the design of the manufacturingpcpsses and reconfigurable
manufacturing system while taking into account ititeractions between the processes and
resources, the technological constraints imposed by théodae manufactured ?

The approach we have implemented to achieve thjsctive can be decomposed as
follows:

» Bibliographic study on approaches and tools for desigmaafyction systems revealed
that most of the existing design approaches (MSDDS,PReconfigurable process
planning ...) are either directed towards the strategel lewvelse, operational level.

» Formalization of the needs and problem statement of otk, wo

o0 Works on the design methodologies of the productgstems are oriented
towards two directions: a strategic level to optienthe return on investment,
the second at the operational level to optimizesthecture and control system.
We can notice a lack of connections between these twoidirect

0 Existing approaches for generating machining propésns require knowledge
regarding usable production systems architectwsiesilarly, the approaches
for architecture design of production system rezgiknowledge of machining
process plans to be performed on them. We are fadttda paradox: the
design of A requires knowledge of B and "vice versa".

0 These two constraints have motivated our work.

» Definition of a design framework acting as a link betwédendperational and strategic
level. Based on the works of D. Cochran using axi@mdesign principles to
formalise the design of a production system atsthategic level, we have proposed a
adaptation of the FBS approach for the its desigheaoperational level. Performance
domain has been integrated to cater for the evatuanf the design solutions.
Structuring of performance domain has been donggumxiomatic design principles.
The compatibility and applicability of MASON witlhé design of RMS based on FBS
approach is shown

» Definition of an algorithmic approach to explorduimns at the operational level (co-
design of machining process plans and associated kileroafigurations of RMS).

o Based on the works regarding generation of machingmocess plans
(machining feature, cutting tool chart, precederatationship matrix .), we
proposed an algorithmic approach for generatinghinaty process plans by
exploring all possibilities offered by RMS: multgpl parallel kinematic
structures machining simultaneously, ... and the dbgedf freeing minimum
number of phases. The generation is supported by a gahptriecturing of the
generated solutions. Process plans can be creatadrasts of existing
process plans already generated or in the process ofdexiegated.
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o0 This generative approach can be likened to a pmoldé dynamic constraint
satisfaction - the number of variables and constisailepends on the values
taken by certain variables. The kinematic configoret required for each
machining operation are identified. This approacs Ib@en implemented and
then validated on 3 parts of the automotive domain.

» Definition of procedures for assessing the generatkedicns,

Based on the framework defined in Chapter 2 and bierature review, we proposed
for each evaluation criteria, one or several apgvrea to define and quantify it.
Special attention has been deployed to evaluatideria “quality”. The existing
approaches require adaptation to carry out the latron of geometric deviations
defects from the graphs generated in Chapter 3adaptation graph of S. Tichadou
and use of simulation by enabled the validation of the generated process plans.

The complete design process based on the propdgedttam is programmed in VBA
(2000 lines) having Excel as user interface. Theeldped code has a very less processing
time. A panoramic view of the algorithmic design of RMShewn in Figure 96.

Function Behavior Structure

Part Family I]IIII:> Machining Operations I]EII:> RMS

Geometric specifications Possible Process Plans Structural Solutions

Figure 96 Design Process
We express certain criticism on the proposal:

* During the generation of process plans and kinenw@tnfigurations, the constraints
linked to the part positioning have not been taken into adcou

* During the generation of process plans and kinenwnfigurations, the constraints
linked to the collision between the structures have not beated.

» The validation of the framework proposed in chag@éras not been performed at the
operational level.
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These criticisms open different perspectives ts thork. It is very important to add as
perspective the coupling of the solutions exploratiapproach with optimization of a
production system from a logistical point of view (e.g. veook A. Dolgui).

