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Thesis Summary

Thesis Summary

This thesis cumulates the results of research tadder towards modelling production systems,
by using specialized Petri Nets tools. The resflthis research were applied in monitoring and
control production systems.

The modern control of production systems is becgmiore and more difficult, because of the
considerable number of parameters, disturbanceésl&w restrictions and quality requirements
which are enforced by an increasingly competitimeimnment. Developing intelligent tools,
capable of integrating production and maintenamstrictions based on intelligent decision-
making techniques, represents the solution thaheagng suggests for production systems. In
this context, industrial maintenance takes on aremsingly greater role in the modern
management of production systems, allowing fordiganization and control of the systems in
a more and more restrictive environment. Producsigstems management aims at developing
the company, in the sense that it increases itStgreither through integrated production and
maintenance management, or through externaliziegethfunctions so that they may be
undertaken by specialized companies.

The research described in this paper integratéiattintelligence techniques, more precisely
fuzzy logic, in order to define and implement spézed tools in modelling the monitoring and
maintenance functions of processes, in an DES approTo that effect, we suggest a
homogenous approach to modeling, based on Fuzay Rets tools EPN) as instruments
dedicated to monitoring, maintaining and direcfimgduction systems.

For each instrument we conceived an interfacing hameism that allowed for the
implementation of the Control-Process-Monitoringei3én loop. In the practice of industrial
maintenance, this loop is used as a decisionalostippstem and it includes two basic stages:
the validation of each stage by the maintenanceagem followed by the implementation of the
maintenance policies by a specialized operator.ifitagration of fuzzy logic into a modelling
tool for the monitoring process, but also for thport system for making corrective decisions,
allows for the implementation of a formalization elese as possible to the reality of the
informational system.

Human operator’s - For that purpose, this paper

experience (« retour Command system model + suggests, as a first stage, the
d’expérience »)

(REX) Resource availability model in elaboration of a cooperative
normal functioning .
model that interfaces the

command system model with the
material resources model for a
normal functioning. The two
models are built with Temporal

Oriented-ObjectPN (TOOPN in
which the token is associated with
Reset control classes of features and with
funetions methods corresponding to the
characteristics of the normal or
degraded functioning mode. Modelling is based enhyypothesis that possible faults are known
apriori and modeled through specific methods. Tioeee this model also contains a direct fault
detection function. Fault detection is translated PN models through “watch dogs”

Production
system RAPTO

Human operator’s
experienc
d’expg
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mechanisms. These mechanisms emit signals for symichation with the PN models that they
are interfaced with.

At the level of each monitored process, the hyposhstates that we have a knowledge base
regarding the causal evolution of the fault stdtas knowledge is organized in causal logical
descriptions, known as “faults tree” (FT}.(I'arbre des défauts et de défaillance ADBor
refining the information sent by the direct detextin the guise of defect signals, we have
defined a tool specialized in the fuzzy analysishefinformation acquired. This instrument was
called Monitoring Fuzzy Petri Net$r( Réseau de Petri Flou pour la Surveillansd-PN)).

The instrument proposes the association of a fulescription to the variablethe temporal
window in which the defect might app&awrhich allows for the evaluation of the gravitf/the
received fault. Moreover, in order to confer itcide®nal aspect, we must resort to control
values, associated to certain events that aredenesl to be critical.

The suggested instrument is an extension of the Ret Object typology (fr: type réseau de
Petri a Objects)®@OPN and Fuzzy Petri Net typology (fr: réseau de Feou FPN)), known

in the specialized literature and adapted to thedefiog of fuzzy type reasoning. The
originality of this approach lies in a specific afijhm, destined to the modelling of
detection/decision functions in a fuzzy temporaprapch. The proposal was adapted to the
problems of monitoring the processes of the pradnctystems type. Starting from the faults
tree ET) of the monitored system, we suggest an analysisgibn tool based on fuzzy rules
that ensue from the propagation of faults in FTe ™ontrol values, imposed by definition,
represent the materialization of the gravity linofsthe faults that classify these states as being
unwanted.

The control values are defined through repeate@nexpces/analyses/interpretations of critical
contexts from the point of view of failure situatiowithin the process. The repetition of these
functioning scenarios with a potential for failusws the fuzzy modelling of the occurrence
of faults in critical temporal windows associatedtiem. The utilization of FT which describes
the causal chain of faults, as well as the fuzzgetiong of the moments when the faults appear,
give the suggested toofazzy temporahspect

The dynamics of the proposed tool allows the idieation of the degradation state for the
monitored process, as well as of its gravity vat@ny moment. The predictive aspect of the
model associated with fuzzy monitoring is matezidi through the evolution dfIFPN
according to the faults that have occurred. Orother hand, the decisional aspect of the model
is integrated into the comparison algorithm for ttadues that characterize the gravity of the
faults and the control values settled apriori.

The proposed mechanism is based on the followinlgnigues and arguments: the suggested
monitoring model requires information about thelt&uhat have occured, in the interface.
These information are supplied by the direct daiactunction that delivers synchronization
signals between the functioning model of the syséemh the fuzzy monitoring model. Due to
the structural incompatibility between the two misdgpologies, since they use objects with
different attributes and methods, the two modelsnroonicate in the interface with
synchronization signals. The models evolve syndbaedly and allow for the identification in
real time of the parallel evolutions: the modeloassted with the the dynamics DES evolution
for the monitored system and the model which describegtodution of the degradation state
of the system.

On the other hand, the model that correspondsetduttzy monitoring function delivers signals
that require corrective actions, according to tinetsgy implemented in the supervising model.
The predictive aspect require correction, onlyhié imodel associated to monitoring functions
indicates critical values for the control valuesasated with faults FT.
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The faults correction mechanism will be modeledtigh another RP-type specialized tool,
built on the same fuzzy approach concepts. The Mfudethe recovery/correction of the
degraded state was built with a dedicated instramire Fuzzy Petri Nets for Recovery
(Maintenance) (fr: Réseau de Petri Flou pour lantéaiance RFPN which models an expert
fuzzy system. The suggestBdFPNtool preserves the fuzzy temporal aspect throbghreal-
time exchange of information with the fuzzy monitgrmodel.

This tool functions in double interface with momitg systems and real-time process through
synchronization signals. In the development of tlesv instrument, the entities used as input
variables — a “Symptom” of the possible faults &imel rule bases that describe the dependence
between causes (occured faults) and the effedtseofoccurence. The transitions of tREPN
model materialize the generalized modus ponensatperwhich sits at the base of the
composition between inputs and the logical rulesishaviodel outputs are also fuzzy temporal
signals.

The global model for fuzzy supervisihgs the consistency of a hybrid model, becaugbeof
different typology of the signals that are foundtime interface of models (synchronization
signals that are associated to different fuzzy emlin definition structures oriented towards
objects) as well as the different typology of maed@FPN, RFPN TOOPN. The model
interface informations are transferred through smigreception signals. This mechanism is
based on the Petri Nets model with internal synuilzedions.

The first chapter is dedicated to the analysis of industrial maiatex® and monitoring
techniques, in the context of modern productionwatl as the following concepts: tele-
maintenance, e-maintenance, maintenance and getetlimonitoring. IrChapter 2 we present
the state of the arts of research in the industm@itoring domain, insisting upon the modelling
with Petri Nets. The chapter introduce monitoriygtems typologies specific to monitoring
techniques based on a model or not. We particelahia components of the monitoring system,
as well as the modelling techniques for specifiecfions: detection/diagnostic.

Chapter 3 is dedicated to Fuzzy Petri Nets as a tool speemlin intelligent monitoring. The
suggested instrument is an adaptation of Fuzzy Rets destined to the modelling of logical
arguments, of modelling the logical rules basig thvasues from the causal description of the
occurrence and development of critical states. Hpgroach is presented in the subchapter
dedicated to dynamic monitoring. The conceptuakgmnétion ofMFPN, as well as of the
theoretical aspects of dynamic monitoring, are ompd through the implementation of an e-
maintenance platform destined for the control gfraduction system, as seen@mapter 4.

The chapter presents extensiondifPN through defining another instrument dedicatechto t
corrective maintenance action. The Petri Nets faim&nance toolRFPN models a fuzzy
expert system.

Chapter 5 presents a solution to the refinement of the nooimi¢y function. We propose an
instrument of the typ®FPN, integrated into a hierarchical structure, inteefh with thePN
model of direct detectiorRecSinFPN — Recurrent and Synchronized Fuzzy Rets Beside
the presentation of the concepts that the defmitiftRecSinFPNs based on, the tool is used by
applications destined for the elaboration of mairiig functions models specific for production
systems, as well as production systems serveddqyecative robotsGhapter 6).

The theme of modelling production systems servibgdcooperative robots is continued in
Chapter 7, destined for thegeneralizedmodelling of manufacturing systems destined for
repetitive actions with particularization on actions of assemblyddsembly. The model
associated to these systems is created with spedainstruments of th&HPN type. The
generalized model, as well as the analysis fomupétion of the cycle time, are particularized
on a laboratory production system, for which thal-teme directing platform was created. The
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SHPN model associated with the directing of the medmdr system destined for
assembly/disassembly, serviced by collaborativeotmgbhighlights the real-time directing
strategy of the process, implemented under the leab¥latform.
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Rezumatul tezei

Aceasi tezn cumuleaZ rezultatele cercetarilor efectuate in dil@amodedrii sistemelor de
produgie prin utilizarea instrumentelor specializate de Regele Petri. Rezultatele acestor
cercetari au fost aplicate ih monitorizageeontrolul sistemelor de fabriga.

Conducerea sistemelor de progeiecnoderne devine din ce in ce mai dificila datonamarului
considerabil de parametrii, pertutibaar si restriaii si cerinte de calitate impuse de un mediu
din ce in ce mai concurgal. Dezvoltarea instrumentelor inteligente capaldl integreze
restrigii de produdie si mentenga bazate pe tehnici inteligente de luare a deaiziteprezint
soluia pe care o propune ingineria sistemelor de prgglutn acest context, menteaa
industriak ocupa un loc din ce in ce mai important in manageuah modern al sistemelor de
produgie, permiand organizareai conducerea sistemelor intr-un mediu din ce Tnnee
restrictiv. Managementul sistemelor de praéiginteste spre dezvoltarea intreprinderii in
sensul crgterii profitului fie prin managementul integrat geoducie si mentenga, fie prin
externalizarea acestor fuiepre a fi preluate companii de specialitate.

Cercefrrile propuse in aceastucrare integreaza tehnici de inteligermrtificiala, mai precis

logica fuzzy, pentru definireai implementarea instrumentelor specializate n ravda

fundiilor de monitorizaresi mentenga a proceselor, in abordare SED. In acest seqsppene

o abordare omogérin modelare, bazafpe instrumente de tip Rde Petri Fuzzy (MFPN) ca
instrumente dedicate monitorizarii, mentemna conducerii sistemelor de prodie

Pentru fiecare instrument s-a conceput un mecardeminterfaare care face posibil
implementarea bucléontrol-proces_Monitorizare_Decizién practica mentemei industriale,
acesta bual este utilizata ca sistem suport decizional, edurdnd doua etape de HBaz
validarea fiedrei etape de are managerul de intieere, urmat de aplicarea politicilor de
menten& de Gtre un operator specializat. Integrarea logicii zguZntr-un instrument de
modelare a procesului de monitorizare gdaa sistemului suport de luare a deciziilor coneziti
permite  implementarea  unui
formalizari cat mai aproape de

- realitatea sistemului
Experienta operatoruli uman

(« retour d'expérience ») Modelul sistemului de |nf0rmaj|0nal.
(REX) comanda +

Modelul disponibilitatii de
resurse in functionare normala

RdPTO

Sistem de
productie

In acest sens, in lucrare se
propune intr-o prima etapa
elaborarea unui model colaborativ
care interfatediz modelul
sistemului de comaiadcu cel al
disponibilitatii  resurselor fizice
pentru o fungonare normal.
Resetarea_functiilor Cele doua modele sunt construite
de contrl cu PN temporale orientate pe
obiecte TOOPN in care jetonul
are asociate clase de proprietai metode corespunzatoare caracteristicilor modwei
functionare normal sau degradat. Modelarea are la Ipatezia ca defectele posibile sunt apriori
cunoscutesi modelate prin mecanisme specifice. Astfel acesdeh conine si functia de
detedie directa a defectelor. Detex defectelor este tradusa in modeleN prin mecanismele
.watch dogs”. Aceste mecanisme emit semnale demimmare cu modelel®N cu care aceste
semnale sunt interfate.

Experienta operatoruli uman
(« retour d'e j
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La nivelul fiecarui proces monitorizat, prin ipotege dispune de o kade cunostite privind
evolutia cauzal a starii de defect. Aceste cunostinte sunt orgaaiin descrieri logice cauzale,
cunoscute sub denumirea éebore de defectei stari critice (fr: l'arbre des défauts et de
deéfaillance ADDgn: faults tree FT). Pentru rafinarea informatiei iesende dete@ direct sub
forma semnalelor de defect, s-a definit un instminspecializat in analiza fuzzy a inforiiar
achizitionate. Acest instrument a fost denuRétele Petri pentru Monitorizare (fr : Réseau
de Petri Flou pour la SurveillancMEPN)). Instrumentul propune asocierea unei descrieri
fuzzy variabileifereastra temporala in care este posibila apariiefectuluj ceea ce permite
evaluarea ,gravitéi” defectului receptionat. In plus, pentru a icmferi aspectul decizional, se
apeleai la valori de prag asociate anumitor evenimentesiclemate critice.

Instrumentul propus este o extensie a tipologiterele Petri Obiectf(: type réseau de Petri a
Objets OPN)) si Retele Petri Fuzzyf(: réseau de Petri Flo&rPN)), cunoscute in literatura de
specialitatesi adaptate modelarii timnamentelor de tip fuzzy. Originalitatea aboidpropus

in cadrul acestor cer@et const intr-un algoritm specific destinat modelarii ftifior
detectie/decizie intr-o abordare fuzzy temporédropunerea a fost adajtdd problematica
monitorizirii proceselor de tip sisteme de fabtiea Pornind de la arborele de defecte FT al
sistemului monitorizat, se propune un instrumentdaliza/decizie bazat pe reguli fuzzy care
decurg din propagarea defectelor in FT. Valorilepdag, impuse prin defitie, reprezint
materializarea limitelor de gravitate a defectelare clasifica aceste stari ca fiind nedorite.

Valorile de prag sunt stabilite prin experienteleedinterpretari repetate ale contextelor critice
din punctul de vedere al situatilor de pana alecesului. Repetarea acestor scenarii de
functionare cu poteial de defectare, permite modelarea fuzzy a d@padefectelor in ferestre
temporale critice asociate acestora. Utilizareac&e descrie Tnlantuirea cauzal defectelor,
casi modelarea fuzzy a momentelor de agpara defectelor, conférinstrumentului propus un
aspecfuzzy temporal.

Dinamica instrumentului propus permite identificaia fiecare moment, a starii de degradare a
procesului monitorizat precurgi a valorii de gravitate a acesteia. Aspectul pridial
modelului asociat monitorizarii fuzzy, este matiézat prin evolutiaMFPN in funaie de
defectele produse. Pe de alta parte, aspectulideaizal modelului este integrat in algoritmul
de comparge intre valorile care caracterizeaza gravitatdaatelorsi valorile de prag stabilite
apriori.

Mecanismul propus este are la baza urmatoareleictelin rationamente: modelul de
monitorizare propus solicitin interfaa informaii despre defectele produse. Aceste infaima
sunt furnizate de functia de detectie directa tigreaza semnale de sincronizare intre modelul
de functionare a sistemuluii cel de monitorizare fuzzy. Datorita incompatitatii de
structurale intre cele doua tipologii de modelesséea utilizand obiecte cu atribuiemetode
diferite, cele doua modele comunica in int@rfgu semnale de sincronizare. Modelele
evolueaza de maniera sincram@emit identificarea in timp real a evolutiilorraéele: modelul
asociat dinamicii DES a sistemului monitorizatel care descrie evolutia starii degradare a
sistemului.

Pe de alta parte, modelul corespunzatortfande monitorizare fuzzy, furnizeaza semnale care
solicita adiunii de core@e in funcie de strategia implementain modelul de supervizare.
Aspectul predictiv reclamcorecia, doar da& modelul asociat funilor de monitorizare indi
valori critice pentru valorilor de prag asociatéedeelor din FT.

Mecanismul de corgie a defectelor va fi modelat printr-un alt instremh specializat de tip RP,
construit pe baza acelorasi principii de abordaezy. Modelul de recuperare/cotieca sirii
degradate a fost construit cu un instrument dediBatele Petri Fuzzy pentru Mentenaa
(en. : Recoveri,fr: reprize)— fr: Réseau de Petri Flou pour la MaintenanR&RN care
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modeleaz un sistem expert fuzzy. Instrumentul de W®¥FPN propus, consedv aspectul
temporal fuzzy prin schimbul de inforgiiain timp real cu modelul de monitorizare fuzzy.
Acesta fungoneaz in dubla interfé cu sistemele de monitorizage proces timp-real prin
intermediul semnalelor de sincronizare. In dezvelaacestui nou instrument, s-au utilizat ca
entitati, variabilele de intrare —Simptom » ale defectelor posibilg bazele de regului care
descriu dependenta intre cauze(defecte prodsisejectele producerii acestora. Tratiila
modelului RFPN materializeaZz operarorul modus ponens generalizat, care selaflaaza
compoziiei dintre intrarisi baza de regului logice. lesirile din model switdemnale temporale
fuzzy.

Modelul global de supervizare fuzare consistaa unui sistem hibrid prin tipologia difefit
semnalelor aflate in intetfa modelelor (semnale de sincronizare avand asogdde fuzzy in
structuri de definitie orientate-obiect diferitejepumsi prin tipologia diferit a modelelor
(MFPN, RFPN TOOPN. Informaiile din interfaa modelelor sunt transferate prin intermediul
semnalelor de emisie/reqg mecanismul avand la baza modelutdRe Petri cu sincronizari
interne.

Primul capitol este dedicat analizei tehnicilor de ment&ng& monitorizarea industrial in
contextul produgei moderne precurgi conceptele: tele-mentenaage-menterda, menteng

si monitorizare inteligenta. Ii€apitolul 2 se prezirit starea actuala a cercetarilor Tn domeniul
monitorizarii industriale cu accent pe modelareaR&aele Petri. Capitolul pune in disoel
tipologii de sisteme de monitorizare, specificenielior de monitorizare cyi fara model. Se
particularizeaZ componentele sistemului de monitorizare preaurtehnicile de modelare a
functiilor specifice: detectie/ diagnostic.

Capitolul 3 este dedicat Retelelor Petri Fuzzy ca instrumemetciglizat Tn monitorizarea
inteligenta. Instrumentul propus este 0 adaptaRetelelor Petri Fuzzy destinate modelarii
rationamentelor logice, la modelarea bazei delréagice care decurge din descrierea cauzala
a a aparitieisi dezvoltarii starilor critice. Aceasta abordardeeprezentat in subcapitolul
destinat monitorizarii dinamice. Prezentarea couttegla a MFPN precumsi a aspectelor
teoretice ale monitorizarii dinamice sunt puseadtoare prin implementaea unei platforme de e-
mentenga destinat controlului unui sistem de fabrige, asa cum rezudtdin Capitolul 4.
Capitolul prezini extensii aleMFPN prin defintia unui alt instrument dedicat @mii de
mentenga corectid. Instrumentul Reele Petri pentru Mentenen(RFPN modeleai un sistem
expert fuzzy.

Capitolul 5 aduce o solie pentru rafinarea fuiei de monitorizare. Se propune un instrument
de tip MFPN integrat intr-o structdrierarhica, interfeati cu modelulPN al detegei directe :
RecSinFPN-Rele Petri Fuzzy Recurente Sincronizate Dincolo de prezentarea conceptelor
care stau la baza definitiBecSinFPN instrumentul este pus in valoare prin apiickestinate
elaborarii modelelor funtglor de monitorizare specifice sistemelor de falfe precumsi a
sistemelor de fabri¢e deservite de robiocolaborativiCapitolul 6).

Tematica modelarii sistemelor de fabtieadeservite de roboti colaborativi este extifis
Capitolul 7 destinatmodelarii generalizate a sistemelor de fabricatiestihate actiunilor
repetitive cu particularizare pe @wni de asamblare/dezasamblare. Modelul asociagt@ce
sisteme este realizat prin instrumente specialidategp SHPN Modelul generalizat precugno
analiza de optimizare a timpului de ciclu, sunttipatarizate pe un sistem de fabtieade
laborator, pentru care s-a realizat platforma dedaoere in timp real. Modelul SHPN asociat
conducerii sistemului mecatronic destinat asamiidaedasamblarii, deservit de rabo
colaborativi, sta la baza strategiei de conducerénip-real a procesului, implementata sub
platforma LabView.
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Chapter 1

Industrial maintenance and monitoring in the
modern production context

In production systems maintenance activities, nooimg is an essential informanal concept
that analyses the state of the system, with thpgser of implementing and monitoring specific
performance indicators. Monitoring functions must &ble to detect, classify and diagnose
faults by identifying primary causes [LEF, 00]. Way identify two essential functions specific
to any monitoring system: detection and diagnoslicese functions highlight the passive
character of the monitoring system, with regardsh correction or recovery of the normal
functioning state (known in the technical literatas states management) ([Rac, 06]).

The combined detection, diagnostic and maintenaat®ns define a supervisor. In most
approaches, real-time supervision is a model thatves in parallel with the real physical
system [Com, 91]. The supervisor is a dual decadiamd operational mechanism. On the one
hand, it sets the decisional strategy for idemiyand reducing/eliminating the consequences of
faults occurrence or of degradation states. Orother hand, through maintenance actions, it
begins to apply corrective actions, so that theéesyswill be restoredo its normal functioning
state or an acceptable degraded state.

Numerous authors have approached the domains: eniagitand industrial monitoring [Com,
91], [Com, 00], [Cus, 96], [Dev, 91], [EVS, 98], ¢f, 00] [Pou, 96], [Tog, 92], [Val, 87],
[Weber, 99], [Zha, 99], [Val, 89], [Val, 94]. Thespapers offer an overview of the
methodologies applied in the study and developraEntonitoring/supervision systems. To this
effect, we present two distinct approaclaesl results [Das, 00]. The first case correspoads t
the situation in which it is possible to model #ystem and apply classic control and automatic
control concepts. It is the situation of the cleakiapproach to systems whose dynamics is
reported to a synchronous clock which measuresuttiiorm lapse of time (continuous, or
discreet — sampled over a certain period) [Pas,|62ase a formal model of the system cannot
be elaborated, we must use artificial intelligefrtgtruments that offer specific analysis and
control methods [Dub, 90], [Dub, 01]. In this caffee monitoring and control functions are
based on arguments that are logically obtainedutiir synthesis experiments (real, anticipated
or potential) providedand validated by an expert. Artificial intelligencdfers instruments
which allow the development of an adaptive superyishrough the following functions:
perception, memory, learning, logic and adaptatoine new contexts ([Rac, 06]).

Among the artificial intelligence instruments, tepert systems are subordinated to a rule basis
that corresponds to the ensemble of all states ic@tnns, combinations that are selected from
a combinatory explosion of possible states of thaly@ed system. Since the expert systems
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allow the exploitation of an important informatidrasis, they are usually projected to solve
the complex classification or decisional suppodiyiems. Their main disadvantage ensues from
its relatively rigid behavior, in a context thaua#ly proves to be variable and evolutional.