At the end, this work which was initially focused dne design of reconfigurable
production system, have led to co-design of recandigle machining process plans and
reconfigurable production systems. This point hasyabbeen exploited, it seems appropriate
to consider at the time of reconfiguring of an @R system for manufacturing a new
product: What is the process plan and what is tlafiguration minimizing the
reconfiguration activity?
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Cutting tool charts Axial features

Cutting Tool Chart / Carte Visite Hole/Trou :

Annex A
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Trou-non débouchant-fond conique - non taraud§ - Forming Too
Chanfrien Steeland  Driling Delta Cro
10 24 h7 200 7D | pig iron [(Factory Std R411.5
Forming Too
Steeland  Driling Delta Cro
10 25 h7 275 10D| pig iron_[(Factory Std| R416.2
Rough
Boring
(CoroMill 390| Finish Boring
- (CoroMill  [Forming Too
b Driling R390012A16] 391.38-1-| Delta Cro
12 | 125| 1IT9 | 320 All__|(Factory Std 1) TO9 A) R4115
Rough
Boring Finish Boring
(CoroMill (CoroMill  |Forming Too|
Driling 391.68-8-( 391.38U-1-| Delta Cro
10 | 270| 1T9 | 320 All__|(Factory Std)  T16 A) 2ATP11A) R411.5
‘|1]]r‘
Driling (DIN |Forming Too| Threading
340 NFE Delta Cro Tool M2-
1.8 | 20 h7 166 3D All Centering 66068) R411.5 M12
Driling (DIN |Finish Boring Forming Too| Threading
Trou-non débouchant-fond conique - taraudé -Chemfri 338NFE [R429.9009018 Detta Cro Tool M2-
25 16 h7 120 3D All 66068) 01CB H10F R411.5 M12
Finish Boring Forming Too| Threading
Steeland  Driling R429.900901B Delta Cro Tool M2-
10 25 m7 108 5D | pig iron [(Factory Std] 01CB H10F R411.5 M12
Forming Too| Threading
Steeland  Driling Delta Cro Tool M2-
10 24 h7 200 7D | pigiron [(Factory Std R411.5 M12
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Cutting tool charts — Prismatic features:

Diameter
Feature D Tol re |Material | Operation | Operation | Operation | Operation
min | max mm
Surfacing | Surfacing
Plane (narrow) 3] 12| h1 Al (Rough) | (finishing)
Surfacing | Surfacing
1 20| h9 All (Rough) | (finishing)
Surfacing | Surfacing
(Rough) | (finishing)
R260,90- | R260,8-
Steel, Pij 080Q27- | 080Q22-
Plane (non-narrow) 80 | 250 iron 12M 12H-F
Surfacing | Surfacing
(Rough) | (finishing)
Steel, Pi{R260,7-100fR260,7-100
100 | 400 iron 30 30
Surfacing | Surfacing
(Rough) (Finish)
Coromill Coromill
Shoulder (Epoulement) Plura Plura
R21633- | R21633-
02045- 02045-
2 |20 0,2-3,1 All AC60P AC60P
Surfacing | Surfacing
1| 40 0,2-3,1 All (Rough) (Finish)
Slot Surfacing | Surfacing
(Rough) (Finish)
Coromil Coromill
Plura Plura
2|2 0,2-3,1 All R21633- | R21633-
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Annex B

Precedence relationship matrix: part CPHC

PL100| PL100 | PL101 | PL101 [ PL109 [ PL109 | CY107 | CY107 [ CY107 | CY108 | CY108 | CY108 | CY110 [ CY110 | CY110 | CY117 | CY117 | CY118

1 2 7 8 9 10 13 14 15 16 17 18 19 20 21 22 23 27
PL100 1 0 1 0 0 0 0 1 1 1 1 1 1 0 0 0 1 1 1
PL100 2 -1 0 0 0 0 0 1 1 1 1 1 1 0 0 0 1 1 1
PL101 7 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PL101 8 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PL109 9 0 0 0 0 0 1 0 0 0 0 0 0 1 1 1 0 0 0
PL109 10 0 0 0 0 -1 0 0 0 0 0 0 0 1 1 1 0 0 0
Cy107 13 -1 -1 0 0 0 0 0 1 -1 1 1 1 0 0 0 0 0 0
Cy107 14 -1 -1 0 0 0 0 -1 0 -1 1 1 1 0 0 0 0 0 0
Cy107 15 -1 -1 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0
Cy108 16 -1 -1 0 0 0 0 -1 -1 -1 0 1 -1 0 0 0 0 0 0
CY108 17 -1 -1 0 0 0 0 -1 -1 -1 -1 0 -1 0 0 0 0 0 0
CY108 18 -1 -1 0 0 0 0 -1 -1 -1 1 1 0 0 0 0 0 0 0
CY110 19 0 0 0 0 -1 -1 0 0 0 0 0 0 0 1 -1 0 0 0
CY110 20 0 0 0 0 -1 -1 0 0 0 0 0 0 -1 0 -1 0 0 0
CY110 21 0 0 0 0 -1 -1 0 0 0 0 0 0 1 1 0 0 0 0
Cy117 22 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Cy117 23 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0
Cy118 27 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cy118 28 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1
CY102 32 0 0 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CY102 33 0 0 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CY102 34 0 0 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CY103 35 0 0 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CY103 36 0 0 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cy112 40 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CY113 41 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cy114 42 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CY115 43 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