A remarkable tool, which includes artificial inigkknce techniques, is the neuronal nets
modelling that describe mechanisms based on thenitga notion. This tool manages to
implement monitoring functions through technigubattare subordinated to human expert
reasoning, applied in the specific context of thes& techniques ([Rac, 06]). These instruments
enjoy a high usage in dynamic monitoring applicaiodue to the emergence of dynamic
neuronal nets, such as RBF (recurrent neuronalwitditsRadial basic functions) [Zem-a,-b, 02],
[Zem, 03]. The limits of the neuronal monitoringssym are the lack of traceability in the
reasoning or the lack of the logical route propased solution.

In the end, from the point of view of the intelligeinstruments destined for monitoring and
control, it is the fuzzy expert systems that stand The particularity of such a system is that it
can control numerical data and linguistic knowledgeaultaneously. Fuzzy expert systems
represent a collection of membership functions asoning rules. Unlike traditional expert
systems, which are symbolic reasoning machinegyfexpert systems are oriented towards
numeric processing. The elaboration of a fuzzy expgstem is based on the fact that the
human expert must have the ability to obtain effiti reasoning by exploiting imprecise,
incomplete and uncertain information ([Rac, 06]).

Fuzzy expert systems, which use an uncertain krdgelebasis, propose the modelling of
monitoring and control strategies through combaratiof rules specific for fuzzy logic. Using
fuzzy logic in monitoring allows the refinementioformation aquiredrom the field. This can

be done by introducing the notion "degree of thgéhreal number between 0 and 1) associated
to each statement that has a sentence/phrasewistiuan approximate logical value, as well as
a set of approximate reasoning rules (often timesgnessive) capable of describing the
dynamics of the monitored system and its progressontext. This technique seems promising
due to its potential for usage in dynamic monitgrand prognosis, since it has the capacity to
ensurea good interface with the human operator, becdtsgtates his manner of thinking and
because it offers information about the traceabdit the monitored system’s states, an aspect
which is essential in industrial monitoring.

For all these reasons, we have chosen to developzg supervisor adapted to discreet events
systems. The contribution of research undertakerthis purpose consists of developing two

PN fuzzy-type specialized instruments, dedicated éonttonitoring and maintenance of systems
approached as discreet events systems.

In order to introduce the concepts necessary fer study ([Rac, 06]), the present paper
proposes two explicative subchapters. In the fostt, we will present a few definitions,
elements of fuzzy logic in relation to the proposaxgbroach. The second part of the paper is
dedicated to the usage of Petri Nets for the sugienvof discrete event systerfi3ES).

Maintenance

A set of technical, administrative and management activities throughout the life cycle of
a product / process, which acts in the purpose of maintaining it or restoring it to a state
that allows it to fulfill the required functions,

For a long time, it was "the poor child" of induatrstrategy. Apart from a few sectors — such as
aeronaultics, refineries, nuclear and space doniaels 98], the consumer goods industry [Rac,
96] only recently found itself looking at this fuin as a new source of profit and optimization
of the existing production means, in a demandingnemical context, in which European
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companiegare forced to exploit all technological and orgatianal niche solutiot, so that they
may remain competitive.

Tele-maintenance

Diagnosing andmplementin: specific maintenance procedur&s local station, from
the dispatcher poii, without having to travel on site, is teleaintenanc

In the industrial environmepttestrictions regarding cosgchnological executi(, accessibility
and controlof industrial site extended over significantly great geographical s, carry the
possibility of data access, distribution sharing, as well as the optimizatiohlong-distance
maintenance actions, callegle-maintenance

Tele-maintenancis being used more and more for all machines oduartion lines controlle
by a microprocessorF{gure 1). Its implementation allowshé exploitation of all proce:
monitoring informatiordelivered by sensc, but also their interrogation from a dista. The
tele-maintenancstructure is based on a hierarchistructure, so thahe central contr: point
may intervene in modifying adjustment parametersnothe structure of the programs tt
control the procesgRac, 06).

Workstation

N b
Workstation for
distance control

| -

. /C b 4

Workstatior Workstatﬁn

Figure 1. Tele-maintenance flow chart

Since the emergence dhe New Technologies of Information and Communice (NTIC),
Tele-maintenance concefptave evolvec turning intoe-MaintenancéFigure?) ([Rac, 06]):

+ Telemaintenance is a longdistance data access/reco' concept or a
long-distance contri concept

+ E-Maintenanc is a concept that conneatsaintenanc actions to the
principles o web-servicesandcooperationrandknowledge sharir
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Figure 2. E-maintenance

E-Maintenance [Leg, 04hcludes the fundamental principles of Tetgintenanc, to which
it associates a stronger dimension: cooperati@m anformational leve of primary industria
maintenance actionrigineerin, exploitation, maintenanceperation safe, acquisitions,
compatibility, etc)as well as at the level of in-party connectionsciient / supplier, inter-
suppliers, inter- clients, etc)

For this reasonthe components of the monitoring system are cheniaetd by ar
increasingly greater autonomy, by working in disttéal systems and integratiembedded
intelligence in most casel.we strike a balance of the evolution of maintese politics

over time (Figure 3we may select the following moments for informatmrpose ([Rac,

06]):

+ The ‘60¢: Reactive/corrective maintenance

Intervenes after the detecti and localization of a fault.Reactive maintenan
completely or partially (palliativerepair the observed fault, performing an intervent
after the localization of the fau.

4+ The ‘70: : Preventive (preventive systematicgqintenanc

Performed with the intention of reducing the faduprobability of a product or foi
reducing the degradation of a serv. This is a maintenanceterventior planned,
prepared and scheduled before thate estimated as the probable date of the 1
occurrence.At preser, preventive maintenance is appliad systematic maintenar.
This represents the preventive maintenance actefopmecin conformity witl a time
planning programor according t« the number of usage actions associated to a pro
or entity,for which functioning in normal parameters is guataec.

4+ The ‘80: : Predictive maintenance (previsioraeventive, condition)

Based on the continuous monitoring of the em’s evolution in order to prevent
breakdown before it takes ple. It does not involv&nowing the degrading law apric.
The preventive intervention decision is taken wieme is experimental evider of an
imminent fault or when the system is apiching a predetermined threshc
degradation. In industrial practice, this intervention is based on measuring cer
process paramete: temperature, vibrations, oil quality, ..which can anticipal a
failure.
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MAINTENANCE —» Ameliorative maintenance
\ A
Fault
Corrective Preventive Proactive
maintenance maintenance maintenance
Chalendar Predetermined Parameters Cause
thresholds evolution analvsis
lv
| Palliative
A 4 — | Svstematic Conditional Previsional Proactive
Curative —l
—» | Service Repairing
Inspection Visit Control Prediction Propagation Service
causality

analvsis

Figure 3. Maintenance politics

% The ‘80s : Proactive maintenance (PRM)

Implies the continuous monitoring and verificatiohthe primary failure causes for the
monitored system

+ The 2000s : E-maintenance (Figure 2)

Observation

Given the importance granted to the propagatiorceiftain faults/degradations as
well as to the research of causes for their ocauees our studies are positioned in the
proactive maintenance area, with applications ames¢telopments that evolve towards
creating distributed services, and, therefore, to¥gae-maintenance.

The current development of NTIC required the tigwment of a real e-maintenance strategy.
This prompted significant changes in companies’anization. There is a tendency to
externalize the maintenance function, in order tntain attention and concentration on basic
activities or to transform classic maintenance Iotgy-distance real-time maintenance. This is
an important issue, in which monitoring plays arpamant role. The components of the
monitoring systems are characterized by an inangbsigreater autonomy, since they work in
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distributed systems that often integrate embarktadligence concepts ([Rac, 06]).

An essential element in industrial maintenanceth boits conditional, previsional, dimension
and from the point of view of an efficient, struad, systematic feedback — is the monitoring
that acquires a particular dimension due to thelligent distribution of its functions, on the
inferior hierarchical levels.

In the current context of automated production eyst evolution and modern maintenance
services, industrial monitoring evolves towardeliilgent systems that integrate dynamic or
even predictive dimensions due to the possibilitythe intelligent exploitation of information
developed in real time, which leads to an incréasts reactivity.
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Chapter 2
Industrial monitoring

In a great number of industrial applications, werehaoticed the tendency to replace the
curative maintenance politics with preventive maiirance strategies. This may be explained
by implementing certain production managementexgiat centered on the preventive control
of situations with a potential for failure statexorrence, by using specific analysis techniques
([Rac, 06]). The monitoring function, based on teolution of equipments capable of
processing and classifying information acquiredrfrthe process, organized into consistent
databases, succeeds to prevent failure or breakdsituations causedy a deficient
functioning, before launching false alarms that higlow down the production [Bas, 96].
Many authors have approached the domain of inddistnonitoring, which highlights the
significant interest shown by the scientific comityand the industry specialists with regard
to these problems. Without claiming to have extedishe papers written on the subject, we
may mention the following: [Com, 91] [Dev, 91] [To82] [Pou, 96] [Cus, 96] [Evs, 98]
[Web, 99], [Zha, 99], [Com, 00] [Lef, 00Q].

In the specialty literature regarding the industeguipment monitoring domain, we find
various definitions, which are sometimes even aalittory. For this reason, in the following
chapters we resume parts of definitions and séiergkplanations for the basic notions, so
that we may demonstrate a well defined point ofwie

2. 1. Classification of monitoring methods. Diagnostic problems

Monitoring techniques are generally divided intamtgroups: monitoring techniquewith and
without a mode|Das, 00] (Figure 4).

Monitoring with a modeis based on the existence of a formal model optbeess, obtained by
applying the formalization techniques offeredAytomatics- [Com, 91].

Techniques omonitoring without a modedre divided into two categories. The first catgger
based on statistic instruments applied Signal processingThese are considered to be low
level technigues, because they only quantitatiegfyloit the information offered through direct
acquisition (information read by sensors). Thusigtoalarms will be triggered because, for the
information supplied by direct acquisition, thesenio apriori analysis of the acquired signals’
significance [Bas, 96]. Therefore, the statististinments test the contexts with a potential for
failure occurrence, but are not capable of explioitnsuring their detection function. The
second category includes the high level monitoriaghniques that are oriented towards
communication with an expert system. These teclsigbased on the conceptsAotificial
Intelligence(Al), serve as a basic instrument in implementinglysis and decision strategies.
The answer is much more complex than the one gfly applying low level techniques



page 27 Industrial monitoring

because a complete analysis and decision contecte#ted, by implementing the detection,
interpretation and diagnostic functions for thetthat have occurred ([Rac, 06]).

Therefore, the two approaches supported by thematios/Artificial Intelligence domains may

be combined in order to exploit their advantagag, diso for conceptual complementarity
reasons [Dub, 01]. The complementarity of theshrtiggies categories is shown in [Dub, 94].
Moreover, some papers present the simultaneoug uwabe two categories of techniques with
interesting results in succeeding to implement derimonitoring structures: [Rac, 06], [Kat,

97], [Loi, 97], [Was, 98],[ Hin, 95], [Vem, 97] [Vem, 98].

Monitoring methods

Monitoring with a model Monitoring without a
-AUTOMATICS- model
v
Statistic tools
-Signal
processing-
-Artificial
g Intelligence-
" tools
Decision -
tools
-Form
I recognition-
" tools

Figure 4. Classification of monitoring methods

When using Artificial Intelligence concepts, themtoring function is often perceived as
a form recognition application. The problem of foretognition has combined with the
problem of automated image classification, alonthwhe remarkable development of
multimedia and Internet technologies. Extractingrilautes or image descriptors
represents the key phase, which emphasizes thgniéon application’s performances
and professionalism. Choosing the most suitabtéates or characteristics is the key to
success for recognition algorithms. The final resub vector witm extracted attributes,
which are not necessarily numeric. This represmatsittribute vector, used as a reference
input in the algorithm that implements the measutgiect or image shape membership to
the image class, based on mathematical criterraesnbership functions. The diagnostic
function was formalized through shape recognititgodthms. A reference definition
provided in [Dub, 01], [Rac, 06] proposes the failog approach to the diagnostic
function:
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states is equaled to the number of classes, whideform vector is the vector of the

A diagnostic problem may be defined as a shapegration problem. The number of
observed parameters.

In the performedresearch, beside the monitoring function, we halg® approached the
diagnostic function, which is fundamental from gant of view of the final intervention action
for the purpose of correcting the monitored proceffieiency. Apart from the passive aspect of
the detection function, the research and identificaof fault occurrence causes require the
development and application of certain specifihitgégues, which can be identified outside the
form recognition domain.

The etymology of the word “diagnosis” comes frome&k and it mean®ia: through, Gnosis
knowledge. Inspired by this, in [Pen, 90], we famdinteresting formulation [Rac, 06]:

diagnostic explains the presence and identifiescigses of their occurrence, by using a

Given an observable manifestations context (sympfordings, observations, etc), the
knowledge basis regarding the system taken intowuc

In our research, we accept this definition for thi@gnostic function because it highlights the
reasoning we need to follow in order to accomplish“understanding” of the observed state.
The approach is resumed in papers [Zwi, 95], [GaQ1], [Bou, 95] [Bou, 95] [Bou, 03].
Moreover, the definition proposes the decompositibthe diagnostic functions into two other
functions: localizing and identifying the causenc the diagnostic is based on observation,
numerous authors consider detection as being aptré diagnostic phase.

Starting from this definition, the diagnostic —wasll as monitoring — treat numerical data (the
result of observation materialized through measergs) and symbolical data (knowledge
regarding the system taken into account).

In [Dub, 90] these two types of data are considaredessary knowledge in the diagnostic
operation. On the one hand, it utilizglebal information those associated with the « apriori »
knowledge of the system and responsible for it$ fuaktioning history. On the other harttie
instantaneous informatiorcorresponds to the quantity of knowledge corredpan to the
present temporal section, necessary in making igide@nd applying the correction function.

The definition of [Pen, 90] generated another apginothat results from the exploitation of
causal knowledge over the system’s evolution. pstghctionality» may be described through
associations of the initial causes (process comuendailure, etc) with the observable
manifestations — symptoms of these dysfunctionsvdfhave a theory capable of modelling
these relations, the diagnostic problem is reduoefinding « explanations » that satisfy the
observed symptoms. The reasoning is based ontheseeroad that goes from effects to causes,
trying to attach plausible causes to a number empes. This type of logical reasoning is
calledabductive reasonin{]Rac, 06]).

The abductive reasoningay be described as such:

Given a situation « B » to which we associate ssabty relation “* A> B " (* A" causes “
B"), then the cause of B situation’s occurrenceAspossible ”.

This raises another important problem for diagnogiswhat extent may we consider the
knowledge regarding the system, be it causal, globanstantaneous, as sufficient and what is
the technique recommended for identifying and \aiidy it?

Bearing in mind the complexity of this problem, mpamethods of describing the system
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through information have developed, which utilizzrigus techniques. For this reason, in the
following section we suggest a classification ofnbaring methods, starting from description
criteria associated to the diagnosis.

2. 2. Monitoring techniques with a model

The method categories which are used most oftemdunstry nowadays are usually functional
and material modelling methods. These categoripsaigo industrial tools of the type AMDEC
(Fr.: 'Analyse des Modes de Défaillance, de leurs Efetde leurs Criticité)and to the
ADD (Fr.: Arbres De Défaillancgdaults tree (FT), mostly used in diagnostic ([Ra@]).

0 Diagnostic methods through functional and material modeling

The principle of these methods lies in the apriand most complete possible
establishment of the causal relations between titeali causes of the faults and their
measurable effects. The methods applied most @ftenrAFMEC Analysis and FT
Analysis.

Another method in the model monitoring categorytie one based on the physical
modelling of the monitored process ([Rac, 06]).

0 Monitoring methods through the physical modelling of the system

Monitoring methods with a physical model are based the comparison of
measurements performed on a set of process paresnsith the information supplied
by the associated model. Any noted abnormality bal considered a fault or a
malfunction. Dedicated tools subordinated to thacapts of decision theory are used to
establish if these abnormalities are generated dsmal disturbances or are caused by
the occurrence of certain faults in the system. &oimg methods based on a model are
most familiar to automatics specialists. In generdlese can be separated into two
categories of techniques: physical and analytica@dundancy techniques and
parametrical estimation techniques, presented itaitlén the following papers: [Wil,
76], [Ise, 84],[Bas, 88], [Bas, 93], [Ger, 88], [Qe 98], [Pat, 89], [Fra, 90], [Com, 91],
[Cus, 96], [Web, 99], [Tro, 00], [Com, 00], [Plo,1] as well as [Zem, 03].

2. 3. Monitoring techniques without a model

Monitoring techniques without a model were genetaby the complexity of industrial
applications, which made it impossible to idenafysable coherent model ([Rac, 06]). For this
type of industrial applications, operational monitg functions were used: monitoring based on
signal processing statistical tests and monitoffi@ged on concepts specific for artificial
intelligence [Dub, 01].

O Monitoring based on signal processing statistical tools

Fault detection statistical tools start from th@dthesis that signals supplied by sensors contain
statistical properties. Repeated tests allow themimxation of a measured signals sample’s
appurtenance to these statistical properties. Atgrariety of tests, applicable to measurement
samples, may be found in [Bas, 88]. The tests egbantify the exceedance of reference values
(threshold), or test the mean or variation of meaggignals [Zem, 03].

0 Monitoring through Artificial Inteligence symbolic modellingmethods
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In an initial approach, this method category sdparthe diagnostic techniques into the following
categories: diagnostic through form recognitionosdimated to a probabilistic approach, fuzzy
approach diagnosis, neuronal approach diagnostith,[01]. This classification is a bit
restrictive, if we take into consideration the numes researches in the domain of monitoring
without a model based on Artificial Intelligence IJAconcepts. The methods work with
symbolic knowledge (logical formalism) but also hvieclectically expressed information:
verbal phrases, directly perceived sensory infolonamental images, experiences, hypotheses,
etc. that can easily be divided by the operatos[B#%]. Al methods may be characterized by
their capacity to treat ([Rac, 06]):

a great quantity of information
heterogeneous data (numeric/symbolic)
context-dependent data

incomplete data

O O 0O

These methods may be regrouped iSymbolic modelling methods> (Figure 5). In the
specialty literature, there are numerous researtttasresult from the associative-predictive-
explicative approach (INRIA) [Bas, 96] and the detpd pannes functioning operational-model
form-model recognition approach (IRISA) [Agh, 98. wide presentation on this matter is
offered by the [Mon, 04]. The classification we poge regroups the methods presented above
with clear definitions for each of the three indethmethods ([Rac, 06]).

Due to the difficulty in offering a clear and syatit definition to diagnostic methods, we
propose their characterization through key words tiffer suggestive information about the
objectives and particularities of each approachethod. In the area of symbolic modeling,
three typologies may be distinguished: behavioraldems, form recognition models and
explicative models ([Rac, 06]).

Methods based on behavioral methods

These methods are based on simulating the systashavior, starting from the model
associated to it. In most cases, a well functioningdel is elaborated, which, unlike
numeric models, is not based on monitoring physicahsures of the system, but rather
on considerations regarding the manner of functignithe evolution of the states, etc.

These methods regroup the following tools: PetisNmnd finite state automata, and they will
be characterized by the tern®deling/simulation.

Form recognition methods

This method regroups the associative models andebegnition models, in the sense
that they can perform classification, instructiomda recognition functions. The
recognition mechanism is efficiently applied bothférm recognition systems and to
expert system-type rule bases systems.

Tools based on general form recognition concepgs fmrm recognition statistic methods,
neuronal nets, fuzzy logic, neuro-fuzzy nets, expgstems. The key words that best describe
this approach ar@struction/recognition.

Methods based on explicative methods

These methods are based on the notion of expleeatiodels introduced by [Bas, 96]
and include in their definition mostly models tligscribe the failure states [Agh, 98].
They supply the causal analysis of relations betwiaults, causes and their observable
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| effects.

Within these methods, we take into consideratiom dpplications based on the following

tools: influence graphs, contextual graphs, PetisNand fuzzy logic. The key words are
causal analysis.

Figure 5 illustrates this classification [Mon, (d]the general context of symbolic modelling
tools classification through Al techniques ([Ra6])0

v \ 4

Methods based on

behavioral models :
- automatons with finite
states
- Petri nets
(modeling/simulation)

Methods based on
form recognition:
- neural nets
- fuzzy logic
- neuro-fuzzy nets
(learning/recognition)

Methods based on
explicative models:
- causal graphs
- contextual graphs
- Petri nets
- fuzzy logic

- neuro-fuzzy nets
(causal fault
analysi)

Figure 5. Classification on monitoring tools based on Al tdghes

Monitoring technigues

Methods without the process model

Model-based methods

Functional Physical Statistical Symbolic
and material modeling tools models
modeling Automatics Signal Avrtificial
Industry processing Intelligence
\ 4 I \ 4
AMDEC Physical and Test for the Methods based on Methods based on Methods based on
analytical exceedance of behavioral models behavioral models explicative models
redundat the threshold (modeling/simulation) (instruction/form (causal  analysis  of
———— J— value recognition) faults)
ADD Parametrical
estimation Mean test I L
L Automatons witl Expert systems Causal graphs
finite st: - o
Statistical tools ]
F
S

Figure 6. Global classification of monitoring methods

In the light of the proposed classification andegivthe importance and specificities of the
diagnostic function, we obtain an overview on maiiitg methods, synthesized in Figure 6.
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Since the research presented in this paper waselshtowards symbolic modelling with Petri
Nets, the following chapter will make a short préaton of PN tools used in the development
of monitoring applications based on behavioral nmdaostly those dedicated to the diagnostic
function modeling. The presentation analyzes tliRiddype behavioral models with relation to
the diagnosis, with relation to the definition iReh, 90] or with relation to very detailed
information introduced in DEA by M. Monnin [Mon, D4

2. 4. Petri Nets for monitoring functions modelling

According to the approach proposed by [Com, 9H,rttonitoring/command system is modeled
through twoOriented- Object Petri Net®©OPN [Sib, 85]: the PN reference model and the PN
command model (Figure 7, Figure 8).

Y , NS —— Level (*1) _

Module (i,j)

Reference Block|™ Control Block

_______ | N

Module (i-1,j) | ! Module (-1,j+1) !

Figure 7. Reference model control

These models cooperate towards the satisfactighobfl restrictions imposed on the process.
The originality of the proposed approach is basedhe observation that restrictions may be
divided into two independent categories and willdoequately represented through different
PN tools:

# restrictions that translate the real state of tiysjzal process will be described the
reference model

# restrictions imposed on control, in accordance whthfunctioning/action restrictions
imposed on the monitored system. They contain sespseof execution operations,
associated to the particular usage of the procassconformity with the
manufacturing range specific for a certain proceBsese restrictions will be
described irthecommand mode ;

Modules positioned on the same level correspondhé macro-commands represented by
independent modules. Each level contains a nunfbaodules that represent the granularity of
the model, according to the abstraction level chdeeeach activity. The hierarchical structure
requires a hierarchical authority in the circulatiaf information fluxes. The orders are created
in the highest levels and are reflected on the libated modules situated at the base of the
hierarchy. The information moves upwards in an adaet flux, whereas the decision request
descends the structure through sub-decisions fatedilby modules situated on the descendant
levels.

At the level of each module, the PN reference mduelrestrictions imposed on the command.
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After the performance of the corresponding actigiticommon nodes with a collaborative
aspect) the command system will always find itselbne of the usable states. The procedure’s
model serves as a command database, but also efeciah and diagnostic basis. The net
respects a hierarchical structure created througlasgendant endeavor and by applying an
abstraction algorithm.

The abstraction must not restrict the process’ eigmgsibilities. A high detail degree leads to a
complex reference model, but at the same time @agid slow in elaborating requests towards
inferior modules. On the contrary, a high abstmactievel leads to the loss of information.
Certain usable states become forbidden due toitmg@ied reference model, which leads to
the elaboration of false commands. From the poifntiew of command, the PN reference
model contains information that validate or invatelthe command elaborated in the command
net due to the complete model of usable states ithaposes. The two PN models are
collaborative, in the sense that they only evofwbe conditions imposed in the junction points
are fulfilled (Figure 8).

The occurrence of an event that modifies the sthtee command (Pcom) is translated into the
command net in two transitions, which represent ltkeginning and end of the command
(Tdeb_com, Tfin_com). Each of these transitionsejgarated in two (Tdeb_coml, Tdeb_com2
and Tfin_coml, Tfin_comz2) in order to initiate thellaboration mechanism between the two
models. In Figure 8, the dotted arrow represergssyimchronous and collaborative evolution of
the two models in the nodes that contain commainraet Each reference module is not directly
linked to the corresponding modules on the samel.ldvis only in an inference relation with
the command net modules. This highlights the cadper relation of the two models and, at the
same time, a refined representation of each maaiatg, up to the level of elementary
activities.

In other words, the command net implements therobot the production system, therefore it
models the restrictions specific to the manufantyriange of a certain product, as well as the
temporal and material restrictions imposed by aughtion. The command net conception
proposes a descendant endeavor and will be basthé gminciple of successive refinement.

Simplified representation of both PN collaboratimedels

Tdeb_com

Tdeb_ref

Tdeb_cord

<p> <p>

\ 4

Tfi n_ref

Reference Control
PN model PN model

Figure 8. Communication mechanism between the referenceamtdol PN
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Communication mechanisms
In the presented approach, the monitoring funcisodecomposed into active monitoring sub-
modules (Figure 9). Each module contains all tleemehtary components of the monitoring
function, which are responsible for the well funaiing of the process: detection, diagnostic as a
correction function or the extreme-urgent form. Tiiterface module with an operator allows its
intervention in the case of a conflict or « unknowrsituation from the point of view of
implemented fault states classification.

e 1 e level(r)

Module (i,j) L
» Operator interface
L ]
Diagnostic _| Decision/ | »| Emergency
Correction
4—‘ II Level (i)
»| Reference block  |g¢—p Control block

1

Figure 9. Monitoring/command module

In the proposed approach, we consider the hypathieat the process model is a component of
the monitoring function model. On the one hands tkepresents a complement of the detection
function implemented through the number of actiensers/elements placed at the lowest level.
Direct detection is insufficient due to the limitadmber of sensory elements that can be used,
compared to the multitude of faults that might appeluring functioning. These two
mechanisms allow the identification of materiallfatrough “abnormal feedback signals’(CR)
(fr: “les comptes rendus anormaux'and/or an operation’s execution delays (as altre$ua
current fault or one that has already occurred).

The communication between two PN models lies inaimssion of requests from the superior

level to one of the inferior modules or in the ret€R signals emission that ascend in reverse.
Each request issued towards a module will retudoa CR to the superior module that issued
the request.

The mechanism is similar to the one in which a nh@ihforms the unique superior module that
the command has been accomplished. This approashderseloped by assuming that the
command system functions correctly, and the faaifts only visible in the physical system,

therefore in the net found in the reference for cbemmand net. Communication between the
two nets is always initiated by the command nejFe 8).

The command modelling is performed wiiiiented-Object Petri NefSib, 85](OOPN which
introduces a specific concept in the generic mouglbf the events: the jetton is associated to
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attributes that must verify the preconditions amdtponditions associated to the transitions
T _deb and T_fin. Validating these transitions letadthe modification of attributes according to

imposed attribution rules. In modellin@OPN (Figure 10) an activity is performed if the

conditions associated to the activity beginning and transitions are fulfilled.

w
Preconditions
T_deb

p.attribute_il=al
g.attribute_i2=a2

Beginning of
activity

<p.9>
Ongoing activity

<p,9>

p.attribute_ol=al
g.attribute_o2=a2

End of activity Postconditions

T_fin

Figure 10.Modelling an activity with OOPN

2.4.1. Detection

The detection of an anomaly is performed by adtigatin analysis mechanism implemented
during the process monitoring. This mechanism rbastapable of emitting a fault symptom in
order to signalize the absence of CR signals oeaéiving abnormal CR signals. The detection
implemented in this approach (with a reference )adéased on two mechanisms [Com, 91]
and [Bon, 93]:

+« WD « watchdogs » signals
+ CR return signals

These mechanisms lead to two different approaarebé detection function:

» direct detectionis based on information gathered by sensors angaong them with
the expected values. If a signal is missing orstegé a delay in its emission/reception, direct
detection emits a warning which announces therastate.

Observation: the original approach to system mamitp presented in this paper
proposes a treatment for these situations and teah@spects that intervene in
the analysis of the failure states.

» indirect detectiorperforms the hierarchical and gradual analysif©iefGR return signals.
These translate a behavioral anomaly of the systhen the reception of the CR signals is
situated outside the temporal windows associatéidetmormal functioning state.

2.4.2. PN model for the detection system fonction

The WD {r.: « chien de garde ») mechanism is available innargti PN but can also function
in Oriented-Object Petri Net§OOPN and Temporal Oriented-Object Petri Ne§OOPN.
OPNworks with classes of objects organized in anm@ddorm [CAR, 90], a class of variables
and a class of positions that are in a bijectivatian with the class of objects [CAR, -a,-b, 96]
(Figure 11a).
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OPN associates each transition with a conditional Bawllogical expression. Moreover, each
transition is associated with a number of tasks ¢barespond to events associated with each of
them. As an example in Figure 11b), the statevi® only be marked if s preconditions are
validated. Transition,t a successor node for position, Rvill be validated when its ¢p
precondition becomes true.

Temporal Oriented-Object Petri NefFOOPN [Sib, 85] associate certain transitions to a
temporal window in which we can perform its shogtias soon as it is validated.

<j>

i.identif=j.(identif.+1)

<j>

Figure 11.Temporal Oriented-Object Petri Nets — TOOPN

Object classes: Position classes: Variable classes:
PIECE pl: PIECE | : PIECE
identifier p2 : MACHINE J: MACHINE
operation p3 : <PIECE, MACHINE>
MACHINE :
identifier
operation

Between two events connectieg a causal relation, we may implement a mechabiased on
an explicit temporal restriction. Each transiti@nde associated with a WD signals that will be
« used » by the diagnostic if a transition excabdgreordained value of the duration in which
it can be crossed. UsingODOPNin monitoring modelling allows the associationaof interval
[Tdeb, Tfin] to each transition (Figure 12).

The limits of this interval represent the firingnetitions of the transitions, added to the firing
conditions imposed on the jetton’s attributes. Tihee variable appears as an attribute of the
jetton relative to the moment of the transitionieeution. If the jetton in the P position is
delayed until moment 4, it becomes susceptible of being « eliminated thainterval [Tep,
Trn], through the TG transition. At the mome#it(in the interval[g;,8,] = [Tgen, Tsin] ), the TG

transition is crossed if all its preconditions aadidated.
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“ Watchdog”
mechanism

Figure 12.The « Watchdog» mechanism (fr : «chien de garde »)

During detection, the WD mechanism is implanted ithte reference net in order to model an
anomaly translated by the apparition of a failugengtom. One of the hypotheses of this
approach is the perfect command (without anomalies)igure 13, Symptom 1 expresses a
lack of resources for the normal debut of the @gtiwwhereas Symptom 2 indicates a lack of
CR that would make the reference net advance. Wbhemechanisms will be used in a distinct
net conceived to evolve in parallel and in realetimith the monitored system. This will be
possible by implementing a specific mechanism, kmaw token player of PN(fr: « le joueur

de réseau de Pety) (Figure 14). The detection function will be irapiented through WD
signals a temporal mechanisms. The fuzzy aspedtettion, and implicitly of monitoring, will
result from the fuzzy modelling of the temporal danv associated to TG transitions.

Sympto
= Taeb_comt
[Tdaep, Tdsiry
<p>
Symptomel P,
Taeb,_reft
<p> P, o>
i Taeb_com2
A -~
ep B « \,in progress ')
[T20e0, T2 ~—2

Tfi n_coml

ymptome2
Toeb,_ref2

*
&

»
Reference PN

<p>

Tﬁ n_com2

Control PN

Figure 13.« Watchdog » mechanisms for direct detectiondelling

2.4.3. Diagnostic - decision

The task of the diagnostic function is to elabomtelicative information with regard to the
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anomalies produced inside the system. The mainogerjs to determine the origin of the faults

and to identify the causes responsible for the afede anomalies. The mechanism of the

diagnostic function requires complementary infolioragble to describe the state of the process
at the time when the failure symptom appeared aactive sequence at the moment when this
anomaly occurred.

PN waits for an event to
occur

!

An event’s
occurrence

[a transition
associated to this
event ?

No

The transition is
validated ??

Alarm !!

Transition shooting t

Figure 14.« Token player » mechanism in an RP

The current research in diagnostic modelling hggtts different diagnostic systems typologies
that are more or less efficient. The expert systdescribe, as logical rules of diagnosis, an
operator’s or an expert’'s experience in identifyihg causes of a number of faults occurrence.
These systems can identify, through inference rules relation between a fault’'s occurrence
and the informational context that characterizesstiate of the real system.

Initiator
mode

Informational
system

Detection IJ

Figure 15.The general structure of the monitoring system

In the LAAS approachL@boratoire d’Analyse et d’Architecture des Syst®ni€om, 91] the
monitoring/command system’s structure is hiera@hand modular. Each module possesses its
own command and monitoring functions (Figure 19)e Hetection function is integrated into
the command module, whereas other functions ateclisand structurally integrated into the
monitoring system corresponding to each module.
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When it detects a fault, the module that signaledfailure symptom - called initiator module
[Cha, 95] - tries to identify the cause of this amady, appealing to its own diagnostic function.
It can only take action if it possesses enoughrinédion to find the cause of the occurred fault.

If not, it sends a request towards the superiorahébical level, so that a diagnostic may be
found [Bon, 93].
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Chapter 3

Fuzzy Petri Nets. Application in dynamic
monitoring

3. 1. Introduction

The presented techniques in the previous chapwicate a remarkable interest towards
monitoring centered on Artificial Intelligence syolle modelling methods. To this effect, the
fuzzy expert systems exploit an uncertain knowlelggis, modeled through a rule basis. The
usage of fuzzy logic in monitoring allows the refinent of information acquired by direct
detection (information acquired directly from the&ld). This refinement is realized by
introducing « the degree of truth » (a real numbetween 0 and 1) associated to each
variable/sentence/logical phrase so that, consigean ensemble of specific rules (most often
evolutive), we may describe the dynamics of a ped@ terms characteristic to a human
expert’s manner of thinking. This approach is ping due to the significant potential in the
modelling of dynamic monitoring and of the progmosiinction, by exploiting the results of
repeated experiments through which the human facéor identify the traceability of the
corrective actions, at the level of the intuitivetian, based on his experience.

Therefore, the development of an original FuzzyriPgets FPN) (fr: les réseaux de Petri
flous) tool dedicated to the modelling of DES sgs&dynamics in a fuzzy approach, allows
the consideration of uncertainty factors associtigtie model’s states and transitions, but also
the validation of the entir&PN model through an informatics tool capable of indigg
elements specific to fuzzy logic.

The FPNtool, whose originality we claim, is oriented onmitoring and repairindpES systems
with particularization on production systems. Thedal is implemented in an informatics tool,
so that the user interface allows the return adrim@ationin a system-monitoring-control loop.
In industrial maintenance, this loop is used a®@ specialized in decision making. The
integration of fuzzy logic into such a system, with decisional structure, allows the
formalization of the human factor's exploitationpexience, for the purpose of developing a
predictive dimension.

3. 2. FPN tools in process monitoring. Application in dynamic
monitoring

Fuzzy logic allows the representation of approxeniagical reasoninghat intervene in the
description with a certain factor of uncertainty ohcertain, imprecise knowledge, of
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experimental and practical information. These aspétat quantify «the degree of truth »
cannot be described with the techniques of clalssige.

Petri Nets used in the monitoring and control of D&ystems may easily represent activity
synchronizations in collaborative ARiNodels. Once the time is integrated, the PN moeieings

to the categoryemporalor temporized Petri Nets tools that can be used to easily model direct
and indirect detection (through WD and CR mechasjsi@nce we find a way to represent the
fault's propagation process dynamics in the strmactof the faults tree (FT), and once we
integrate the fuzzy logic in aspects that quartifpugh fuzzy temporal variables the occurrence
and gravity of a fault, we manage to create an &M $pecialized in the fuzzy modelling of
monitoring functions.

Significant research in the domain of Fuzzy PetatdNhave proposed the modelling of
approximate arguments, starting from a static lmgiales conceptfioo, 88], [Che, 90]. For
this reason, in order to create the dynamic aspégirocess monitoring, we propose the
Monitoring Fuzzy Petri Nets (MFPNyhich, by definition, integrate tHfazzy temporahspect

3. 3. Fuzzy Petri Nets. Present stage. Fuzzy Petri Nets usage in DES
systems monitoring

The fuzzy approach to systems monitoring allowditpiize descriptions of process variables,
through fuzzy logical variables and through theoeisded truth degrees that belong to the
interval [0,1]. The tool which is able to model DEg#stems’ fuzzy monitoring must integrate
generic modelling concepts for an DES system, Isot@eneral fuzzy logic concepts [Rac, 06].

The first contributions to logical rules sets mdidgl correspond to the generic modelling
approaches gproduction ruleshrough PN tools [Zis, 78], [Val, 87]. On the otheand, the
research of [Mur, 88] models Petri Nets’ dynamigsldgical programming (Oriented-Object
Petri Nets) [Sib, 85]. The tokes an object with specific attributes and methodsese two
directions allowed the development of an origimallt capable of integrating fuzzy logic into
the Petri Net’s structure.

Fuzzy Petri NetsKPN) are a tool dedicated to the study of SED systdasribed through
uncertain knowledge. The presentation of the exisipproaches’ current stage was published
by Cardoso, Valette and Dubois [Car, -a, 96]. Tir& tontribution belongs to Looney. Even
though his approach is close to neuronal netsmidel’s dynamics respects concepts of Petri
Nets dedicated to fuzzy logic arguments. Subsedodriney’s research, a few FPN-typologies
approaches have developed, starting either fronmamngPN [Che, 90], [Ped, 94], [Lip, 94] or
from high level Petri Nets [Sca, 94], [Gom, 98] 4@, 95], [Cam, 98].

In the FPN category, according to the used logical classéassqical, linear, fuzzy), we
distinguish two categories 6PN typologies:

— The first category is represented PM tool specialized in the modelling of fuzzy logic
arguments, expressed through fuzzy rules associate@gscriptions of SED systems
dynamics. Fuzzy rules describe production ruled,[88] [Val, 94] and are related to
the model’s transitions. The global model corresiiog to the number of production
fuzzy rules becomes a fuzzy expert system. Indhse FPN is interfaced with the real
system which is monitored by direct detection (thiormation is supplied by the
sensors). The transitions model the number of raeswill be validated and executed
simultaneously. The output variable will have theuth degree supplied by
defuzzyfication [Han, 94], [Gom, 95]. We recognike mechanisms specific for a fuzzy
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controller which, related to a fuzzy expert systpnesents a very simplified typology.

The second-PN category models the dynamics of a physical sys#mobtain classes

of applications that express the uncertainty ofwedge associated to the system
resources’ states [Car, 90], [Val, 89]. T®N typology models a physical system
through linear applications implemented to rescsircgate transformations. Linear

applications preserve the uncertainty of knowleddgtive to their availability.

Looney Chen&al. Bugarin&a | Konar&al. Scarpelli& Cardoso
l. al.
Logical Imprecision No Numbers of | Numbers of | Numbers of Numbers of | No
rules bases fuzzy rules fuzzy rules | fuzzy rules fuzzy rules
Credibility Truth value No Truth value No Credibility
Uncertainty | degree [0,1] degree [0,1]
Fuzzy Petri | Replaces No Positions, Positions, Positions, Positions, No
Nets imprecision? tokens tokens tokens tokens
Replaces Transitions, | Transitions, | No Transitions, No Transitions,
uncertainty? | tokens tokens tokens tokens
Evolution No (Looney | No Yes No Yes No
rules in the | modified the | (The (The
theory of simple definition of modifications
Petri Nets transition the evolution supplied by
law) rule for Looney were
intermediary adopted)
states is not
consistent)
Implement | Isit Yes
ation consistent
algorithm with the
fuzzy rules
basis?
Is it No Yes Yes No (according| Yes Yes
conformable | (according (except for (the net’s to the
with the to the the structure modifications
execution modification | intermediary | and of the
proposed by | s of the states that algorithm transition’s
Petri Nets? | transition’s | can only depend on | execution
execution have one the initial rule)
rule) input arc) marking)

The components dfPN are adapted to the knowledge representation thréugyy variables
(fuzzy numbers and membership functions) assoctatedsitions [Cao, 93], [Bug, 94], and/or
transitions, and/or jettons [Che, 90], [Ped, 94Lip| 94], [Sca, 94], [ Gom, 95], and/or
markings [Car, 90], [ Car, 95] Val, 89] and/or arcs [Cam, 98], [Lip, 94]. In aparoaches,
the presence of the token is binary, even though #ssociated with the truth value in the

moment of its apparition in position.

Therefore, in order to preserve the coherenceedf#N models with the number of equivalent

Table 1. Different approaches for FPN

logical rules (the monotony of classical logic), prepose the following observation:

— In each transition, there is an infinite numbejetions.

— A transition’s firing reinstates the tokémthe place that belongs to its predecessor set

of places. The infinite number of tokerll not be modified ¢ - 1 =) after its firing
[Mur, 88], [Card, -a, -b, 96].
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3. 4. General concepts in FPN monitoring

Fuzzy Petri Nets are oriented towards the modellihfuzzy logical arguments, but based on
the static logical rules concepts [Loo, 88], [C8@]. In order to describe the dynamic aspect of
systems monitoring, we propose Monitoring FuzzyriPiets (MFPN) based on duzzy
temporalapproach

Hypotheses:

— The monitored system is modeled through two typelegf Temporal Oriented-
Objects Petri Net{TOOPN) [Com, 91]. One of the models describes the normal
functioning of the material systemReference ModelThis serves as reference for the
control model —Command modelThe two models are in a collaborative relation
(Figure 17)

— We imagine the existence of the system’s m@Eigure 16). The model includerect
detection[Lef, 00], which lies in the occurrence of the fgudymptoms signaled by the
monitoring system’s sensors [Com, 91]. On the ottzerd, in order to refine detection,
we imagine that the system also contains indireeteation. Direct detection
corresponds to functioning sensors and elementstigoeed so that they may supply
information about the activity’s beginning/end @itigent sensors).

— The detection functiois modeled througfOOPN One of the token’s attributes is the

transition’s «iring instance.

Models:
Production Monitored system+
system reference model
TOOPN

Vieniterng

WVIEERIN

Figure 16.Flow chart of the monitoring/control system

The performance of the activity; Amposes the initiation of the command ((Tdeb_coml,
Tdeb_com?2) and the inspection of the physical nessu availability (Tdeb_ref). If no faults
are signaled, the action will be performed in thal systemd; in progress- in the reference
model) while the command is being performed. Thalization of the command (Tfin_com1,
Tfin_com?2) associated to the transition Tfin, red{sethe availability of the physical resources.

FPN temporal aspectin a fuzzy approach, a transition is associatéith & sensibilisation
period 6[Mer, 74]. The token that reaches the momefbr its input position, may crodbe
transition T, if the delayof its stay in the input placgoes not excee@. Thus, it will cross the
ordinary transition Twhich is associated to the sensibilisatisterval [0, «) .
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(62,61 Tdeb_coml
' <p>
Tdeo ref T Pa_e
E B <p>
o % P, . Tden com2
<> N a3 < ai
(2, &2) &7 in progres in progres
E Tfin_ooml
: <p>
Thin_ref Pre
Sympton 2 R
Pf_s
Reference PN P>
Tfin_oomZ
Commands PN

Figure 17. TOOPN for monitored system modelling. Direct dédect

The firing moment of transition ;Tmay be described as includedo a temporal window
[49, 49] , associated to (fransition. The transition waits for the delay bé ttoken out of range

[6?, 6’] , which leads to its “confiscation”. Thewatchdogs> mechanism models the anomalies

of the monitored system in this way. The delayhef token’s stay (the token blocage) explains
the lack of resources availability in the referenuadel or the early or late debut of the activity
in progress. Thus, at the momen6 a fault Symptom will be delivered. The token tbiatssing
TG transition will have attributes modified by tteferences of the failed activity (Figure 18).

Sympto@__TGl

,'/[ el’ 0 l] —— 0 Tdeb_ooml

Figure 18.Modelling a fault that occurs at the debut of antiwity

The control PN model is associated to such mechmnikat might indicate a faulty activity. Its
mechanism is based on the collaborative relatiowéden the two models: reference and
command. The potential anomalies stbp models’ evolution by the WD mecahnism who
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“steal” the token. A fault Symptom is then emitt&y. convention, the marked plawagich is a
post-condition for TG is called@ymptom

In Figure 18 the command associated dg Tomtransition is emitted at the momentrhe WD
mechanism checks if the system is functioning ndlym@he transition Jep_rer iS “consulted” in
order to validate a correct activity debut. HavalgOOPN structure, the token checks, through
the attributes associated to it, the conditionsosegl on Je, rer. . This transition has the
sensibilisatiorinterval [0,). If all conditions imposed on the jetton’s attribs are validated,
the transition will be executed. If not, the jettaill cross the WD transition, immediately
followed by the issue of a fault Symptom.

In the definition of Temporal Petri Nets, the temgd@aspect may be treated in two ways: either
a sensitization periodd is imposed for the transition, @& sensitization intervala, b] is
imagined. In this case, the TG transition will lss@ciated to the interval,f+6].

o The refinement of the detection function in a fuzzyapproach

The approach presented (Figure 18) has limits végard to the information’s refinement. A
Symptom may be generated through:

B A displacedcommand (very premature, very latefr: beaucoup plus t6t ou
beaucoup plus tard)

B A fault in the reference PN if the token’s attrigsitdo not respect the imposed
conditions

With respect to the execution time of an activibe following hypotheses are imposed (Figure
19):

—  An activity’s duration A =[Trin Trmax]
— The activity's debut may occur in the intervialeb=[DEB_ pre, DEB_late]
— The activity’s ending is possible in the intervin = [FIN _ pre, FIN _late]

activity

DEB_A FIN_A

|

DEB pre A DEB late A FIN pre A  FIN late A
Figure 19.The activities’ planning

The refinement of detectids imposed by an efficient monitoring system. Tihtormation
supplied by the sensors as a result of direct tdetewvill be used either in the diagnosis, in
order to identify the causes of faults, or by thevpntive maintenance that requires the
prognosis of possible critical states.

We have presented the fuzzy modelling of an agts/iduration (Figure 19) with a normal
progress in the interval [DEB_pre, DEB_late, FINg,pFIN_late]. The fuzzy modelling
proposes three types of possible faults:
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— The late debut of the monitored activity (D_DT) wainihas the significance of a
temporal desynchronization in the availability bfypical resources

— The more than late debut of the monitored actifidy DPT) which signifies that the
system is in one of the prohibited states

— A failure occurred during an activity in progresgjich will induce its much delayed
ending fault (D_FT)

The debut before DEB_pre is not interesting to tjtilarso long as the end of the activity is
verified. In Figure 21 we have represented the WéEZmanisms dedicated to monitoring these
faults. Two WD mechanisms monitor the activity diepn the sense of acceptable delays). The
TG1 transition verifies the very late debut, wher@&2 may signal the late debut of the fault
limit.