pl100 pILOL | ley117 pll04|  |ch105| |pl106
cy107
cy108

cyll2| |(ch119( |ch120] |cy113

cyl115 cyl14
pl = plan
cy = cylindre
ch = chanfrein
o
(@]
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Annex C

Precedence relationship matrix: part CDV

pL | PL [ PL | PL | cy |cy|cry|cy | cy | cy | A FI Fl | F

100 | 100 | 101 | 101 | 102 | 102 | 103 | 103 | 104 | 104 | 106 | 108 | 109 | 110

3 4 7 8 9 10 | 14 | 15 19 20 24 | 25 | 26 | 27
PL100 | 3 0 1 0 0 0 0 1 1 1 1 1 0 0 0
PL1I00 | 4 | -1 0 0 0 0 0 1 1 1 1 1 0 0 0
PLIOL | 7 0 0 0 1 0 0 0 0 0 0 0 1 1 1
PL1I01 | 8 0 0 -1 0 0 0 0 0 0 0 0 1 1 1
cvi02 | 9 0 0 0 0 0 1 0 0 0 0 0 0 0 0
cvio2 | 10| o© 0 0 0 -1 0 0 0 0 0 0 0 0 0
cvios |14 | 1 | 0 0 0 0 0 1 0 0 0 0 0 0
cvio3 | 15 | 1 | -1 0 0 0 0 1 0 0 0 0 0 0 0
cvioa |19 | 1 | a1 0 0 0 0 0 0 0 1 0 0 0 0
cvioa | 20 | 1 | - 0 0 0 0 0 0 -1 0 0 0 0 0
Floe | 24 | -1 | - 0 0 0 0 0 0 0 0 0 0 0 0
Flos | 25 | 0 0 4| o 0 0 0 0 0 0 0 0 0 0
FIo9 | 26 | 0 0 4| o 0 0 0 0 0 0 0 0 0 0
Flio | 27 | o 0 4| o 0 0 0 0 0 0 0 0 0 0

Détail C
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Process Plan and Kinematic Configurations Generatio Algorithm

Initialisation
poste =1
structure = 1
gamme = 1

Y

For each genereated process plan, sort the remaining
Ops as a function of their precedence

For each generated Process plan, select Opj which has
max Ops to follow

}

For each generated process plan, add a new branch
having Opj and active branch from the process plan
list as precedence

v

For each process plan update the list of process plan
and list of operations and active branches

l

For each generated Process plan, select Opj that are from
Opi , having same type_OP, same spindle_direction and
same axis as that of OPj

‘ Add a new branch , for each of the selected OPj

Proceed to i
next step Create a new process plan in the process plan list by

copying the active branches and the assigned OPs

!

For each alternative process plan, select {Opj’}, from {Opi}
and having alternative spindle direction (=/=)

Proceed to next
step

)

Annex D

Subdivide {Opj’} in sub sets of same type OP, same
spindle_direction. Op : {Opj’l} present in all different sub sets

!