Activity debut Activity ending

-~ N

] Udie

4 Hca

DEB_late DEB_very late

Figure 20. The fuzzy faults modelling identified at the dedflgn activity

If a tool capable of implementing the critical sprognosis strategy is available, the token will
be injected into this analysis tool. The elaboratedection strategy returns the token to the
control net, loaded with specific information. Sefgent research has led to the
creation/development of a dynamic analysis tool thee information received from direct
detection. This analysis will allow the prognosistical states which will require a preventive
maintenance intervention.



page 47 Fuzzy Petri Nets. Application in dynamic monitoring

Pdeb_coml

Tdeb_coml

I:)d_el

<p>

Taeb_com2

Figure 21.Refinement of the detection function

In Figure 22, Symptom 3 translates the very lasirgnof the monitored activity (D_FL). The
tokenthat arrives in A delays here during the executibthe activity. The terminus moment of
the delay’s ending cannot exceed the date FIN ofatiee activity.

Tfi n coml

I:fe

Pffs
<p>

FI N_late Tf|n com2

Figure 22.Detection of a fault occurred during the activityeeution

o The fuzzymodellingof the detection function

We will describe the variables associated to tHeeridthe model is OOPN) through fuzzy

classes, which will bring extra information to ditedetection. We have chosen the variable
« time »=> t which is explicit for the temporal transitions.Figure 23 we have represented the
uncertainty of the variable, through its associatesbership function, in accordance with the
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Figure 23.Fuzzy description of the variable "t"
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Figure 24.Fuzzy modellingf an activity’s debut moment

We imagine that the monitored activity is perforntding the interval [Tmin, Tmax](Figure
24). In a fuzzy approach, the late debut moment D&® is described through a membership
function that takes into consideration the variat\o of this moment.

We will considervariable durationdor the sensibilisationf each transition T&1, 62, 63. We
have marked wittr ,7',T "the token’s arrival moments in the place of therBférence model,

which is also the input plada TG. After the sensibilisatioduration 82, the TG2 transition
will be fired. The fuzzy description will modify ¢éhjetton’s attribute — « the fault gravity » with
the truth value determined by the membership foncti

For the three monitored variables: DEB_late, DEBy viate and FIN_late, we will project WD
mechanisms with sensibilisatisalues of the TG transitions:

6, =DEB_very late— A7 +A1 [ﬁe'(T'DEB— pre))— r (1)
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6, =DEB_late— AT + AT Eﬁe_(’_DEB— pre))— r

05 =FIN _late— AT + At E(e_(’_DEB— pre))— r

Whereris the absolute execution moment of transitigiy Tom

The fault Symptoms occur at the moments:
Tsymptom = DEB _very_late - A7 + A7 [(e_(’_DEB - pre))— r
Tsymptom, = DEB _late - A7 + AT E(e_(T_DEB - pre))— r

symptom, = FIN _late — A7 + A7 (e ~DEB _pre))_

(2)
3)

(4)

(5)

(6)

In Figure 25 we indicate the modelling of firing ments of transitions TG1 and TG2 for an

activity that debuts in the interval [5, 15] [tieMinca E, 2005] :

DEB late-AT =6

/éE B_very_late—At =
~ /

DEB|late-AT =4

DEB_late=5 DEB_very_late=15

DEB_very_late “At =16

Figure 25.Fuzzy modelling of moments DEB_late, DEB_very_late

In Figure 26, Figure 27 we have represented thiablarfiring moments of transitions TG1 and
TG2 according to the firing momentof transition Tep comi: [DEB_lateAt], [DEB_late+At],

[DEB_very_lateAt], [DEB_very_latert]

4 Figure No. 1 BEX 4 Figure No. 2 PEX
Fle Edt Iook Window Help Fle Edt Tooks Window Help
Ded& YA/ BRD DedE& kA, 220
instant absolut de franchisement du T62 durée de sensibilisation du TG2

15 10

149 \ 9

148 \ 8

7 \ 7

146 6

145 5

144 4

143 3

142 2

141 1

14 — i

5 6 7 8 9 M 11 12 13 14 5 6 7 8 9 i 11 12 13 14
instant absolut de franchisement du Tdeb com1 instant absolut de franchisement du Tdeb com1

Figure 26. a) Absolute execution time for TG2 ;
b) Sensitization duration for TG2
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4 Figure No. 2 FEX -+ Figure No. 4 [B](=1ES]
fle Edit Took Window Help Fle Edt Tools Window Hep
Ded& h A2 A/ BP0 D& XA/ 2R
instant absolut de franchisement du TG1 durée de sensibilisation du TG1
5 5
49 45
48 4
47 35
45 3
45 28
44 2
43 15
42 1
41 05
‘\-\.\_\i
4 a
0 05 1 15 2 25 3 as 4 0 05 1 15 2 25 3 35 4
instant absolut de franchisement du Tdeb comi instant absolut de franchisement du Tdeb com1

Figure 27.a) Absolute execution time for TG1 ;
b) Sensibilisation duration for TG1

When transition ey _comiS firedatt, the jetton arrives in positiong Riand R ...

If the tokendelays in B ¢, with 62 duration, at the momen#62 a faultSymptom 2 will be
emitted. This Symptom 2 translates a late endfrthemonitored activity. On the contrary, if
the token is late in Peiup to the moment+01, Symptom 1 will emit a fault signal. The fault
gravity is indicated by the fuzzy value determirmdthe membership function. Eventually, if
the token crosses the transitibp,, . before durationg/1,62, the activity will be faultless.

Mechanisms TG1 and TG2 supervise the correct daftibiie monitored activity, in the domain
[DEB_pre, DEB_late]. The correct progress of thavig forces the token to delay ing#;
andRe »with durations that belong to the temporal windawgf=IN_pre, FIN_late].

If its delay in A place exceeds the momend3, then transition TG3 will be fired. Symptom 3
will signal the activity fault that correspondsthe failureof resources in the reference model.

3.4.1. Monitoring Fuzzy Petri Nets. Formal definition

The Monitoring Fuzzy Petri Netd/FPN) tool belongs to the category of PN that modekyuz
logical reasonings. The hypothesis presupposesthbat is a fuzzy temporal description for
each elementary logical implication. This knowleddl®ws the determination of truth values
for complex logical sentences or phrases that des¢he human expert’'s experience. The
model proposed in this paper is based only on eleamg logical implications, different from
complex logical constructions in papers ([Che, 890jp, 88]).

Compared to Combacau’s proposal, thO@OPN model does not integrate the advanced
monitoring function. This function is implementeitiwthe tool dedicated to dynamic monitoring
modelling -MFPN. MFPN is conceived as a cooperative model in relatiotnéd OOPNmodel

of monitoring/control functions. The interface ofodels TOOPN and MFPN is represented
through temporal information of the type fuzzy dyromization signals. These signals are
injected in FPN together with the fuzzy information that quansfighe uncertainty of
knowledge, for the abnormal functioning contextref system.

Communication between the system’s modeDQPN and the monitoring function’s model
MFPN is made through synchronization signals-type Sgmgt (abeled “?!" in the MFPN
definition) inspired by Petri Nets with internalngronizations [Min, 02]. These signals are
loaded with extra information offered by the fuzhyrmalization of the variable fault
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occurrence moment At the time when the token arrives in the pl#t&t models the fault
Symptom (WD mechanism), the synchronization signal BOOPN with corresponding
transitions fromMFPN is emitted.

This model is based on predictive information tihetlareapriori certain faults from the faults
tree as being critical for the system’s evolutidhese critical states define thatical faults
path within FT. The states associated to these critiaalts are characterized by threshold
values that will initiate correction//recovery axts in criticalsituations MFPN is based on the
temporal prediction of faults that might appeatha monitored system. We propose an analysis
tool based either on the logical expression offthuts tree ff : I'’Arbre de Défaillances) FT or
on a logical rules basis that describe the logsaalcession of the faults’ occurrence, according
to theAnalysis of Failure Modes, Effects and Criticity-fEC) ( fr : I'Analyse des Modes de
Défaillances et leurs Effets).

In order to correctly implement the monitoring/ntaimance strategy, we conduct an exhaustive
description of all normal/abnormal states of thstey. In theMFPN model, we consider the
logical expression that defines the causal chaifaolts and their propagation function. We
have agreed that these asic faults We have agreed to name thdarivative faults They are
logical combinations of basic faults and/or pregiaerivative faults obtained through logical
conjunction and/or disjunction functions by logiwakiables.

The number of fault® =1{d;, dl,..dl,asll,aslz,..ﬁsjk}: dOdg

Monitoring Fuzzy Petri Nets (MFPN). Definition.
MFPN s an n-uplet:

MFPN=(PT D, ,O,F,?Ra,B,4)

(7)
where:
P={p1, pz,...pn} the finite number of placethat model the system’s faults: basic faults and
derivative faults. The faults are transient angnsistent;

P ={t1,t2 ,..Im} the number of transitions that model the faultsdlation, in accordance with a
rule basis that describes their causal dependé&aoh. transition is associated to

arule;
D :{dl, d, ,..dn} the finite number of logical variables associatetasic and derivative faults.
TP the entry in placefinction;
OP-T the entry from places function;
fi:T>F a function that associates each rule to membefsinigtions that describe the

truth value of each implicatiod; — d , according to time. The time moment
corresponds to the direct detection of the f8ylnptom

a; P - [0,1] a function that associates a fuzzy value to théc#bgvariable d; associated
with the placep; , whered; O D ;

,Gj P> D a bijective function that corresponds each plage to the logical variabled; ,
di oD )

AP - [0,1] a function that associates the plasitgated on the critical path, to limit values
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Ak that represent acceptability/permissiveness vafoeshe corresponding
fault d;. Ay corresponds to a warning threshold for the parameterThe
parameter] is associated to the pladkst symbolize critical derivative faults;

?!S={sl,sz,..si } the number of fault Symptom-type signals, sentoff)received (?) by the

monitored system. They have the temporal infornmatiaccurrence moment
T »;

!R:{rl, ry,.f } the number of (fuzzy) signals emitted by the mamnily system in view of
initiating the reccovery (the corrective maintergic

Mg initial marking corresponding to the basic faufiites.

The dynamic evolutiorof fault propagation was modeled through temptahsitions.
Synchronization signals with the model of directedéon TOOPNVvalidate the execution
of transitions in the assigned temporal windowschEalementary implication is
characterized by the following parameters:

- The fuzzy valug; represents thenodelling of the fault’s gravity, according to the
moment of its occurrence. This value is elaboraetiOOPN.

- The value prepresents the truth degreeof the logical implicat d; - dy
according to the moment of the signal’s occurrentss Value is elaborated in MFPN and
represents the membership degree of the fuzzy variald fault signal’'s emission moment
— to the fuzzy description of the implicatidp - dj

- The moment t of the fuzzy signal’s injection repnes the moment of crossing the
transition MFPN if the transition is not precedeg Multiple positions. lin this
case, t represents the possible execution momehedfansition or the debut of its
sensitization.

The characteristics dfIFPN :

- MFPN models logical arguments and not resourcesidfarmations. For this
reason, there is no question of resources prodaftmnsumption and no linear
logic is respected.

- Aplacemay be marked by a token which indicates the trifalse value of the logical
variable assigned to the position. Since the PN etooéuzzy logical arguments, the
truth degree of each logical variable is variable.is expressed by the fuzzy value
a associated to the places.

- The transition firing does not « consume » theojedtof the positions that belong to the
predecessor array, because logical variables mantaeir truth degree even after
crossing the transition. In this case, each pldbat belongs to the successor array will
be marked according to the simple transition rdEgnsuming” copies of the jettons
from the predecessor places. This observation descranother mechanism for the
simple transition rule.

- In conformity with the previous concepts, resourskaringloses its significance.
A marked position may be « shared » without a onfflecause in each position
copies of the effective jettons are consumed.

The dynamics of fault propagation in MFPN

In the monitored system (modeled Wil®OPN, the execution moment of the corresponding
transition is associated with a fuzzy descriptignniiembership functions: FN corresponds to
the normal activity in progress arilt)corresponds to an execution fault's occurrenceufeig

28). Direct detection implanted IMOOPNmMmonitors fault occurrence through WD mechanisms.
This mechanism will inject a sigrids at the moment of a fault Symptom’s occurrence.
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Through the fuzzy modelling associated with thaai@!s delivery moment, the signal will be
associated with a logical credibility value of fsoduction z =F(t) . The function F(t),

through the membership functions, describes ttth tralue of the fauld; 's propagation to the

derivative faultd, . The injected signals ateasic faults whereagerivative faultsare logical

combinations of them and/or the derivative onegxg@sessed by their causal dependence within
FT.

Fault symptoms

® _ Critical path
7

Symptoms 7!,- Tl

Tdeb_coml
<p>
<p>
Pdie p
Tdeb_com2
aj
in progress

Tfi n_coml <p

3 qup
in progress

Thin_ref

Object-oriented

Sympton 2 -
ympton » P, Temporal PN for
* modelling the Fuzzy Pn for Monitoring
Reference PN A monitoring system dedicated to the modelling of faults
Tiin_comz and direct detection propagation (pertaining to ADD) and
Commands PN prognosis
TOOPN model for direct control and detection Modelling fault propagation with MFPN
a)
Fault symptoms . Critical path
P A °
Is; L S

®y

<p>

<p>
TOOPN for modelling the

monitoring system and
direct detection

MFPN
dedicated to the modelling of faults
propagation and faulty states prognosis

b)

Figure 28.The modellingf faults propagation a) detailed, b) simplified
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Each transitionT; corresponds to a faults propagation rule modeledutih 4 =F(t). This

function associates each rule withdgnamic credibilityvalue. In theMFPN, each position
corresponds to a fault or a degradation state efntionitored system. Its marking will be
associated with a fuzzy value; D[O,l]that represents the fault’s « gravity » degree. [bheal

implicationd; - dy will determine a fuzzy valuer, O [O;L] corresponding to the derivative fault
di . This value is calculated based on the generatizedlus ponens [Che, 90].

In the proposed approach, the following operat@sevused:

— T(u,v)=min(u,v) - triangular norm (t-norm)
— O(u,v)=max{u,v) - triangular conorm (t-conorm),
— T probabilisic (U V) = ulv - modus  ponensperator

The credibility value of the logical implications ¢alculated as such:

ay :suptDTT(aj,fR(aj,ak)):T(aj,ak) (8)
aj=aj % 0y :a"j Ly 9)
H =F(t) (10)

In Error! Reference source not found.and Figure 3Brror! Reference source not found.we
have represented the description by membershiptifunsc of the fuzzy variablé —fault
occurrence moment : iferror! Reference source not found. we have represented the
membership (by membership functida@) of the variable t to the class FIN-late of acyit..

In Figure 30 we have represented the membershipradblet to the class DEB_pre of activity
a.

Tmin=t' Tmax =4

Figure 29. Membership functions of the variafbléo the class FIN_late

Figure 30.Membership functions of the varialtl® the class DEB_pre
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0 t<tmin
(t_tmin)/(tmax_to) tmin<t<tlo
FN(t) =41 f<t<t
(to=t)/(tmax—to)  to<t<t .
0 t>t (11)
0 t<t,
F (t;tO’tmax) = (t _tO)/(tmax_t 0) t0S t< t max
1 t>tma>< (12)

Prohibited faults define those faults that leadsy®tem in one of the critical functioning states.
If such a fault occurs, an intervention will be foemed at the level of the control of activities
that cooperated towards its occurrence (Figure B&se faults define the critical pathd are
associated with warning thresholds for initiatimgintenancefunctions. For this reason, we
have introduced for these faults threshold fundtigrmcceptability values in a degraded manner
A:P, - [o1]where P, represents the number of faults positioned orctiieal path

If a critical fault is marked, and the associatezizfy value exceeds the threshold value, a fuzzy
synchronization signdlr will be sent out. The signal will be injected into the corrective
maintenance function’s model [Min, -b, 03].

3.4.2. Causal relations in the faults tree with MFPN modeling

The FT analysis highlights the logical operatoratthppear in logical implications. An FT
expression expresses logical relations betweercdbgiariables, through logicaonjunction
anddisjunctionoperators. The usage of the logical operatgationis not justified, because we
are interested in the faults occurrence, not thiesence.

In FT modelling withMFPN, we can make the following observations:

- The set of monitored activities will be identifithdlough criteria that ensue from the
corresponding faults’ criticality. Even though eaahtivity may become defective,
efficiency requires such a selection.

- The faults of activities that might enter into dtical state fall within the category of
basic faults. They represent the initial markingtie MFPN model.

- For each activity that might become defective,fttrzy description of the variable t
- “occurrence moment” will be performed. The mendgp functions of the
variable t to the fuzzy classes F will be defined.

- Each fault is identified either by direct detectiam by WD mechanisms that refine
direct detection.

- MFPN tokens are objects that verify through atttésiand methods the restrictions
imposed on each transition that can be fiedtbr validation.

- The MFPN marking represents an instancing of theleted system’s state (in the
case of MFPN — the faults evolution’s dynamics).n&w faults occur, the places
corresponding to the previos faults (the causehef failure state’s occurrence)
remain marked (the faults are still persistent)isTis a modification of the « simple
transition » rule, known in the PN definition. Westjfy this by the fact that the
entire approach is based on th&dellingof logical rules and not on theodelling
of the physical resources’ production/consumption.

- The MFPN transitions are temporal and have predefigensibilisatiofntervals in
which synchronization signals with TOOPN are ex@éct Figure 31, transition
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Tij which models logical implication d; Cd j - dy, may be executed in a temporal

window: [tOi ,tmax_i} N [tq 't maxi} =

BNa)
D
D

Figure 31.The modellingf logical implicationd; [dj — dy in a temporal approach

3. 5. The algorithm of dynamic monitoring in a fuzzy approach
The usage oMFPN imposes the determination of the truth degreetter following logical

structures:

Conjunction in antecedence:
(AOB - C) - (A~ C)O(B - C)

Disjunction in antecedence:
Logical rules (ADB*C)@ (A-» C)D(B—»C)

typologies modeled
with MFPN

Conjunction in consequence:
(A-BOC) = (A~ B)O(A-C)

Disjunction in consequence:
(A~ BOC) = (A~ B)O(A- C)

Figure 32.Elementary logical expressions modeled with MFPN

= Logical implication: p - q
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— Logical implication with conjunction in antecedencg, Ll p,....L0 p, —» @
— Logical implication with disjunction in antecedencp, U p,....0 p, — @
— Logical implication with conjunction in consequence — ¢ LI q.....L0 g,
— Logical implication with disjunction in consequencp - ¢ Uq.....00 g,

3.5.1. The dynamics of transitions in the MFPN net

The identification of theMFPN model’'s dynamics, implicitly of the failure statedynamics,
respects the following restrictions:

Sentence 1If a Symptom signal!s not received as a synchronization signal, thenttansition
associated to the elementary implicatidp — d,. will never be crossed.

Sentence 2All the mathematical expressions that generalizefttzzy logic value’s calculus, are
uniquely applied to the coupled places/transitititet receive synchronization signals

Sentence 3If a transition does not have at least one basidehin its preconditions, it will not
receive a synchronization signal. By conventiois ittributed 4 =1

Sentence 4If a transition materializes conjunction in anteeede (Figure 33)d; [dj - dy,
then the fuzzy value of the logical implication is:

ay = ma>{,ui VHj )[min(ai 3 )[Min, -a, -b, -c, 03] (13)
Sentence 5:If a transition models the concurrence of basic atetivative faults D; [ D
(Figure 34, then the truth value for the logical implicatids:

ay = ,uDTnin(al,az,.am,ag,c_rsz,.asn)[Min, -a, -b, -c, 03] (14)

lu = max()ul: /'121-',um1)usluu52:-'/usmv) [Minv -a, -b, -C, 03] (15)

Sentence 61f a transition models the disjunction of basic atetivative faultsD; U D (Figure
35, Figure 3% then the truth value for the logical implicatids:

ay :,qua>{a1,az,.am,c_xsl,asz,.f,_rsn)[Min, -a, -b, -c, 03] (16)
U= min(,ul, Moy Mdmy Hs1, Hsp ,..,usm,)[Min, -a, -b, -c, 03] (17)
Sentence 7if a transition models the conjuction in consequen€ basic and derivative faults
D; U D (Figure36, Figure 34) then the truth value for the logical implicatien

ay =ayg Dinin(al,az,.am,c_xg,asz,.asn)[Min, -a, -b, -c, 03] (18)

U= min(,ul, Moy Mm, ,usl,/zsz,..//sm,)[Min, -a, -b, -c, 03]

Sentence 8If a transition models the disjunction in consequeenf basic and derivative faults
D; O D (Figure 3% with implications of the formd,, — d; then the truth value for the logical
implications in consequence is:

ayx =0y Dina>{a1, az,.am,Eﬂ,Esz,.ern) [Min, -a, -b, -c, 03] (19)
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Basic faults

AT

AT

t1min 1o e tmone

Figure 34.The modellingf concurrent basic and derivative faults with MFPN
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[y

. 0 ‘AT
timin Timax AT - tMmin tmmax AT

Figure 35. The modellingvith MFPN of the generic number of disjunctive failt consequence

d

Figure 36.Modellingthe number of disjunctive faults in consequefel] D by MFPN

M1

tlmin tlmax AT

tmmin Tmimax

Figure 37. The modelling of a number of faults with implicatonl, — d;
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3.5.2. The algorithm of dynamic detection in MFPN models

The elaboration of the reference model (TOOPN}Hermonitored system
The implementation of direct detection in the refee model through WD mechanisms.

= The modelling of the temporal aspect of the faults’ occurrencemmaot by defining
membership functions fogjmptom - The fuzzyfication of the variabBsjmptom Offers a

gualitative aspect to the gravity of the occurradlf. The jetton will acquire as attribute
the fuzzy value that quantifies this aspect:

p.gravity fault = ,u(Symptorﬁ

== Sending synchronization signals; towards MFPN model’s transitions. By convention,
the sent signal ids; , whereas the received signals,

== Themodellingof the faults tree and of the critical path, usthg definition possibilities in
MFPN. The logical correspondents will be respectéte algebraic sign « +» in FT
expresses the variables’ disjunction (logical ogeraSAU), whereas the algebraic sign
« * » defines their conjunction (logical operatd) S

= Elementary implications are related to the corrasging causality faults. The transition
associated with the temporal causality is assodiatith a temporal windo%ti ,ti }
min ‘max

during which the fault might occur. The fuzzy aspgplied to this event is expressed
through the sensitization interval asscociated wittreme values:

tmin = min(t. j; tmax = ma{t. j; (20)

i=1 k\ 'min i=1 k\ 'max

== [For each transition that models a logical impligat taking into consideration the
typologies of logical implications presented in.3,5ve will determine :

- the credibility degree of the rulgy; = ,ua(rSimptom)

- the associated fuzzy value that describes theityraf the fault that is in
consequence of the rule (see 3.5.1 and the geredadialculation rules):

a, =|maximin(a;,a; )| gmax/min( )} (21)

We have presented the necessary stages in thealahoof MFPN, a tool specialized in the
temporal analysis of faults propagation. The impgosestrictions (the fuzzy modelling of
different variables, the exchange of messages leetwedels with different typologies) are the
solution that we propose for the refinement of gsial by integrating the expert's experience
and, finally, the refinement of the detection/diagfic functions.

3. 6. Conclusion

This research highlights an original contributiortiie domain of systems monitoring function’s
formalization and implementation. The tool we prepds of the PN typologie in a fuzzy
approach. In the proposed approach M€ N tool is applied in the modelling of the faultsere

and of the faults propagation.

The MFPN net is interfaced with the implicit process modelth direct detection.
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Synchronization signals collaborate two structyrathd conceptually different modelBOOPN
and MFPN. Their usage hs bee subsequently applied to atbkgborative PNtypologies.
Synchronization signals are « visible » as f&yimptomdbut can quantify the occurrddult’'s
gravity, by the membership functions that describe thguistic variablefault occurrence
moment This information is afterwards propagated andcessed by the logical rules basis that
ensues from the causal description of faults prapaug.

An information return towards the model associatgth corrective maintenancenay be
represented by synchronization signals emittetMB¥N when the gravity of the faults situated
in thecritical path exceeds the limit values that announce faritical states The emission of
these signals is similar to the reaction loop itomatic systems. The temporal evolution of the
fault state gives the proposed tool the dynamieeisiihe dynamic aspect of the degraded states’
evolution.
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Chapter 4

Maintenance platform destined for the control
of a flexible fabrication system

The MFPN tool was tested on the SORMEL fabrication syste&B, Besancon, France). The
SOMEL system is a flexible fabrication system thatntains five workstations and a
transportation system with pallet transporter baraisanged in two circular rings. Each
workstation has a robotic system with controllensl @ells destined for flexible fabrication
(Figure 38). Each station is equipped with pneuengpiusher, idexor, etc) and electrical
(proximity sensors) operating elements. A readindifrg system schedules the fabrication
range for the component that is launched in fabidna

sous-systéme A

D2: Présence palette
au stoppeur S2

Stoppeus2
Sécurité pousseu

D3: Palette engagée
sur anneau extérieur

LJ LJ Convoyeur secondaire -
(extérieur)
(] (o]

Emetteur/ Récepteu
BALOGH 0

D1: Présence palette
au pousseur

StoppeuiS1
Pousseur

il
(0

Pousseur

D4: Palette dégagée
sur anneau extérieur

[
=1

(intérieur)

D5: Présence palette
au stoppeur S3

StoppeuSe
Entrée indexeur

Emetteur/Récepteur

BALOGH 1 StoppeusSe
StoppeurS4 Sécurité tirea
S LD D8: Palette engagée

D6: Présence palette T sur anneau intérieur
au tireur

StoppeuiS5
Tireur

D7: Stock plein en
sortie de poste

Convoyeur principal

o e el
|
01

JEL |

18 2||
i
1

|

D9: Palette dégagée
sur anneau intérieur

/\

Tireur

a) b)

Figure 38.a) Schematic representation of the SORMEL fabicasystem;
b) Schematic representation of a workstation
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The implementation of a fuzzy supervisor required tnodelling of dynamics workstations
through cooperativd OOPN tool (Figure 39): one model for monitoring/contiaohd another
destined for the physical system modelling (refeesmodel).

Subsystem
A

Tbap

acta

Tfin_gamme

¥ <p> <p>

TPOusseur* <pP.prg>

‘b <S>
acl
oy Tdeb pr\SPr9> z" Taen a
Tdeb_a Pa x_‘L_u_‘e P CitCa it ot 1
actc =<p,prg> - '
: » P <Drog;> act ¢ <p,prg,S>
<prog2>
Ts <p> . :
it . <progh> Thin_a
L]

j%ﬂ

<prg> ‘ <S> ; <p,prg,S>

Ttireur

Control model E— Reference model (detecti

Figure 39. Dynamic models of workstations by TOOPN

4. 1. The implementation of detection and diagnostic with MFPN

We propose the modelling of the faults sub-treedadegraded functioning sequence: « the
pallet blocked at the pusher » [Pro, 01]:

F =[(a+b+c+d)id+b+c (22)
where:

a = ‘blocked pusher’

b= ‘stopper S1 blocked down’

¢ = ‘sensor D1 breakdown”

d = ‘occupied post (D4=1)’

e = ‘station destined for reprogramming’

The logical expression of F may be equated indHewing rules concepts (Figure 40):

R1:IF (a OR b OR c OR d) THEN g (F@m)
R2:IF (g AND e) THEN f (FCko)
R3:IF (f OR b OR ¢) THEN h (FCsko)

The faults in F were associated with Iinguisticialale:{dl, dz,d3,d3,}:
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F =| (d10d2)n d3|0(d4n d)O| dan ( dD dJ
., 4 —

—
dsl dsA d
ds5 ds3
ds6
‘pallet blocked
at pusher’
<h>

RL: IF(@ORbORCORM) THENgG (FC=pry)
R2: IF (g AND e) THEN f (FC=piry)
R3: IF (fOR b OR ¢) THEN h (FC=igs)

‘sensor D1 en
panne’

<C>

‘stopper S1
blocked down’

<b>

={(aOub OQUc QUd | ETeg OUb OUc

‘the analyzed station is the dsl=g
recipient of the pallet’ ~ —\ =
<e> ds2=f

7V -
ds3=h

‘pusher ‘stopper S1 ‘sensor D1 en ‘blocked

blocked down’ blocked down’ panne’ station’ A D D
<a> <b> <Cc> <d>

Figure 40. Representation of causal faults dependence in FT

The MFPN model corresponding to the faults tree FT is:

Figure 41. ModellingF through MFPN

The occurrence of fault « a » will be accompanigdh® emission of a synchronization signal
in MFPN with TOOPNat the level of transition T1. Similarly, the oc@nce of fault « b » will
be signaled through the signal injectionNti-PN which will validate transitions T2 and T7.
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Positions P3, P4, P5 correspond to faults ¢, d, andThe initial marking of net
mO=[1 111100 q)T indicates the basic faults that have a maximumumweoce
probability.

4. 2. The temporal analysis of faults propagation in the SORMEL system

By applying the algorithm presented Error! Reference source not found, the following
stages will be followed:

a) The elaboration of the MFPN model in accordancénlie faults tree FT (Figure 41) ;
b) Identifying basic faults and their derivative{ﬂ, b,c,d e g f, I);
¢) ldentifying threshold faults and values:

A=A, 4] {Ps, R} O {critical  path}

d) Determination of initial markingMg of MFPN:mO:[l 111100 O]T

e) Determination of fuzzy values associated to thécixbgexpressions:R={R_L,R2,R3}:
albOcOd- ge
Ri=1(a~ g)0(b~ g0(c~ g0( d- ¢
Hig = MiN(Uog, Mgy M e 46)
= a,=max(a,.a,a.0,)
glhe- f <
R2=:(g- f)O(e- f
Hrp = max( 1,,uef) =1
= a, =min(ag,ae)
fObOc - h
R3=4(f - hO(b- HO(c-
Hr = Min (1, 24y, 4 )
= a, = max(a'f a, ,CJ'C)E,IUFB

f) Determination of signals vector S and determiniegter A with initial fuzzy values of the
logical variables associated with pIac&F{F’l, Pz,..PS} ;

_min(sl, ] 1 11 a, |
min(s2, 1) T2 ay
min(s3, 1) T3 a,

B min(s4, 1) T4 Az | o
S= min((sl+ s2+ 3+ hx &, )| T5 a,
min((sl+ s2+ 3+ Ax 6,)| T6 0
min(s2, 1) T7 0

min (3, T8 10 |

g) Determination of marking M :
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Maintenance platform destined for the control of a flexible fabrication system

Post=

O O » OO O O O
O O, OO O O O

O O pb O O O O O

O O, OO O O O

O b O OO O o o

m O O O O O O o

0 P1

m O O O O O O
)
al

m=n00( Post] $;

O O O k F P P B

O O b O O O O O

O O -~ O O O O O

O O B O O O O O

O O O O O O O

min(sL, 1)
min(s2, 1)
min(s3, 1)
. min(s4, 1)
min((sl+ s2+ 3+ Ax &, }
min((sl+ s2+ 3+ Ax &, }
min(s2,
(

y
min(s3, 1)

O oo ooo oo
m OO 0O 0O O0 o0 O
bk, OOOOOoOOo
L O O O O O QO QI

h) Determination of the fuzzy values correspondingach placeP ={Pl, Pz,..PS} )

a;

ay

et

min(ﬂa’ﬂb’ﬂchud)max@a ab ac’ad)
1min(a, .a,)
min(u, . 4, )Cmax@, a, a+)

i) Launching the corrective maintenance if fuzzy vam_g and @, exceed the threshold

values A, and A,

i) Defining the RFPN tool destined for corrective ntaeirance.

4. 3. The implementation of the corrective maintenance function

Corrective maintenance is similar to the recovepfioa and is launched through the
synchronization signals injection betweBt-PN and RFPN The critical path indicates the
faults (associated aj andh places in Figure 41) which send fuzzy signals towdahe fuzzy
expert system modeled BRFPN(Figure 44).
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Figure 42.Fuzzy rules concepts for maintenance

These fuzzy signals may initiate a corrective nemance only if all input places in transition
to, synchronized with the rules concepis have received the signals for synchronization

with MFPN. The output variables; and W represent corrective maintenance commands.

4. 4. Recovery Fuzzy Petri Nets. Formal definition

The Recovery Fuzzy Petri Nets (RFPN) is an n-uplet:

RFPN=(P,T,D,R X*,Y,Z,,Z,,?1S,Mg,1,0, f, A) with:

p=PXpd the finite number of pIaces:Pk- fuzzy input places,P%fuzzy
output places;

T= {tl,tz,.In} the finite number of transitions set;

D=D*0ODY the finite number of logical variables sdD”and DY represent

classes of variables, placed in antecedence, r@aggc in
consequence of the fuzzy rules concepts R;

"
R= U RY,RY:D* - DY the number of fuzzy logical rule®/e imagine that R’s rule concepts

w=1
may be incomplete from the point of view of exhatesti
combination possibilities of logical variables asated with DX
respectivelyD Y ;
x K :{Xll, Xo1,- Xt Xk2 ,,...ka} the finite number(mx k) of membership functions,

defined in the discourse universe [0,1] correspumdio logical

variablesD ™ . k represents the number of input variables;
& {Yll,Y21, Y- Yg2 - } the finite number(nxq) of membership functions, defined in

the discourse universe [0,1] corresponding to kiig'variablesDy.
g represents the number of output variables;

{y i X k _ DX a function that sets a fuzzy numbs;; in a bijective relation with a
X 1

logical variabIeDiJX placed in antecedence of a logical implicgtion
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Zy Y4 - DY a function that sets a fuzzy numb\'ﬁ[ in a bijective relation with a

logical variable Dijy placed in the antecedence of a logical

implication;

?!S={r1, r2,...,rkxq} the number of maintenance signals ;

Mg :P* - {vi =( O’Q“O>}i=1k the initial marking of input placeg DR ;

T > Pk,O:T - P states’ input/output functions;
kxq

f:P - UFW a function that associates each plapelJH; with membership
w=1

functions corresponding to the fuzzy descriptl'r_ow of its marking;

|:R - [01] a function that associates each plggd_1H with a threshold value
Ii of acceptability/permissiveness of the correspogdault, from

the point of view of maintenance actionh.corresponds to a

warning threshold ande represents the number of places
corresponding to critical places established thinodigect detection.

@d J:Q/!i(t)

<Gi1(t), Giz(t), ...Gim(t)> <G](t) >

v

Yi

Figure 43.The maintenance function modellwith RFPN

The maintenance mechanism modeled WRFEPN implements a fuzzy logical rules basis
(Figure 44) :

if Dg N si D¢ N atunci U; N si U, L
Oiif Dy G si Dy N atunci U; R U, R where:
if Dg N si Dy G atunci Uy L U, R

F > “weak”

N = “normal”
G - “grave”
R > “fast”
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L = “slow”

1
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Figure 44.Modellingthe real-time monitoring-control system (FT =
faults tree, FXS = fuzzy expert system

4. 5. The software platform dedicated to fuzzy monitoring by MFPN

The innovation of the theoretical research soddheé modelling tooldlFPN andRFPN set in

a collaboration relation withtOOPNby fuzzy synchronization signals. The entire applowas
implemented in a client-server software platforrstiteed for the analysis/decision and finally
for the corrective maintenance engineering of tO&RBIEL fabrication system (LAB Besancon,
France) (Figure 46).

The fault signals emitted by the reference model arquired through real-time acquisition
functions. The software product was tested on wiffedegraded functioning states scenarios.
Random values were attributed to fuzzy varialdgsay, a., a4, 0. according to the fault
occurrence possibility. The experiment for which ste®w the measured results corresponds to
the occurrence of fault b= ‘stopper S1 blocked dowor faults situated on the critical path,
variable threshold values were established, acagréh the critical context created by the
operator (Figure 45)
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Figure 46. Clientserver monitoring systedestined for dynamic monitoring/cont of the SORMEL
fabrication system

In Figure 47 a), byve present the fuzzy descript by membership functions of faL g andh.
Similarly, in order to model the rules 0O, we have performed theartesian produ of
variables involved in the antecedence and consegueheach ru (Figure 48), followed by
their intersection (Figure 49In the endwe have obtained the fuzzy represent: of the rules
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setO (Figure 50)generated btheir intersections in Figure 49.
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Figure 47.Membership functions of variab g,h, and yto fuzzy class:
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Figure 49. Representation of fuzzy rules R1, R2, R3

The rules sefd corresponds to the aggregation of r; U4, Uo, L3(Figure50) :

R1 OU R2 OU R3

’W‘lllll/]#w”/"m{\\\\ :

il i\

Figure 50. Representation of fuzzy rules set R
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Ext.eyl. S1

Cxt.cyl. 52

Figure 51 a) Cylindrical extension of sign s1 ; b)Cylindrical extension of sign s2

Figure 52 a) Inference (s1,R); b) Inference (s2,R)

u; =10.58

o 01 02 03 04 05 WY 07 08 09 1

Figure 53. Defuzzyfication of fuzzy variable Ul

The aggregation of rules fsllowed by their inference with the input varia¢: signals!rg =s;

andry, =S, , whose cylindrical extension is presente Figure 51.The result of the inferenc
mechanism of the rules setwith signals!ry =s; andry =$;, followed by defuzzyficatic, is

indicated in Figure 53The obtained variak U, represents the contrbinctior transmitted to
the corrective maintenar system by the control syste



pagina 73

Chapter 5

Recurrent Synchronized Fuzzy Petri Nets

5. 1. Current Stage

Recurrent Synchronized Fuzzy Petri NB&s¢SInFPIN represent an extension of tiFPN
proposalpresented in the previous chapter. The recurrgrgchgdds an additional precision to
the model, namely to the monitoring function if el is applied in its modelindgRecSinFPN
are an extended proposal for distributed systemdetimy. The hierarchical structure of a
distributed system may describe causal interdepmede Just as well, such a structure may be
generated if we want to refine a certain functioomT a certain point of view. In the case of
detection and diagnostic, tReecSinFPNtool is used in precisely determining the looatof a
faulty state, while specifying its occurrence prabty. The recurrent aspect &fecSinFPNs
reflected in the model’s possibility to evolve oierarchical levels, while maintaining at each
commutation the state information from the previtayel.

Modelling of the recurrent functions usually genesaa hierarchical systems structure, in
which, when switching from one level to anotheoiffrthe above hierarchical level), the whole
context of the previous context is inherited. Frtwis point of view, the recurrent modelling of
the monitored functions impose to refined modelshwimportant results concerning the
informational context of occurrence the fault saté this approach is combined with fuzzy
descriptions of the identified fault's temporal esp specific consistent information is attained.

Uncertain knowledge associated to the discrete teveystems monitoring requires specific
reasoning and modelling methods adapted to a tifferent from the traditional one [Bos, 04],

[Car, 93], [Car, 95], [Che, 00]. For many yearsegrhrchical systems [Fil, 08] have been a
practical solution to approaching complex, largeates systems. Among modelling tools, Fuzzy
Petri Nets are the most appropriate for discretentsvdescription using a fuzzy knowledge
base. A complete state of the art of the variouz{®Petri Net FPN) approaches was published
by Cardoso [Car, 95].

The various types of logics (traditional, lineardafuzzy), used in the description of the
systems, generate two main categorieERIN models: the first class of models is represented
by the Fuzzy Expert SystemBHS). In this case, FPN is interfaced with the supsgisystem

by information arrived from sensors and represémsequivalent of a fuzzy controller for a
discrete events system [Drg, 08], [Zip, 08], [D0F]. Another class of applications modeled by
the FPN is that which express the inaccuracy of the fuazywledge [Bos, 04], [Loo, 88]. This
last type of FPN models a physical system by applying linear loft to the resource
transformation level. Generally, FPN use traditidngic [Che,00], [Min,-a, 02] at the level of
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the sentences semantics.

The modelling of the monitoring discrete eventdeayscan be made through various Petri Nets
types (ordinary PN, high level PN). We consider #ssumption that the possible faults are
known a priori and are modeled by specific mechasigfor example bythe watchdog. To
model the monitoring function, an extensionfPN andTPN (Temporal Petri Nets) [Min, -b,
02], [Min, -a, 02], [Rac, 03] is used. This integsm the momentary temporal aspect of the
failure occurrence, in the supervised system. Tinge&ised Fuzzy Petri N&FPN [Min, -a,
02], [Rac, 03] is dedicated to the supervisor fiamctodel, by integrating the fuzzy logical rule
basis that ensues from the logical expressionddrde (FT- fault tree). The SFPN tool models
the reunion or the intersection of the logical cesg, respecting the specific concepts of fuzzy
logic.

The MFPN tool models the reunion or the intersection of Ithgical reasoning, respecting the
specific concepts of fuzzy logic [Bou, 94], [Dul®]8The analysis offers refined information at
the level of each fault, transferring signals froine temporary synchronized faulfglFPN
highlights the characteristics of certain pointdalbmaterialize the critical path in the strategy
of the prediction function.

We propose th&ecurrent Synchronized Fuzzy Petri detl (RecSinFPN, which describes the
operational mode of the non autonomous systems igttarchical structure. Its evolution is
conditioned by certain external events and by tinte proposed tool can quantify the external
faulty context through the receptive transitions tbe external events. At the same time,
through the fuzzy approach, it refines the exteimfarmation considering the iterative temporal
window where the event is expected to occur. Tipesposals improve the previous approach
[Min, -a, 09], [Min, -b, 09], [Min, -c, 09] of theame tool.

5. 2. Recurrent Synchronized Fuzzy Petri Nets dedicated to
detection/diagnostic functions

We propose a Fuzzy Petri Net typology inspired tgy work of Chen in [Min, -b, 02], and
adapted to the supervision functions modeling. Ghemodel is dedicated to the static logical
rules model. This approach is not entirely satisigcfor the dynamic monitoring. For this
reason, we propose the Recurrent Synchronized Heetri/Nets as an extension of Hi&PN.

In order to refine the detection/diagnostic moeed, define a fuzzy model able to integrate the
events’ moment of occurrence, in an iterative way.

In this direction, the Recurrent Synchronized FuRejri Nets RecSinFPN are an extension of
these models. In order to model detection/diagadstictions, we define a fuzzy model able to
refine the instants of events occurrence. RexSinFPNmodel is efficient if the specific
hierarchical function is used to create recurregtdvior. Thus, the model must respect the
following features:

- synchronized relations with the external eventdiich means that certain
transitions of the model are associated and firgdhe external events (faults)

- repeated inspection of the occurring events. Ttésm be achieved by the
hierarchical structure that aims at repeating thetettion function in different
temporal windows, associated to each hierarchiegél.

- the implementation of the recurrent aspect of de&ection action. Based on the
result obtained on each horizontal level of thedniehy, the system shall continue to
evolve hierarchically downwards, in the node thatresponds to the result obtained
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on the previous level.

- with each switch to another hierarchical levdietsystem iteratively executes the
detection function, attempting to synchronize iith external event associated to
the transactions, in temporary windows which areguessively increased.

5. 3. Tool definition

Recurrent Synchronized Fuzzy Petri N&e¢SInFPN (Figure 54)are defined as a n-uplet:

RECSInFPN = (SinFPN,m, n) (23)

where:

SinFPN Synchronized Fuzzy Petri Net (for the recurrergsteay approach, SinFPN is
called “Elementary SinFPN”

m hierarchical levels in the elementary SinFPN nekwor

n hierarchical levels in the elementary hierarchi@dcSinFPN network

SinFPN =(P,P" T ,E,I,0,F,Sinc, f,D,M,)

where:

P={py, p2..-Pn}

(24)

set of places ;

P = {Pl* , PZ* Pr;} object-oriented set of places;

T ={t;,tp,..t}
E ={E1,E,,.Ep}
;TP
OP-T

Ft):T - [od]

SincT - Ele

f:n o AT,

D ={dy,d,,.d;}

set of transitions;
set of external events;

place’s input function ;

place’s output function ;

associative function that establishes a credipiialue L/ = F(t)that is the time

variable for each transitiontj T . p represents the truth degree of the
sentence corresponding to the transition. The morherdrresponds to the

instant t 0d when the external eventE; will be received by the modeled
system;

set of transitions with values on the set of &véh united with the e event
which is permanent. If a transition has not an exérevent E associated, it is

considered that it is associated with the event eevent with permanent
occurrence;

a function that associates a temporal window, inctvtthe external event is
expected, to every hierarchical level of the eleamgnBinFPN network;

set of logical variables associated to the P plof the elementary SinFPN
network. These variables correspond to the fauliat ttan appear in the
monitored system. They contribute to the definitioh tlee successive
degradation states of the system. The causalitytioalship between these
variables also determines the m hierarchical lewélhe SinFPN structure;

initial marking of the network;
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Figure 54. A)Elementary SinFPN. B) Structure of RecSinFPN

Classically, inSinFPN,when a transition is validated, it can be fireth# event associated with
Sincis received. It is supposed that the supervissteryis modeled by a temporal PN. In this
model — named reference model, the direct detedtiactions are implemented. The faults
occurrence is “visible” in the reference model tigb "watchdog" mechanisms. In this way, the
failure signals are sent inRinFPNby the synchronization signals.

ai [/4] a;
dj di
“«(O «(®
b

di
«O :

Figure 55.Marking evolution in the SinFPN
a) initial marking b) network marking with temposaindow q

This signal is expected by the associated tramsitidthin the temporal duration windo

(Figure 55.a). For the interval associated to transitiofj, the token has the reserved status
(Figure 56 b). It is the T-timing aspect for t&&nFPN model. At the moment when faults

occurs the transition is fired and the token takes theie 1/ =F(t) . This value represents the

credibility degree associated to the logical rulddj true “ or “the fault occurs”. The token
which arrives to the following place will be loadedth the fuzzy valuey =a; Lk (Figure
55.b).

5. 4. Operating mode for logical rules modelling with SinFPN

The SinFPNtool is adapted for the modelling of the logicdkry as well as for the modelling of
the production resources. In both cases, the nktlas different operating rules. Various
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structures of Petri Nets are possible for model(ifigure 56.a, b, c).

Fi(t)

a) b)

d;

c)
Figure 56.a) Modellingof the logical rulep; U Py - Py ;

b) Modellingof the logical rule py U po.. 0 — ppr Upy..Upy;
¢) Modelling of the logical ruIe(p_L - pk)D(pz - pk)...D(pi - pk)

This specialized networginFPNhas been proposed in approaches [Min, -a, 09], ,[Min09],
[Min, -c, 09]. It is a general modelling tool dedied to non-autonomous systems with the
integration of fuzzy logic. These tools incorporatéheirs structure a set of external events and
functions associated with transitions that deteenthe degree of credibility.