Add a new branch to the procedure and complete with {Opj’1}

}

Create a or many new process plans in the process plan list by
copying the active branches and the assigned OPs
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For each generated alternative process plan, eliminate the
already assigned Ops, Redefine the precedences, sort the Ops
as a function to their precedence and identify the operations
{Opj} having precedence 0

v
For each alternative process plan already genereated for each
structure of the post under consideration, select from the

spindle_direction and axis to the OP already assigned on the

post

Yes

{Opj»} =/=setis
empty

v

type_Op : {Opj+n}

v
p dt ) Add one or more new branche(s) in adding a tool change module, copy
roce:tepo nex the branches generated in Step 3 and complete with {Opj-y}
v

Create a or many new process plans in the process plan list by copying
the active branches and the assigned OPs

v

For each alternative of generated process plan, delete already
assigned operations, redefine the precedences, sort the Ops as
a function to their precedences, and indentify the {Op;-}
having precedence 0

v

For each alternative already generated process plan and each
structure of the post under consideration, select from {Op;-}
the operations {Op;~} having alternative spindle_direction
and same type_Op to the operation that has already been
assigned on the post

v

Subdivide {Opj} in sub set(s) same spindle_direction and same
type_Op : {Opjm}, containing the different sub sets

Proceed to next

v

step

Add one or more new branche(s) in adding a tool change module,
copy the branches generated in Step 4 and complete with {Op;m}

v

Create a or many new process plans in the process plan list by
copying the active branches and the assigned OPs
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Annex E

Functional Plan of Part CAl
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Co-conception des processus d’'usinage et des config urations
cinématiques d’un systeme de production reconfigura ble

RESUME : Ces travaux s’inscrivent dans la problématique de conception des systémes de
production, ils visent plus particulierement a répondre a la question : « Comment optimiser la
conception du processus d'usinage et du systéme de production reconfigurable en tenant
compte des interactions entre le processus et les ressources, et des contraintes
technologiques imposées par les pieces a fabriquer ? » via une proposition de co-exploration
des espaces de solutions processus d’'usinage et configurations cinématiques du systeme de
production. Un cadre de conception a été formalisé permettant le lien entre le niveau
stratégique et le niveau opérationnel. Afin d'explorer I'ensemble des solutions au niveau
opérationnel, une approche algorithmique de génération des gammes d’usinage et des
configurations cinématiques a été formalisée, développée, implémentée et validée sur 3
pieces du domaine automobile. Cette approche peut étre assimilable a un probleme de
satisfaction de contraintes dynamiques, elle exploite I'ensemble des possibilités offertes par
les RMS : plusieurs structures usinant en simultanée, .... La génération est supportée par une
structuration en graphe des solutions générées (Des gammes d’usinage peuvent étre créées
comme des variantes de gammes déja existantes et en phase de génération). Pour la
sélection des solutions générées, des indicateurs des performances ont été définis,
structurés, et leurs approches d'évaluation identifiées. Une attention plus particuliere a été
déployée pour le critere Qualité. Une adaptation des approches existantes a été faite, afin de
traiter la simulation des défauts a partir des graphes générés. Une adaptation des graphes et
I'utilisation de la simulation par Al permettent la validation des gammes générées.

Mots clés: systtme de production reconfigurable, machine outil reconfigurable,
méthodologie de conception, gamme d’usinage, configuration cinématique

Design of the process plans and kinematic configura tions of a
reconfigurable manufacturing system

ABSTRACT: This work is based in the domain of the design of manufacturing systems and
attempts to respond to the problem statement: “How to optimize the design process of the
machining process plans and reconfigurable manufacturing systems, while taking into
account: the interactions between processes and resources, the technological constraints
imposed by the part to be manufactured™? This response is given via a proposal for the co-
exploration of the solution space of the process plans and kinematic configurations. A design
framework has been formalised which gives a link between the strategic and operational
level. With an objective to explore all solutions at the operational level, an algorithmic
approach for the generation of process plans and corresponding machine kinematic
configurations of RMS has been formalised, developed, implemented and validated on 3 parts
belonging to automobile sector. This approach can be compared to the dynamic constraint
satisfaction problem, it exploits the set of possibilities offered by RMS: parallel structures,
simultaneous machining... The process of generation of process plans is supported by
representation of the generated solutions in the form of graphs. For the selection the
generated solutions, performance indicators have been defined, structured, and their
evaluation approach identified. A particular attention was given to the criterion of quality. An
adaptation of the existing approaches was carried out and simulation of geometric deviation in
the generated solutions was done. Generated solutions were adapted to be graphically
represented and used for the simulation by Al. This was done to validate the obtained results.

Keywords : Reconfigurable Manufacturing Systems, reconfigurable manufacturing tool,
design methodology, process plans, kinematic configurations
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