Each transition corresponds to a fuzzy rule andssociated to a functigqm = F(t) which
describes the possible moment of firing. The fuorctiepresents the membership function of the
fuzzy variablet to the fuzzy set defined by the linguistic var&bloccurrence of event Ei "
Being variable in time, the value of credibiljiyof the rule modeled by the transition associates
to each rule a dynamic credibility character. Thierval [0 ¢| represents the entire analyzed
period and, at the same time, the temporizati@mial associated to the transitions.

Even if the event occurs in the temporal windfyd, |, the transition firing will be done after
the durationd; . During the intervallo,d;|, the token of the placp represents the reserved
token in the place, thus it is not available foinfj any other transition.

In our approach, the following operators are cogrsd:

== T(u,v) = min(u,v) - triangulaire norms (t-norme)
== [J(u,v)=max( u,Vv) - triangulaire conorms (t-conorme)
m= T orobabiliste(U, V)= U'V - generalized modus ponens operator
For the structures presented in Figure 56, theugiool of the marking is natural, but the fuzzy

values associated to the tokens of the followingces are determined according to these
definitions: c)
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Figure 56Figure 56a) » ) = min(ay..a;) [y; (25)
Figure 560) > a1 =ap =ay =min(a1.a;) L, (26)
Figure 56¢c) 2 o = max (Ulﬂl-azﬂZv--aj/Jj ) (27)

5. 5. Operating mode for production systems resources modelling with
SinFPN

In this case, the temporizations are differentdfach transition and are in correspondence with
the manufacturing operations durations. For the gagigure 56 c, we propose a very different
evolution of the marking, if the resources of aduction system are modeled. After the

transition firing, each token will be associatedhvthe fuzzy valuey= a;* 4;.

Each token will independently have the status sfreed token during the interval [§] d
associated to each transition (Figure 57). Otherwiis the case of Fig. 2. a, b, we preserve the
same calculation method for the token’s fuzzy wvslugvhich is completed after the
corresponding transition is fired.

To optimally exploit this tool, we present the leagrinciples of the evolution analysis for each
network. For this, we will focus our study on thmnsitions, and more precisely on the
transitions with concurrent places.

dj

, Fi(t) L it

d; d.i d; di

a) b)
Figure 57. a) SinFPN for production systems resources maoudglli
b) states system after the firing of transitions

Sentence 1: If a transition has not an externand\E associated to it, we consider that it hasahent
e = event with permanent occurrence associated. tbhie associated function will be the
constant function F(t) =1

Sentence 2: If a transition has not a duratiorteshporization d associated to it, we consider st
duration is null, thus the marking after firing Wie an unstable marking.

Sentence3 If  the following logical rule is modele d, O0d,..0d; - d, or
(d1 - dk)D(d2 - dk)...D(di - dk) the logical variable gdwill take the associated fuzzy
value: @, =min(ay,a,..a; )Euj = max(a 14, a oty 11;)
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5. 6. Hierarchical approaches for reccurrent detection/diagnostic
modelling with RecSinFPN

c) Level 3 d) Levein

Figure 58.Elementary SinFPN networks with m hierarchical leweiscessively activated

In order to implement the recurrent detection, weppse the hierarchical structure represented
in Figure 54b, Figure 60. In this approach, thetfatree is modeled with th8inFPN tool
(Figure 54a). In this network, we shall identifyetim hierarchical levels. Each level describes
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the system evolution for a specific fault stateclEéault state is located in the nodes of each
horizontal level. We will refer to this network dke Elementary SinFPN netwarlas it
constitutes the node of the distributed hierardrstacture proposed for the recurrent detection

function models.

Figure 59.Structure of RecSinFPNhe typology of component modules

For an elementarinFPNnetwork, we definan hierarchical sublevels which correspond to a
possible order of critical faults occurrence. Thisdel shall be used repeatedly within the
distributed hierarchical structure. For each hariablevel, we shall repeat ti@nFPNmodelm

times. TheSinFPNplacedin (i, j)node has the following characteristics: the temipenadow,

associated to direct detection,Ad; . The elementarinFPNmodel has activated the firgt

levels for the synchronization with direct detentimodel. Each level is defined by a linear logic
dependence. The other levels of the model congistubnomousSinFPN transitions. The
junction between levels is performed by a PN modiue implements the LIFO comunication

principle (last input-first output) (Figure 59).
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From the logical expression of FT resuftselementarySinFPN models that have external
synchronization events successively associatedtietonterface. These events correspond to a
certain degradation state, described by FT.

Figure 58.a) shows ti@inFPNmodel which is only associated with the extern@nts related
to the first level. The other transitions are aotoous. In Figure 58.b), the first two levels
expectedthe synchronization signals from the direct dédectodel. Finally, all then levels
are simultaneously activated.

v
SinFPN
J=1,2,..m

5% AT, ATy
n n n

<toker <token>

_____________ o ---------= | S

<token>

An AT ATm SinFPN
n-1'n-1"n-1 < j=1

_________ *--------- v

- ©
SinFPN SinFPN SinFPN‘_

Figure 60.Recurrent detection functianodellingin distributed systems using PNetSinFREC and OOPN

The distributed hierarchical structure is defingdnbx n hierarchical levelsThen levels have
different durations associated to each temporatiein The set of these durations is:

AT, AT, AT, AT, AT, AT, AT, AT, AT,
n n’' " n 'n-1'n-1""n-1""1"1 " 1

Each node contains ahementary SinFPIds a certain scenario for a new fault occurrence:
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Figure 61 Refining direct detection within the RecSinPN rhode

Within each interval, is expected occurrence okbdain aggravating context. For exemple, if
we consider the FT expression:

F={a+b+c+d)&+b+c]

The logical corresponding expression is:

F=||(aOUb OUc OUd | ETel OUb QU

N

=g

The elementarginFPNare:

Figure 62.The SinFPN corresponding to F expression
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The set of pIace%Pe, P, PB} represents the degradation contexts. The systdmesin P,
degradation state, if the logical expressiéii=all b c[d becomes true. The P7 state is
reached if the fault is occurredF 2 = (a ObOcO d) [e. Finally, for R;state theb or c faults

must occure F3=[{(a+b+c+d)&} +b+c].

Once a fault state is achieved, the model evolveszdntally, until it arrives in the
correspondingSinFPN node. This first incursion is made between theesodith successive

durations: {ﬂ,&,._ﬁ}. Once placed in this node, the token drops onel leslow, towards
n n n

the corresponding node (LIFO mechanism). In thistpdt waits for the next fault occurrence.
For each jonction place, the system is able toemwssthe past evolution through dedicated P*
places. Each token is associated with the desmniti a token object class.

The SinFPNmodel applies the temporal fuzzy descriptions psegofor each transition of the
model [Min, 09b], [Min, 09c]. After the firing ofhie transition, each place located in its
postcondition has a credibility value correspondimghe fault gravity associated to it. Vertical
displacement within the model refines the diagrosgsult, because each hierarchical level of
SIinFPN has increasingly smaller durations assatiaté.

Input

Figure 63. PN modellingof the LIFO relation for input-output functions

The LIFO module only handles the last erffty in the stack (levelP™ = {Pol, Poz,..Pom}).
The place P, corresponds tdj” horizontally node on the previous level &inFPN. That

indicates the degradation state reached in thdqueVevel. The validation of th&oken.level
== Kk” condition places the current state of the diagoasistem intdj” node, corresponding
to the next level.

According to the definition of OOPN, placd® = {Pol, Poz,..Pom}, have the following values
associated to them:
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P,.level=1
P,.level=2
P..-level=m

<token>

<token>

token.level = = token.level = =

token.lgvel = =2

Figure 64.Modelling of the recurrent aspect using OOPN

The hierarchical structure is generated by the rsigien probability of events occurrence. The
events with a high probability of appearance (Rultthe case of detection) shall be read in the
upper levels of the structure. The events withva poobability of appearance shall be signaled
in greater temporary windows, corresponding taiifierior levels of the distributed hierarchical
structure. By using the LIFO mechanism, the systewvances on the hierarchical levels of the
RecSinFPN in places which preservabe information from the previous level. Thus, the
recurrent aspect of the network has been modelbd. flizzy aspect is contained by the
elementarySinFPN network. The monitoring system expects the occemeaf the event
(Figure 58, Figure 60). In the hierarchical struetaf RecSinFPN, after each action switching
to the next node, the new degrees of credibility lémical propositions of SinFPN will be
established.
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Chapter 6

Applications of the Recurrent Synchronized
Fuzzy Petri Nets

6. 1. Application of the RecSinFPN for flexible manufacturing system
monitoring

RecSinFPNwas tested on Sormel manufacturing system (FEMTO/AS2M Department,
Besancon, France) when has been the monitoringrayshplemented. The results of this
research continugsrevious research [Min, 2009a], [Min, 09b], [Mi@9c], [Min, 09d], [Min,
09e].

Figure 65.The manufacturing system SORMEL

Sormel manufacturing system is composed of five katations equipped with robotic
manipulators. The transport system, based on paitansfer, is organized in double rings
(internal and external) (Figure 65). The inner redgpws the movement of pallets between
workstations. The outer ring is dedicated to tasksessing.
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a) b)

Figure 66.a) Structural and b) marked elementary RecSinPN cporeding to FT

Each workstation is equipped with pneumatic actsapusher, indexer, and gunner), electric
actuators (stoppers) and inductive sensors (proxirsensors). An inductive system for
reading/writing can also identify and locate eacitigp, therefore each batch in the flexible
system. The inner ring allows the movement of pallgetween stations. The outer ring is
dedicated to tasks processing.

We consider the logical expression F correspontiirfgults propagation. F is named the faults
tree (FT) or FTft: FT) of the production system [Min, 11b](Figure 40):

F=[{a+b+c+d)@ +b+(]
where + and [ operators represent the union or the intersectidogical variables{ abc, d} :

R1:IF (a OR b OR c OR d) THEN g (F@s)
R2:IF (g AND e) THENf (FC#ro)
R3:IF (f OR b OR ¢) THEN h  (FGao)
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Figure 66. a). Markedhierarchical monitoring system

For faults that appear in the F expression, théovm@hg linguistic variables have been
associated{dl, d,,ds, d4} ;

F= (dl0d?) n d8|0( ddn )] o3 o ol

%/_J —~r
asl dst a2
. @ &
&

The expression of F results from the logical analgé the successive faults occurrence. The
Elementary RecSinRNor modelling the fault occurrence and its pragéan in the monitored
system, is represented in Figure 66.

According to theRecSinFPNdefinition, we propose a hierarchical distributgtlcture which
makes the prediction of the degradation statefemtonitoring system. The monitoring system
describes, through repetitive experimenl® critical path of fault occurrencdeach nodesf
RecSinFPNs correlated with one of the rules of faults @oation in FT.
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b)
Figure 67.a) Markedand b) structural hierarchical monitoring system

Both horizontal and vertical levels modelling Biementary RecSinFPthe detection function
according to the causality description of FT. Fearaple, let us considerdd/o categories of
faults with successive occurrence. Their appearaace be modeled through the horizontal
level. The LIFO module injectsethe token into the corresponding node on the el
(Figure 67).

The process is iterative and differs from the prasilevel only through the temporgrihterval
associated to the current level. The detectiomefeixternal events is restarted from the current
node. If new categories of external events (faute) be read, the network evolves again
horizontally. The last state is retained by theQIgystem, which sends the information on the
next level, in the corresponding node, etc.

The LIFO module, generally situated after the hamtal levelk, is projected so that it may
successively receive a numbermfinformation, corresponding to the modulesElementary
RecSinFPNarranged on horizontal levels (Figure 6B)e hierarchical structure situated on the
inferior levelk-1 will only use the last information in position16 due to the control variables
m17or cO. (Figure 68, Figure 64).
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Output

Figure 68.PN_LIFO module corresponding to a hierarchical stire RecSinFPN with m=2 and m=3

6. 2. Application for manufacturing systems served by collaborative
robots monitoring

To illustrate the interest for the applicationRécSinFPNledicated to recursive monitoring, we
proposedthe study of monitoring and control systems fomafacturing systems served by
collaborative robots monitoring.-Amanufacturing line is a flow-oriented productioystem

where the productive units perform operations omkeatations, which may be configured as
serial, parallel, circular, U-shaped, cellular wotsided lines. The work pieces visit stations
successively as they are moved along the line llyduasome kind of transport system, e.g, a

conveyor belt. The general approach will be custenhi for two Mechatronics lines
HERA&Horstmanr{Figure 69)
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Figure 69.Mechatronics lines HERA&Horstmann

Generally, the autonomous manufacturing systemsemeed by several collaborative mobile
robots. The proposed approach will be customisetifo autonomous assembling mechatronic
lines (Figure 69) served by a single mobile roAdtus, the two mechatronics lines work as
complementary systems in terms of resources aviijab

nk NEY Mka |/ nk

-

Figure 70.Manufacturing systems served by a single mobiletrob

s1 7\
___________________________________________________ Level0 M1 @ ml_a ML_a

‘Sk ......... ,l; ________ Lol MkT@ :Sk \IE Ve

a) b)
Figure 71.a) The diagram and b) the PN model corresponding ferititerface between supervisor and
manufacturing systems
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The two systems are autonomous with parallel ojperat(Figure 69) served by collaborative
robots. Because they use the collaborative rolibts,two systems work in complementary
mode when resource sharing is necessary to avtiieecks (Figure 70).

For manufacturing systems we consider the followexrictions:

0 both manufacturing systems are identical in ternfisawailable resources
(similar resources in workstations) Figure 71 a)

0 each workstation Mhas a specified length for the waiting queue (\p@&e in
course of execution)yn

o if the workstation Mfails or if the number of waiting workpieces exceéuk
limit n,, then the excess workpieces are redirected byniblgile robot toward
alternative workstation Ma . The workpiece transport is performed by the
nearby mobile robot.

o0 the collaborative mobile robots (R) servicing treamplementary workstations
and come back in the parking area.

Figure 72.a)The diagram and b) the PN model correspondingpédével k of the monitoring system

The supervisof monitors the availability of resources for mainvildf a resourcéM, reaches
the blockage state, the supervi§rdirects the operational flow toward alternativeaarce
M _a(Figure 72). For this reason, the model PN forttomitoring system has different priorities
for complementary activities assigned to it (Figdteb)).

The Figure 73 c) represents the generalized PN toromg model for two manufacturing
systems composed §M1, M2, ..Mk}/ {M1_a, M2_a, ..Mk_ajworkstations and served by a
single robot. If a blockage is identified at the rkstation My (the queue size exceedk
workpieces), the supervis@ switches the production to alternative workstatdp. The
workpieces followsa route through workstations in accordance withdahmma operations of
manufacturing.
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a) b) c)

Figure 73.PN model corresponding to two manufacturing systemngposed of a) one workstation b) two
workstations c) k-workstations served by a singleilaabbots

The refining of a monitoring function requires decomposition in successive actions (Figure
74) corresponding to successive failure tests. durations allocated for monitored transitions
corresponds to eadMl, workstation activity and it is in accordance witke corresponding
gamma operations of manufacturing . For bottlendgeksing, the monitoring action will be
repeated in time, at increasingly smaller intervals

We must specify that hierarchical supervision PNsRecSinFPN,function only in a
synchronization relation with the process monitareckal time and with the PN model destined
for direct detection modelling (Figure 17). Theedir detection model receives blockages and
sends synchronization signals with transitions @ased with monitoring activities. Thus,
supervisorS, will be able to make a decision regarding the comatmon to the available
alternative resource.
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a)
Figure 74a) Elementary RecSinFPN for two manufacturing amehglementary systems served by a single

mobile robot; b) monitoring system for complemeptasources

The recurrent execution of the monitoring functipesupposes the existence of a PN structure
with horizontally repeated execution.

Figure 75.Elementary RecSinFPN for successive monitoringaofrga operations
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P

Figure 76.RECSInFPN for intelligent hierarchical monitoring s



page 95 Applications of the Recurrent Synchronized Fuzzy Petri Nets

The hierarchical structure RECSInFPN is interfaceith direct detection. Each module
Elementary RecSinFPi synchronized during the time allocated with the data sent byRA@
direct detection modeElementary RecSinFPkhodules are synchronized successively with
direct detection by certain transitions which dissca specific rule of FT.

On the horizontal level of RecSinFPN structure, thessible fault states are described
successively, in accordance with the rules sethyThe FT's rules are found successively at
the horizontal level of RecSinFPN, through ElempntRecSinFPN. The refining of the
monitoring function is performed by a recurrencéiaacon the next level. On this level it is
takes the current state of the monitored systemprdimg to the previous level, and resume
again the action??. The whole action for horiZosyachronization and evolution of the model
RECSInFPN is resumed, but for a smaller time wmd&or each new iteration, the new
synchronization process starts with direct detectibut in increasingly smaller temporal
intervals. The consequence of this mechanism isrefieement of the monitoring function.
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Chapter 7

Modelling and Control of an Assembly /Disassembly
Mechatronics Line Served by Mobile Robot with
Manipulator

Assembly/disassembly manufacturing systems aretireal and complex control systems,
which involve multiple operation conditions andkssHybrid systems are currently the focus
of considerable attention. The assembly/disassemiapufacturing lines served by mobile
robots have hybrid characteristics, consisting aftinuous dynamic behaviours and discrete
event behaviours. Hybrid Petri NetdRNg are tools used to model such systems ([Gho 08],
[Vod, 12], [Min, 12]). The assembly/disassemblgnd are made up of parts or subassemblies
that are fitted together ([Alb, 98]). Particularlyelevant research topics include
assembly/disassembly representations, work-catinita, sequence planning, etc.

Off-line task planning is a large area encompassirdjverse set of planning methodologies
capable of producing a detailed operation planjuding planning sensory action, planning

manipulator action, planning the trajectory of melobots ([Gas, 07]), rough motion planning,

fine motion planning and other planning ([Fen, 0&h-line planning addresses execution and
reaction issues such as how to develop plans en-tiow to execute and monitor a plan

developed off-line, and how to react to variougatibns that arise during plan execution ([Gan,
05]). These issues can be further classified iptan monitoring, reactive scheduling, and

behaviour-based action.

Conventional representation of a system model witltonstraints may result in a huge search
space for feasible plans. Using this model, th& fdanner can determine the sequence of
components that must be removed to achieve a 8peeifjuence of tasks. If the target consists
of disassembling a specific component, the taskrnaa can provide the best sequence for
reaching the specific component ([Moo, 01]). If thily assembled product fails the quality
test, the task planner provides the best sequemceompletely disassembling the product. A
comprehensive knowledge-based approach to disabseadk planning is required, which
considers all aspects of complex interaction antiado knowledge subjected to technical and
economic constraints [Dav, 10]. Development of klemlge based on a HPN model integrated
with a sequence generation algorithm was succéssipplied to modelling and planning of a
flexible disassembly process and system at a haylell However, the typology of the
autonomous mobile robot with manipulator, disasdgnuibanning method, and task level
planning, greatly improves the efficiency of theienprocess and reduces the cost of product
disassembly. Task specification in low-level tagknping consists in changing models or
operation sequences ([Hir, 99]).

It is proposed a Synchronised Hybrid Petri NetsESMHmodel for an Assembly/Disassembly
Mechatronics Line (A/DML) served by a Wheeled MebRobot (WMR) equipped with a
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Robotic Manipulator (RM), together with an Assenibigassembly Line Balancing (A/DLB)
model. Disassembly line balancing is used to fimel get of tasks assigned to each workstation
for each product to be disassembled. The problesitisal for minimising the use of valuable
resources (such as time and money) invested irsgiigably, and maximising the level of
automation of the disassembly process and the tgualli the parts or materials recovered
([McG, 07]). In this thesis, we consider a Disasisgnhine Balancing Problem (DLBP) with a
fixed number of workstations so as to maximise tadue of recovered parts. [Lam, 02]
emphasises that a disassembly process does ngtamelerse assembly process.

The A/DLB and SHPN models have been customisedriaissembly mechatronics line, which
assembles a 5-part product. Using the LabView quliatf real-time control of A/DML served by
WMR with RM is presented, based on A/DLB and SHPbdeis. These models provide a high-
level description of the product to be disassembldtk aim is to assign the tasks to the
disassembly line workstations so as to maximisetdia value of the recovered parts. The
disassembly operations are performed on the sasemdrdy line, consisting of a number of
linear configured workstations. The first workstatitakes the product to be disassembled, and
the parts are disconnected on different workstatiédncycle terminates, i.e. the product leaves
the line, whenever all its required parts are disasled.

The concepts of assembly/disassembly tasks astrdbed in a SHPN model, which complies
with both aspects: the discrete approach for teenehtary assembly/disassembly operations,
and the continuous approach for displacement of WNIRus, the A/DML system becomes
reversible and is served, during the disassemilingess, by a robotic manipulator mounted on
a mobile platform. The A/DML dynamics are deterndingy events, supplied by the control
sequences of the automatic system, and by interagtith the WMR, which represents the
continuous time part of the system. The considesgstem is a hybrid one and requires
specialised tools for modelling. The hybrid modeklaborated using the dedicated modelling
tool, HPN, described in [Dav, 10]. A SHPN modelules from the combination of the SED
model of the analysed system with the cyclic amtinoous time of the WMR with RM.

7. 1. Preliminary remarks concerning A/DLB and SHPN models

The assembly/disassembly line is served by a WMRpped with RM during the disassembly
phase, Figure 77. The aim is to make the assenndgsbmbly line balanced and reversible.
Moreover, the mobile robot is used to carry theaskembled components to a proper storage
warehouse.

7.1.1. Assembly assumptions

Assembly lines are special flow-line production teyss, which are typical in industrial
production of high quantity standardised commoslit®ccording to [Cho, 98], there are several
classification schemes for assembly lines, whikte tato account the nature of the products,
operation modes and the nature of operation titGestesponding to these classifications, the
following assumptions hold concerning the asserobiyechatronics systems:

Al The A/DML is a single-model line, by the naturetloé product, paced line
(transfers between the workstations are synchrondiysthe operation mode, and
deterministic line, by the nature of operation tifgmes known certainly).

A.2. There is a fixed number of stations, while miningiscycle time with respect to
assembly line balancing of the A/DML.

7.1.2. Disassembly assumptions
In [Alt, 08] and [Gun, 02], the DLB model is dedmed for partial and complete disassembly,
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respectively.

LEGEND:
Storage warehouse
Disassembling location

Assembling location

»
>

Nai+1 Ndi+1 Nai Ndl "

Dissasembling

u oen

operations

Figure 77.Assembly/disassembly and storage warehouse locations

The importance of disassembly lines in product veopis discussed, as are also the various
complications involved when creating an efficiersagsembly line.

To elaborate the DLB model, the following assummionust be made.

A.3.
A4,

A5.

A.6.

A.7.

A.8.

A.9.

A.10.
A.l11.
A12.

A.13.

A.l14.

The disassembly line is paced.

One type of product is disassembled, and each ptodias an identical
configuration.

The complete disassembly process is considered,alinpbrameters, i.e., task
times, cycle times, part demands, costs, are knawith certainty, i.e.,
deterministic.

There are N workstations, linear-configured withfiest workstation taking the
product to be disassembled. The number of worksisis the same as the number
of parts released by disassembly.

Each period is specified by a single part disasdgrhbnce there are N periods
where each period is referred to as an elementgglec The same tasks run in
each cycle, but with different durations.

Each task is specified by its cost and processing.tThe part releasing tasks have
additional parameters, i.e., revenues.

Disassembly process starts immediately after tlserably process and after the
product fails the quality test.

Storage warehouse places are identical to positiwhere assembly occurs.
In an assembly/disassembly operation, only oneipassembled/disassembled.

By convention it is assumed that the end produlst flae quality test if it contains
cylinders of different materials.

Once the last remaining part in the disassemblycess has been transported to
the storage warehouse, a new assembly processtaill

Mobile platform displacement, in each elementarclay is linear, without
obstacles and with the same constant speed.

+ Let N be the number of parts to be assembled and disbksEm

+ LetNy.i =1 N be the assembly locations on the positive diractb
the OXaxis.
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+ LetNg, j=LN be the disassembly locations on the negative tiirec
of theOXaxis.

+ Let w;i=1N be the warehouse locations, which are identicaheo
assembly locations.

+ Let D(Nd_ ,WN+1_J-) be the distance between the disassembly location,
]

Ndj , and the corresponding storage warehougg,._ | -

+ Let DMN+1_ i+Nd,,, } be the distance between the last storage warehouse

Wy.1-j and the next disassembly Iocatiblaj+l :

£ LetD, = D(Ndj Wiis1-j |+ DWisa- NdH) be the distance travelled by

the mobile robot in thd stage of disassembly.

Variabler :1+3(j —1) indexes: a continuous place of the rolddr , a continuous transition of
the robot,Tcr, and a discrete transition of the disassemblyge®ddd .

Variablek =1+5(j -1) indexes a discrete place of the disassembly pro&ess

Variablel =1+4(j -1) indexes a discrete transition of the robidy .

7.2. A/DML served by WMR with RM

7.2.1. Hardware description

The general approach will be customised for an AlDkechatronics line, HERA&Horstmann,
shown in Figure 78, Figure 79, Figure 80.a and fei@0.b, which assemblies a five-parts piece,
shown in Figure 80.c and Figure 80.d. The WMR, BaB-DX, has an odometric system, two
driving wheels, and one rear free wheel. Also, aboard embedded microcontroller is able to
read position information and send it, via a WIHRK, to a remote PC according to a specific
protocol. The remote PC computes control input sexds it to WMR. Also, the remote PC
sends the data to the assembly line PLC ([Pen, 08 WMR is equipped with a RM with
three articulations and one gripper paddle. Therabl/disassembly manufacturing flexible
line is equipped with a SIEMENS Simatic S7-300 RIB€ogrammable Logic Controller), with

5 distributed modules connected by Profibus. Thexilfle line includes five individual
workstations with different tasks: carrying andnsporting, pneumatic workstations, conveyor
belt, sorting unit, test station and warehouse. Whek part carrier is used for carrying and
transporting the four-piece work part on a conveelt system. The work part carrier is
equipped with 6-bit identification, which providadarge number of possible codes, read out by
inductive sensors. The four-piece work part enableskflow operations such as assemblies,
testing, sorting, storage, and disassembling. Tmeponents to be assembled are (Fig. 4c and
4d): work part carrier (base platform) (1), body, (Rover (3), metal cylinder (4) and plastic
cylinder (5).

7.2.2. Task planning

The assembly/disassembly operation can be brokevn dato a sequence of elementary

assembly tasks coupled in parallel with work-pipositioning tasks along the conveyor, as in
[Cho, 98], [Gan, 05], and [Rad, 11] and [Rad, T2je hybrid disassembly strategy is based on
the hierarchical model proposed in [(Kal, 08] a(Ridd, 11)], which uses a graph representation
of the product in which component relationshipsexpressed by means of arrows. The hybrid
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disassembly strategy is based on the hierarchiodehproposed i[Sel, 99] [Min, 11b], [Rad,
12] [Min, 12a] which uses the general representatiorFigure 77.Figure 81 presents the
distances between disassembly locations and stowagehouses of the A/DML served
WMR with RM. WMR carries the componerrom the place where disassembly occurs tc
appropriate storage warehouFigure 82shows the task planning of 5 parts and their traut:
by WMR.

7. 3. SHPN model of an A/DML served by WMR equipped with RM

7.3.1. Structure of the SHPN model

sipwexs

e - }<

sl Ilpl'a
Ll

Siemens PLC
SIMATIC 87-300

"HERA&HORSTMANN" - Assembly/ Disassembly Mechatronics Line MELOE

RM I r ‘
Pioneer 5-DOF ))\ WiFi i\(( |

i ) IEEE 802.11b

Operating Station
Real Time Simulator
ﬁ. Vil Ol o ++

Figure 78.Control structure of A/DML Hera&Horstmann servedWWMR with RV

Data Acquisition
NIUSB DAQ
Mobile Robot
Pioneer P3-DX

The hybrid aspect of the model is determined byalsdesrelated to distances travelled by
robot. These distances are considered betweenspialcere disassembly occurs and plé
where storage warehouses are located. These ighly according to whether speec
constant or variable, a variation ba:.on the mobile platform speed between A/DML locatdi

s2

Figure 79. Assembly workstation storage warehouses, asseraly
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To develop a global assembly and/or disassemblyeimag shall consider the hybrid aspect of
the assembly/disassembly process served by therptatFor modelling we shall use Timed
Hybrid Petri Nets (THPN), [Dav, 10], which integeathe discrete appearance of the
assembly/disassembly process with the continuopgaapnce of moving of the WMR and
handling of components by the RM. The entire maglaf the SHPN type as it is interfaced
with external events for synchronisation in a mbdgisimulation approach useful in real-time
control.

@ b (©) (d)

Figure 80. (a) A/DML served by WMR, Pioneer 3-DX, equippett WM, (b) Pioneer 5-DOF Arm; (c) parts;
(d) assembled product.

The SHPN structure, in Figure 83, and the SHPNesmtation by blocks in Figure 84 are
obtained by modelling assembly/disassembly andmaemiis service assistance, for disassembly
operations, performed by a mobile platform equippéth a manipulator. SHPN morphology
results in integration of three PN models, eaclwloich has a specific typology: TPN (Timed
PN), SPN (Synchronised PN), and THPN (Timed Hyl®Pi). These models describe the
following automatic operations:

+ Assembly/storage in warehouses (TPN typology);
+ Disassembly of damaged products (SPN and TPN tyjesp

+ Service assistance, during the disassembly proqem$ormed by the mobile
robot equipped with a manipulator (THPN typology).

S1 52 53 54 S5 56
' § . i | | |
Base storege | ey s 4 s 3 | Cylinder proquct | ,  Remove " | Product | Good
D; ! D, D; | storage testing . Dp m oylinder D | Storage | Product
T - T " ”——[: " "
O D oo e ; -
. L L ' L
! Damaged
H Product

__E]
=

Transport Direction

R S L T wRe
! i P! ! i ! ! !
' i i | I I !

Y
4

—le el R
“Rd;+ R4, " Rdg' Rd; Ry . Rdy Rd " Rdy
340mm  420mm  330mm  450mm  310mm 370mm 730mm 300mm

Figure 81.Assembly/disassembly mechatronics line of a 5qpaduct, served by the WMR equipped
with RM
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Figure 82 Disassembly task scheduling

7.3.2. Assembly/Disassembly repetitive sequences

Figure 85 showsin elementary TPN model corresponding to an asseomgration Figure 86
shows the generalised TPN model corresponding éoatsembly process, which include
sequence associated with tneality test for the end product. During ttisassembly proce, a
repetitive sequencean be identifiec associated with single disassembly operation and ser
assistance of WMR equipped with RThese can all be modelled usiagsHPP known as an

elementary SHPN, as shownFigure 87.

SHPN
Model of A/DML served by

WMR with RM

v

TPN THPN SPN+TPN
Model of Model of WMR with RM Model of
assembly serving disassembly process disassembly

process process

Figure 83.Structure of the SHPN model.
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SHPN

E,

l'-n/

e-THPN € ") o SPN+TPN o

E,

\ 4
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i
" E 1

!
y 4

e-SHPN  e-SPN+TPN Kl/
ani)p »

‘
- B2

E,

TPN TPN s
Good Bad

product product

Figure 84.SHPN representation by blocks with elementary maedeld PN for assembly, e-THPN for WMR
with RM, e-SPN+TPN for disassembly, and e-SHPN fasdambly served by WMR with RM.

Eé (i) and Edzd(j+2) are sensor external events used for line syncéation with the WMR

equipped with RM.Eclid(j) is an external synchronisation signal, correspantb STOPPING

the line and STARTING disassemblychd(jJrz) is an external synchronisation signal,
corresponding to PICKING UP the disassembled cormpband STARTING the line.

Simulation of SHPN model autonomously (simulatidnHiPN model) is useful to join the
discrete dynamics of the mechatronics line withdbetinuous dynamics of the robotic system.
Since, after the last disassembly operation, a ime1o longer required to start a new
disassembly, the SHPN model is different from #& and is shown in Figure 88. SHPN model
(non-autonomous HPN model), allows, in case of dagey (faulty sensors/actuators, poor
signal reception, other faults in A/DML and robosigstem), the system to stop and continue
working after the fault has been removed.

7. 4. Generalised and customised SHPN model
The SHPN model (Figure 96) associated with theralédisassembly is a triplet

SHPN =(THPN, E, Syno (28)

where:
B THPN = (P,T,Pre, Postmg,h,tempo) (29)

E is a set of external events

m E={Edd! Edd?}0{e}i =1+30(k-1), ] =30k -1k =1 (30)
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r ™)
e-TPN
e
=1 N Pda@+4%(-1) . Pda(2+4*(-1))
Pda(5+4%(i-1))=Pw i
Tda(2*i+1)
Pda(4+4%(i-1))
\ y
Figure 85.e-TPN model for an elementary assembly operation.
START Aszembly
Pdal \
Tdal
0
[ e-TPN A
=1,...,N .
. Pda(2+4%(i-1
Pda(3+4%(i-10) . o -1
Tda(2%+1)
Pdal(d-H4*(i-1)) )
Pdal6+4*1T-1))
Pda(FH4HIT-17) Pda(@+H4*17-10
Tdar219+4)
Pda(3H4™*1T-13) Pda(10+4*(N-l))

_/
Tda(2MHE] Pda11+4*(17-17) Tda(2h+5)

Pda12+4%1T-17) Pdal13+4*17-1))

Per 0

Tda(21T47)

START Disassembly START Robot

Figure 86.Generalised TPN model for the assembly proceshlobmponents.



page 105 Modelling and Control of an Assembly /Disassembly Mechatronics Line Served by Mobile Robot

s 2

J- th stage of disassembling
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Tdd(r+2)

1
Pdr(s+4)
Duration of gripper
closing Pdr(s+3)

Pdr(s+3)
Pda(5+4*(i-1))=Pw(i) 1

.. N o - .
(j+1)- th stage of disassembling 3 v
Pdr(s+8) @ @ Per(r+3) O Pdd(k+5)

Figure 87.e-SHPN model for the j-th elementary disassemhdyaimn.
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Figure 88.SHPN model for the last disassembly operatigr; N

Sync is a function from the set of discrete disassertalysitions to the set of external events

B SyncT - {El, EZ}D{e}, (31)

wheree is the continuously occurring event (it is the tnaluelement of the monoid” ) and
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Sync {Tddr}r=1+3(k—1),k=m - {El, Ez},
Sync. {Tddi}i=3(k—1), k=2N ~ {Eddiz}i=3(k—1), k=2,N ’

synd \{Tddh, iz OITdhgaang e,z —©

m P={R,P,,.R}=PPOPC

is a finite, not empty, set of places whé® is the set of discrete places

D_ . I
PP ={Pda}, 113.20v D{Pdd} 155 D{PdE};14+8(N—1)'
andP® the set of continuous places

pC :{Pcrk}kzj—)o& N=1)
== For N =5 (A/DML Hera&Horstmann), (33) and (34) become:

R A

P ={Pcihors,
where:

{Pda; }i:@ is the set of discrete places for the assemlulggss;

{Pdd;}, 5 is the set of discrete places for the disassembly

process;
{Pdr}, 141 is the set of discrete places for the mobile roitates
while serving the disassembly process;

{Pcrc} -1z is the set of continuous places associated with th

distances travelled by the mobile robot for each
disassembly operation in order to transport the
disassembled component from the disassembled
location to the storage location;

B T={T,T,...Tn}=TPOTC

is a finite, not empty, set of transitions whar@ is the set of discrete transitions
TP ={Tda}; 172on D{qu'}rzl3+§(N—l) |:'{-|—0'T}|=1,4+5(N—1)

andTC the set of continuous transitions

T¢ ={Tcrr}r=1,3+3(N—1)
= For N =5, (36) and (37) become

TP ={Tda },_;7 O {Tddj}jzm O{Tdr}y-122

32

(33)

(34)

(35)

(36)

(37)
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where:

{Tda;};.7z is the set of discrete transitions for the assgmbl
operation model;

{Tddj}jzf5 is the set of discrete transitions for the disasisly

operation model;

{Tdn },13; is the set of discrete transitions for the mohdeot
states while serving the disassembly operations;

{Tere} =155 is the set of continuous transitions associatetti trie

distances travelled by the mobile robot for each
disassembly operation. The maximum linear speed of
the WMR is associated with these transitions.

Remark 1:
» Sets P and T are disjointeAnT=0;
» Pre:PxT - Q, or N isthe inputincidence application;
» Post: PxT - Q,or N is the output incidence application;
Remark 2:
» In the definitions oPre, Post andm,, N corresponds to the case
whereR O PP, and Q, or R, corresponds to the case where
R OPC.
B my:P - R, orN isthe initial marking; (38)
m h:POT -{D,c}, (39)

called "hybrid function", indicates for every node¢hether it is a
discrete node (se8® andTP) or a continuous node (see$ andT¢

)

h:PPoTP _{D}; h:P¢OTC - {c} (40)
tempc is a function from the sef of transitions to the set of positive or zeroamadil
numbers,
m tempo:T - Q, O{0}. (41)

If T, 0TP, thend; =tempdT; ) is the timing associated with .
For each discrete assembly transition of the set

T2 ={Tda}_ g e O{rdae) (42)

’

tempdTda, ) = daq (20)



page 108 Modelling and Control of an Assembly /Disassembly Mechatronics Line Served by Mobile Robot

wheredy, represents the duration (in seconds) associateth whe
corresponding assembly operation.

For each discrete disassembly transition of the set

D _ _
T4 _{Tddr}r:1+3(k—]),k:1,N (43)
dgq Is the duration of the corresponding disassembly.

For each discrete WMR transition of the set

D _ _
T~ = {Tdr| }| =4+5(k-2),k=2,N ’ (44)

dg; is the duration of RM positioning for picking umda setting down a
disassembled component.

= ForN =5, (19), (20), (21) and (22) become:

Ta ={Tda}i4 246810 O{Tda,}

’

tempqTda) ={ 959385,05475272

i={ 24681012 B
wheredy, represents the duration of the current assembéyadion together

with the transport time to the next assembly |largtfor i D{ 2,4,6,8,1(}, and the

duration of the quality test together with the sort time to the end product
warehouse elevator, fori{12} ;

D _ -

Tq _{qu}rz{ 1471013 ddq, r={ 2472013 =1,

wheredyq, is the duration of the current disassembly opemnati
D_

T, —{qu}lz{ so1419 oy O{ 512128978},

wheredy, is the duration of RM positioning for picking updasetting down a
disassembled part.

If T, OTC then

= ;
temp<6TCr)

is the flow rate associated willy .

r

For
C _ _ —1 - _
T —{Tcrr}r=3+3(k—l),k=LN Ve =UriUrmax =V,

whereU., is the variable flow of the mobile robot displash between
disassembly stations. Consider the average speednation of WMR,

V, =94mm/s.
Definition 1: The ED-enabling degree of a C-traiwit T; for a markingn, denoted by
ED(TJ- ,m), is the enabling degree af, after all the arcs, from & - place to a
C - transition, have been deleted
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m.
ED(T:,m)=  min ! . 45
( . ) PiDOTJ-mPD{Pre‘Pi,Tji‘ (45)
Definition 2: The maximum firing speed of transitio,, is the product of its flow rat&, by
its ED -enabling degree.

Suitable definitions 1 and 2, for the general caag,be expressed as:

ED( cr, »Mer j+1) {0, (46)
Mr(j42) =V OV{Ter; x Per(jag) ), 47)
w(Tcr xPer ) = DWy -, Ndj+1)/ D(Ndj W41 ), (48)

where  mg(j41) is the mark associated with a continuous place, and
W(Tcr(,)XPcr(Hl)) is the weight of the arc from a continuous traositto a
continuous place of the WMR.

For N =5 the archegp «T;), have a weight equal to one,
Where
={ROBOT state1,ROBT stated 0°{Tcr 375 n P° -

Remark 3:

For a synchronised PN, a transition is enabled wleath of its input places
contains enough tokens. If it is enabled, it iafle on occurrence of the associated
event.

Sync is a function from (31), becomes in customisedifas follows:

sync{Tdd, } g, - {Edd?, Eda?}; (49)

1346791213

sync{Tdd}i14713 - {Edql} {14723,

(50)
sync{Tdd}{ 36013 — {Edq }i={ 36913, (51)
Sync: {Tdd i }121—16 O {Tdrk}k:?21 O {Tcrk}k:m - e' (52)

7. 5. Simulation of the SHPN model

The proposed model, HPN, has been tested, anafymderified through simulation package
Sirphyco. HPN model was useful to find maximumegpef the mobile platform that provides

minimum cycle time of disassembly. This speed dhobé set respecting the physical
limitations of the mobile platform, which ultimayelis the optimum displacement speed.
Analysis of the SHPN model is relevant at basiceleaccording to an elementary THPN

module, denoted e-THPN. The SHPN model is obtaimgdecurrent assembling of these
elementary e-THPN modules (corresponding to easit lthsassembly served by WMR with

RM). The SHPN global model is an exclusive relatlip between TPNs associated with the
assembly process, elementary THPN modules asstboidth WMR service assistance, and
SPN with TPNs associated with the disassembly gsce



page 110 Modelling and Control of an Assembly /Disassembly Mechatronics Line Served by Mobile Robot

START the first stage of disassembling

Pcr_(r) E

D(n_dj, w_N+1-j)

w(Ter_(r) x Pcrl_(r+1)) = w(r)= 0,70873786

State 1 of ROBOT= Availabilit) pjonents picking

d8=0

Tdr_(1+1)
d1=10.96808

Tdr_(l)

w(Ter(r+1) x Per(r+2)) = w(r+1) =730/ 730 = 1

Tdr_(1+4)

Pdr_(s+7)
O _=»

Tdr_(1+5) d12=7.76597
the second stage of disassembling

Distanta Postde dezasamblare(N+1)-Magazie piese(W+1) =
d(N+1,W+1) y

Pdr_(s+8) Pcr_(r+3)é'>> Pdd_(k+5)<‘>

Figure 89.SHPN model of the first stage of disassembly

D(n_dj+1,w_N-j)

ull=94

Figure 91 shows the simulated response of theroamtis and discrete places of WMR and RM
for the hybrid model in Figure 87. The WMR markingfsthe continuous places, before and
after simulation, match the distances shown in f@g8l. In Figure 91, the evolution of the
WMR, continuous and discrete place markings, cpoeding to j =1, is shown as following:

Mcr(r)— the temporal variation of the travelled distare the robot between stage 1 of
disassembly and warehouse 5 (1031mm according goréi81); Mcr(r +1), Mcr(r+2),
Mcr(r +3) — the variation of the distance to be travelledtly robot in the following stage

(730mm according to Figure 81) correlated to thechyonization of the eventiEddl1 and

Edd?. Mdr(s), Mdr(s+1),Mdr(s+2), Mdr(s+6),Mdr(s+7) — represent the temporizations

associated with the discrete actions of the WMRd@igripping and dropping, gripper closure,
repositioning to the next disassembly work-stati@oyrelated with the travelling of the
disassembled piece in-between work-stations aloagonveyor belt.
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START last stage of disassembling

Pdd(k)

Pdd(k+1)
Pdd(k+3)
' Tdd(r) 10=1 TL d12=0
Tdr(1+1) d5=34.574468083
Per(r+1) Pdd(k+
Tdr(l) d4=3.61702]12 Pdr(s+2)
Pdd(k+4)

Pcr(r+2)
Pdr(s+6)

Tdr(-+4)

Pcr(0)
PW(1) ‘

Figure 90. SHPN model of the last stage of disassembly

For the final stage of disassemblFigure 92, the maximum value of the markil
Mcr(r+3]j=5 =Mcr(0)|j=5 is equal to the distae travelled by the WMR during stage 1

disassemblyicr(r)=1031 and corresponds to the initialization of the newadsembly cycle
Similarly, the graphic representatiiMdr(s), Mdr(s+1), Mdr(s+2), Mdr(s+6),Mdr(s+7)do

not quantify the temporization induced by the rdicepof the everedd? (STARTING next
stage of disassembly) as the disassembly is fad

per (1)

2 15 1 2 4 7 3 3 3 3 42 45 4
Time [s]
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Time [s]

Figure 91.Variation of the continuous and discrete placeaided with displacements of WMR with RM
the first disassembly period.
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Figure 92.Variation of the continuous and discrete placeaisged with displaements of WMR with RM f

the last disassembly period.

7.6. A/DML real-time control based on A/DLB and SHPN models

The SHPNmodel is transposed via the LabView platform inteea-time application, obtaine
by interfacing the HPN model with synchronised aigntaken by acquisition from the r

process.

VELOCITY I

LINIAR VELOCITY OF THE WHR CONPLETE CYCLE

1.GET CYLINDER 1

2PUT CYLINDER 1

TN WAL

3,6ET CYLINDER 2

4.PUT CYLINDER 2

1

5.6ET COVER

6.PUT COVER

T.GETBUDY

$.PUT BODY

AGELAASE...........

10.PUT BASE

]

[ 00 m 300 n
SAMPLES TIME

500

o

it

Figure 93.WMR'’s linear speed during disassembly process



page 115 Modelling and Control of an Assembly /Disassembly Mechatronics Line Served by Mobile Robot

The real-time application is synchronised with tloatrolled process by the positioning signals
of the work piece along the conveyor taken by asiion card NIUSB-6008. The
synchronisation signals, used in the LabView ramétcontrol application, validate certain
transitions into the SHPN model. These transitiarsconditioned by the associated signals of
the position work piece on the conveyor track. Syagisation will lead to initialising the robot
and to monitoring/controlling assembly/disassendggrations of the WMR with RM. Discrete
time and sliding-mode control, in trajectory trauki based on a kinematic model, is used to
control WMR ([Dum, 11]). In this way, both the rakand the flexible line are controlled, so as
to achieve a minimum assembly and disassemblydyoke.

et Cylnder 1
;
08
K n a0 &0 & 10 120 10 10
Pul Cylnder 1
;
05
0 1 a0 ) & 120 1 10
Gl Cylnder 2
;
0: }I
K n 0 0 & 10 10 10 10
Put Cylnder 2
;
0 0 a0 ) & 10 120 1 10
et Cover
;
08
0 1 a0 ) & 10 120 1 10
Put Cover
;
us
i n 0 [ Y 1m 1 10 10
Get Body
;
05
0 10 0 ) & 10 120 14 10
Put Body
;
08
0 0 a0 ) & 10 120 10 10
Get Bage
;
08
"u n 0 ) Y 10 1 10 10
. Put Body
us
K n a0 &0 & 10 120 10 10
Rubot Acilns
1 [N
[Tl
0 0 a0 ) & 10 120 10 10

Time offset: 0

Figure 94. State transition of disassembly parts and theingort from disassembly locations to the storage
locations .
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The robot is initialised by a signal transmitted & wireless access point mounted on the robot,
received by the LabView application. Via the acdios board, the state signals are transmitted
to the flexible line to control the position of thweork piece along the conveyor and to
synchronise the robot with the flexible line. Thabliew I/O module transmits the signals to
the A/DML PLC (SIMATIC S7-300) via the acquisitidroard. The gripper is positioned by a
visual system so as to grab the disassembled canpamd store it in the warehouse. Linear
velocity of the complete WMR disassembly cyclerajectory tracking, real-time, sliding-mode
control, is presented in Figure 93. Sliding-modetaad of the mobile platform servicing
A/DML does not address issues related to the pitissilmf uncertainty of type: false
information, faulty sensors/actuators and possitdate/storage space blockage.The state
transition of the disassembled components and thRVbr transport of these components to
the storage location is shown in Figure 94. The glete structure of the A/DML real-time
control served by WMR is shown in Figure 78.

7. 7. Generalised approach to Time Cycle Optimization for
Disassembling Operations

The elementary time cycle (ETC) for the mobile rmabrcg, corresponding for j stage of
e_SHPN model, is the travel duration with constspeed betweerNdj - the disassembling

location, w; - the storage warehousesjdjﬂ- the next disassembling location added to
durations of disassembly and manipulation operatparformed by mobile robot (Figure 95):

Workpiece displacement between disassembly stations

< ETC >

1
Edd i+3) Eddl(j) *
* Twaiting_wp(j) ‘rgisassemb/y_wp( - Ttrave/_ wp(j, j+1)

()
t ! Ll Ll il >
j+2 NCli+1 Ndj+1 Ndj+1 Ndj
Edd’|.,)

Tdropping Eddz(j.1)
Ttravel_ r(j,i)

Ttrave/_ r(i, j+1) down_r

EEEER | | |
Nd]+l WI :WN+l—j \/\/| Nd]

© © ©

Mobile robot displacement between disassemblyostatnd storage warehouses

djn

LEGENDA

PS . . |L
> Disassembled piece A >  Disassembled component before pick-lip

' > Piece before dissasembling > Storage warehouse before dropping the

disassembly component

A - -

> Disassembled component - Storage warehouse after dropping the
disassembly component

Figure 95.Time intervals of the mobile robot and workpieceintyelementary sequence of disassembly
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7.7.1. ETC calculation in mobile robot cycle approach
ETC = Tyavel _r(j'i) + Travel _r(i‘jﬂ)

where:

'I'tra\,eu(j i) is the travel duration betweeNdj - the disassembling location to
W; - the storage warehouse

'I'tra\,e|_r(i‘j+1) is the travel duration betweew; - the storage warehouse to

Ng.,, - the next disassembling location.

ETC= DNy, Whis1-; )/ + DWhvsa-j +Ng, '\

where Vv, is the mobile robot speed. Frd}mj station the mobile robot starts moving towards

the storage warehouse after the following sequesm@sompleted: the pick-up of disassembled
components and the gripper closure. These actibrtkeorobot are synchronised trough the

synchronization signaEgdj ‘ j=afk-1) With the start of the movement workpiece towards rixt
k=1LN

disassembly station. In e SHPN this durations spords of timing associated with continous

transitionsT ° :

T _ =tempo\Tcr )(
travel _r, pdTcr, =3+3(j-1) (53)
Tiravel T T tempo(Tcrr +2) (54)
r=3+3[(j-1)
where:
C
{Ter, e} 0TS, 7€ :{T(3rr}r=3,+3[@j—1)1.:?N
Mer(r41) =Vr (W(Tck x Pck )=V, (W, (55)
Mer(r+2) =Vr MTCr g XPCr 1) =V, W4y (56)
andw, = (Tcr_y x Per, lr=1+3[(]j—1)j:m
Wy = DMN+1—] 'Nag,,, )/ D\Ng, vWN+1—j)
(57)

Wr+1=DNdj+1’WN—j /D N+1_j’Ndj+1

The durations of picking-up and dropping-down tlgagsembled components corresponds of
manipulation actions for th¢stage. In e_SHPN this durations corresponds ohgrassociated

with discrets transitions:
TP ={Tda},_i7om O{Tdd }r=133fn-) OfTdi}, —Tarstn)

Tpick-up_r; = dely,,|1=1+(j-1 = ety (58)

.=7N
j=LN =
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Tdroppin_qdown_rj = ddq+3 |=1+(j;21)@ = ddr4+( (59)
j=LN

I =1+(j -1 - indexes a discrete place of the robot states.

i3l j=N

The time cycle duration and its components candeatified within the temporal marking
evolution corresponding tgstage of SHPN model. In this case the ETC for ntiobile robot-

ETG corresponding tg stage, are:

ETCRj :Ttravel_rj +Ttrave|_rj+1 +

(60)
Tpick—up_rj +Tdropping_down_rj
DWn+1-j Naj, J/Vr + (61)

G- ¥ Al(jogpa |

j=LN
7.7.2. ETC calculation in workpiece cycle approach

The workpiece makes successive travels betweessgiswly stations. The actions STOP /
START line disassembly, or START disassembly / pigkup of disassembled component are

triggered by external synchronization sigr@g,(j) is an external synchronization signal,

corresponding to STOPPING line and STARTING disaddg. E is an external

2
dd(j+2)
synchronization signals, corresponding to PICKIN® Wf disassembled component and
STARTING line.

'I'traveLij ™ is the travel duration workpiece betwemjj - the disassembling location to
Ndj+1' the next disassembling Iocatior’rdisassemw_\,\,pj is the duration of disassembly operation
for jstage. The commands START disassembly is launefted the Eéd(j)sychronisation

signal reception. DuringT\,\,aiting_ij the workpiece expected the end of pick-up action

performed by the mobile robot. In this case theneletary time cycle in the workpiece approach
ETGup IS:

ETCij = Ttravel_ij gt

T o _
disassemby _wp i waiting _wp; (62)

ETC\NP} = dddr + dddr+2 +

r=1+(j-1)3 r=1+(j-1)3 (63)

Twaiting _Wp;
The optimization of time cycleTC) for the mobile robot approach implies the miniatian of

disassembly operations duration (if possible) dredrhinimization of manipulation durations.
Optimal value for the optimal cycle tim&¢C) becomes:
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TC= Y ETG = Y. ETGyp (64)
j=LN-1 j=LN-1
TCO=min Y ETGy 2 min Y ETGyp (65)
j=LN-1 j=LN-1

N -1
TCO = le(Ndj ,WN+1_j)/Vr_Optj
J:

+ min z (d dr3+(j—1)Dl + ddr3+(j—1)m1 (66)
r

i=LN
N -1
+ z D(NN’fl—j ' Ndj+1)/vr_0ptj
j=1

At the same time it must be provided the tempoyalckronization betweernnin(ETch) and
min(ETqNF})for each jstage. For the SHPN model this restriction is egjemt to avoid the
blockage for PN model:

min (ETC & )= DINg, W1 J/V, +

D N+1—j,Ndj+l /Vr+

min (Gar, s+ Qo) (67)
MIin\ETCyp |=d _ +d 68
( WPJ) dd, r=1+(j-1)B dd, ., =14 (j-1)3 (68)
min (ETch )= min (ETCWPj = Vr _ optimum, (69)
Y _ dddj—% *daq; — mir\](dd%(rl)m i ddr3+(ix1)m)
%% " DINg Wya1-j J* DWyai-j Ng ) (70)
dj’ N+l_J N+1_]’ dj+l
N-1
TCO = )’ D(Ndj Wy +1—j)/VRO
=1
(72)

+min z (ddr3+(j—1)D + ddf3+(j—1)91
r =1,

N-1
+ ZDQ’VNﬂ—rNd,-ﬂ)/VRo
=
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Figure 96.SHPN model cooresponding of reversible assembagsiésnbly manufacturing line (A/DML) served
by wheeled mobile robot (WMR) equipped with robotnipulator (RM), composed by 5 workstations

Conclusions

This researchs are mainly focused on operatiomsplg and control of an A/DML served by a
mobile platform equipped with manipulator. Realgiroontrol of a fully reversible A/DML
served by WMR equipped with RM is based on openatiplanning and SHPN model, via a
LabView platform. The A/DLB and the generalised $Hodels are customised for an
A/DML assembling a five-part product. The SHPN mode conditioned on certain state
transitions by external events representing sigeafsplied by sensors. The WMR equipped
with RM is used only during disassembly for tranmsipg the disassembled parts to the storage
warehouses. A disassembly process is started vidgefinal product, obtained by assembily, is
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damaged. The disassembled components are recovedetiansported to storage locations, in
order to be used again in the assembly processSHRN model has been tested via simulation,
and used in real-time control.

The problem needs to be solved in the future isistiess to uncertainties of the mechatronics
line and robotic platform. Have to be considereduasertainties: faulty sensors/actuators,
route/storage space blockage and payload variaiiso, need to be used collaborative systems
of mobile platforms equipped with manipulatorsremsport and handle weights in a wide range
of variation.

The most eloquent correspondents in the real wanddassembly processes in the automotive
industry, car body, gearbox and engine block asiertbmost cases, robotic manipulators that
have a fixed location serve these assembly linksough this study, we extended the degree of
automation and efficiency of these production linesig mobile robotic systems equipped with
manipulators. Thus, the assembly lines become seydreing able to recover and reuse of
components and subassemblies, in the event thafirthe product does not meet quality
requirements.
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Chapter 8

Evolution and Development of Academic Career

Taking into consideration the research and teachatiyities performed so far, | believe that |
can outline a personal development strategy thidtallow me to advance in many domains of
scientific and academic interest.

On a short term, | wish to build a research teaat thas important competencies in the
modeling and control aciutomatic systems. This team will have to artieutheir activity to the
multi-disciplinary collectives within ICSTM (The stitute for Multidisciplinary Scientific and
Technological Research) of UVT, so that we may hmesignificant achievements in applied
laboratory and industrial research. On a long tdrbelieve that there is a value potential for
developing concepts in the domain research, sowbanay reach significant scientific results
in fundamental research.

Such an approach will allow this research groupasicgpation in national and European
competitions, with consistent research projectp@sals. Also on a long term, | anticipate the
possibility of reactivating international collabtica relations, which the automatics specialists
group within the AIIE Department has had for yeaith engineering universities and schools
in Europe, on research directions in Systems Eeging.

In order to detail my personal career developmérateyy, | shall continue this report as
follows:

1. Scientific activity
1.1. Targeted domains and previous scientific contrdnsti
1.2. Objectives planned for subsequent development
2. Didactic activity
2.1.Didactic experience accumulated so far
2.2.Development plan for educational activities

1. Scientific activity

1.1. Targeted domains and previous scientific
contributions

MAINTENANCE AND E-MAINTENANCE ENGINEERING

Laboratoire d’Automatique de Besancon (UMR CNRS6B59NIVERSITE de

The context of the research activitypoctorate scholarship in cotutelle
Franche-Comté, Spécialité: Automatique et Inforoaei, 2005
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Implementation of a dynamic monitoring system basadFuzzy Petri Nets
(MFPN). The model was built with Fuzzy Petri Nets for mtoring MFPN),
an original tool whose definition derives from theneral category of Fuzzy
Petri Nets. The principle of this tool lies in ttrensformation of the faults tree
(FT) into a PN-type structure, with the integratiof the fuzzy marking
concept. The fuzzy marking derives from the fuzales associated to faults
propagation. ThisMFPN customised on FT modelling becomes a dynamic
monitoring tool, capable — through the fuzzy magkavolution, to anticipate
the occurrence of a fault before the instauratioanoceffective critical state.
Implementation under the platform Labview of a +#@ae client-server
monitoring platform, based on the monitoring toefided with MFPN. The
tool was implemented in the websites of Valahiavdrsity in Targoviste and
LAB Besancon. At the Valahia University, a distamenitoring system was
activated, whereas at LAB Besancon we installedctrent module for real-
time acquisition of information that describe fauliccurrence.

The conceptual definition of a new tool destinedtf® recurrent refinement of
information. Recurrent Synchronized Petri Net®ecSinFPNrepresents an
extension of theMFPN proposal and is derived from the necessity of
monitoring function refining. The recurrent aspbahgs more precision to the
model associated with the monitoring function hié tool is customised for the
monitoring function modelling.RecSinFPNis based on hierarchical and
distributed structure. A distributed system’s hiehécal structure may describe
causal interdependencies. In the case of deteatidrdiagnosis, theRecSinFPN
tool is applied for a critical faulty state’s lowat, while specifying its
occurrence probability. The recurrent aspecRetSinFPNs reflected in the
model's capability to evolve on hierarchical levelmaintaining at each
commutation the state information from the previtayel.

The conceptual definition of a new tool destined floe correction of the
monitored system’s degraded states. The correatiechanism is modeled by
another specialized PN tool, built on the same yfuegproach principles. The
degraded states recovery/repair model was built avidedicated tooRecovery
Fuzzy Petri Net$ fr: Réseau de Petri Flou pour la Maintenan¢BFPN that
models a fuzzy expert system. The propoBEd®PN tool preserves the fuzzy
temporal aspect by the real-time information exdgeamith the monitoring
system’s model. It functions in double interfacehwthe monitoring function’s
model MFPN) and the process’ modelT@QOPN through synchronization
signals. In the development of this new tool, tblkofving entities were used:
input variables — « Symptoms » of possible faulid &uzzy rules concepts.
They describe the dependence between causes @tdaults) and the effects
of their occurrence. The transitionsRFPN model materialize the generalized
modus ponens operator, which is situated at the lmdsthe composition
between inputs and the logical rules concepts.

The conceptual definition of the global fuzzy cahtmodel. It has the
consistency of a hybrid system, due to the differypology of signals
interfaced with models (synchronization signalaiged with fuzzy values in
different object-oriented definition structures) a®ll as to the different
typology of modelsNIFPN, RFPN TOOPN. The information in the models’
interface are transferred through emission/recegignals, the communication
system being built on the Petri nets model witkefimal synchronizations. For
each tool, an interface mechanism was conceivedichwhmakes the
implementation of th€ontrol-Process-Monitoring-Decisidoop possible.

Representative publications in connection withrésearch direction:
= Minca E., Racoceanu D., Zerhouni NMonitoring systems modeling and
analysis using fuzzy Petri netsStudies in Informatics and Control Journal
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magazine, SIC vol.11, nr.4, edited by ICI Buchan&$N 1220-1766,2002

= Minca E., Dragomir O., Dragomir F., Enache ATemporal Recurrent
Modeling Applied to Manufacturing Flexible Linesn&al by Collaborative
Robots Pg. 749 - 754 , 8th Asian Control Conference A2CI1, Proceedings
of the 8th Asian Control Conferenc&pnference Location : KaohsiungE-
ISBN: 978-89-956056-4-&rint ISBN: 978-1-61284-487-ASCC 2011

= Minca E., Dragomir O., Dragomir FImprovement of recurrent fuzzy
detection/diagnostic functions modeling. A tempanaldeling application for
fault states in a manufacturing syster010 8th IEEE International
Conference on Control and Automation (ICCA), Pgb@.4 1461 Conference
Location : Xiamen, China,|SSN : 1948-3449,Print ISBN: 978-1-4244-
5195-1,Digital Object Identifier: 10.1109/ICCA.2010.552431lssue Date:
9-11 June 2010CCA 2010

= Minca E., Zemouri R., Dragomir F., Dragomir CHjerarchical Monitoring
Systems using recurrent synchronized fuzzy Petts, Neuropean Control
Conference, ECC'09, Budapest, Hungary, pg.4775-4BBN 978-963-311-
0, 2009, HungarygCC 2009

THE MODELING AND CONTROL OF FABRICATION SYSTEMS SERVED

BY MOBILE ROBOTS EQUIPPED WITH MANIPULATORS

The context of the research activiti?N-11-ID-PCE-2011-3-0641,« Advanced
control of reversible assembly/disassembly manufaug systems using wheeled
mobile robots equipped with robotic manipulater§2011 — 2014)

+ The theme of fabrication systems served by colkbar robots modeling is

extended to the research performed towards therabn of thegeneralized
model for fabrication systems destined for repaditi actions with
particularization on assembly/disassembly actioftse model associated to
these systems is created through special&é¢BNtype tools. The generalized
model, as well as an optimization analysis of thelectime, are particularized
on a laboratory manufacturing system, for which eveated the real-time
control platform. The SHPN model associated with the control of the
mechatronic system destined for assembly/disasyesdaived by collaborative
robots, is at the base of the real-time controhtegy of the process,
implemented under the platform LabView.

The elaboration of the SHPN model built with HybRetri Nets, associated
with the automatic control of eeversiblemechatronic line. Th&HPN model
describes the succession of assembly/disassemehatams performed on a
mechatronic line, controlled with the synchroniaatisignals of the mobile
platform’s movement in relation with certain seqeeshand reference points of
workstations. The hybrid structure of tl#HPN model results from the
modeling of the mechatronic line’s discrete dynarhig also of the continuous
variation dynamic of the mobile platform’s positiorBy using thes&SHPN
type models, a real-time control structure was engnted under the platform
Labview, a structure that would automate the rebdity of the
assembly/disassembly line served by a mobile platfequipped with a
manipulator.

Representative publications in connection withrdsearch direction:
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Eugenia Minca, Adrian Filipescu, Alina VodaModeling and control of an
assembly/disassembly mechatronics line served byilenaobot with
manipulator Control Engineering Practice, Volume 31, OctoBet4, Pages
50-62, Elsevier Publishing House.

Minca, E., A New Approach for the Control Optimization of an
Assembly/Disassembly Mechatronics Line Served b&uonomous Robotic
SystemSTUDIES IN INFORMATICS AND CONTROL, Volume: 23ssue:

1, Pages: 13-22, Published: MAR 2014, ISSN: 122661 Accession Number:
WQOS:000333661500002

Minca, E(Minca, Eugenia),A Theoretical Approach of the Time Cycle
Optimisation Based Control of a Mechatronics Lirerv@d by Mobile Robpt
MECHATRONICS AND INDUSTRIAL INFORMATICS, PTS 1-4 Bik
Series: Applied Mechanics and Materials Volume:-324 Pages: 1666-1669,
Published: 2013, WO0S:000324348201027, Internatio@anference on
Mechatronics and Industrial Informatics (ICMIl 2Q1MAR 13-14, 2013,
ISSN: 1660-9336, ISBN: 978-3-03785-694tOMI12013

Minca, E(Minca, Eugenia); Voda, A (Voda, Alina); Filipescd, (Filipescu,
Adrian); Filipescu, A (Filipescu, Adriana, JrHybrid Model Based Control of
a Mechatronics Line Served by Mobile Robot with Malator,
PROCEEDINGS OF THE 2013 IEEE 8TH CONFERENCE ON
INDUSTRIAL ELECTRONICS AND APPLICATIONS (ICIEA) Bok
Series: IEEE Conference on Industrial Electroniog @&pplications Pages:
1296-1301, WOS:000326679200237, JUN 19-21, 201%lbdirne,
AUSTRALIA, ISBN: 978-1-4673-6322-3CIEA2013

E. Minca, A. Filipescu and A. Voda, NewApproach in Control of
Assembly/Disassembly Line Served by Robotic MatmulMounted on
Mobile Platform Proceedings of Th2012 IEEE International Conference on
Robotics and Biomimetics (ROBIO 2012), 978-1-4672&-6/12/$31.00 ©
2012 IEEEROBIO 2012

INTELLIGENT MODELING OF RENEWABLE ENERGY
PRODUCTION/CONSUMPTION DYNAMICS WITH PETRI NETS

The context of the research activitPNCDI2-PARTNERSHIPS-21015/2007
«Romania’s contributions to European targets regagdithe development of
renewable energy sources (PROMES) »

+ The modeling with Petri Nets of decisional dynamfos a renewable
energy production-consumption autonomous systens @&pproach has
imposed the conceptual definition of a distribubéerarchic system which
describes the dynamics of the corresponding systecertain temporal
monitoring windows.

The modeling with Recurrent Synchronized FuzzyiPéts RecSinFPIN

of renewable energy production/consumption hieiaathsystems. The
modeling tool PNSInFREC allowed the modeling of subsystems,
qualitatively and quantitatively differentiated wnd the aspect of
renewable energy production/consumption, but iateeg into a distributed
hierarchical structure system. For these reasdms,RecSinFPNtool
integrates Object-oriented PNs in its definiti@QPN).

Representative publications in connection withrdsearch direction:

Minca, Eugenig Dragomir, Otilia Elena; Dragomir, FlorinProducer-
Consumer Distributed Energy Production Systems tmgdevith a new
Approach of Recurrent Synchronized Fuzzy Petri,NBxisk Group Author(s):
IEEE, Conference: 8th World Congress on Intelligéantrol and Automation
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(WCICA) Location: Jinan, Date: JUL 06-02010,Sponsor(s): IEEE , Source:
2010 8TH WORLD CONGRESS ON INTELLIGENT CONTROL AND
AUTOMATION (WCICA) Pages: 1668-1673 DOI:
10.1109/WCICA.2010.5554783NCICA 2010

= Minca E, Filip F, Racoceanu D, Stefan V, Stefan Advanced methods for
recurrent hierarchical systems modeling. Applicatitm producer-consumer
distributed energy production systemBook Group Author(s): IEEE,
Conference: 7th Asian Control Conference (ASCC 20B@ng Kong, Date:
AUG 27-29, 2009 , VOLS 1-3 Pages: 1542-1547 Bhet: 2009, ASCC
2009

1.2. Objectives planned for subsequent development

Subsequent scientific research will firstly targetmplementarity aspects in relation to the
research directions presented previously.

In the research direction « Maintenance and e-mafmtce engineering » the plan is to
implement the proposed modeling tools, especidiyg supervisor tool, in a laboratory
application. By analyzing previous research from point of view of the obtained results, |
believe that a part of the previous research gt in the area of theoretical definitions, of
model and simulation elaboration proposals, withbeing tested through real-time process
control applications. | believe that the activityithin the partnership research project
« Prototypes of autonomous robotic systems destmedhédical-social assistance and serving
fabrication processes in metallurgy, ceramics, glasmd automobile industry, PN-II-PT-
PCCA-2013-4-0686 (2014-2016) » will allow the aistfion of equipments which will be able
to constitute a manufacturing system served by lagilatforms equipped with manipulators.
The construction of this new research laboratorly allow the work team to develop new
research directions in the domain of systems eegimg but also the testing of previous
theoretical proposals.

Thus, through the realization plan of this projeet, will develop a robotic platformrototype
based ora robotic system with two motor wheels and onevar free wheels, (2DW/1FW,
2DW/2FW), equipped with a robotic manipulator witldegrees of freedom (6-DOF). Through
the modeling operation, the autonomous roboticesystill be associated with kinematic and
dynamic models for which we will project advanceshteol algorithms specific to non-linear
systems (sliding-mode and backstepping). Theseithlge will ensure robustness in parametrical
and model disturbances and uncertainiiég prototype will be equipped with robotic mangiats
with 6 degrees of freedom, for which we will prajead implement control systems based both on
the kinematic model and on the dynamic model. Faregise positioning, a visual serving system
will be projected and implemented.

Autonomous robotic systems equipped with robotic nimdators will serve flexible
assembly/disassembly mechatronic lines in ordemaéde them reversible, i.e. capable of also
performing disassembly, respectively reprocesghag.robotic systems, we will elaborate control
algorithms in a collaborative approach, which repnts the implementation of previously
developed theoretical concepts. Also, we will etat®the Hybrid Petri Nets modelsRN) of two
mechatronics lines, one assembly/disassembly linglera@Horstmann) and one
processing/reprocessing line (Festo), served bynaatous robotic systems, respectively mobile
robots (2DW/1FW) and 2DW/2FW) equipped with 6-D@B&nipulators. We intend to elaborate a
generalized HPN-type model, for two fabricatiore$irserved by collaborative robotic systems. This
model will constitute the theoretical support imjpcting and implementing a control system that
responds to task balancing concepts, with the gergd optimizing fabrication and avoiding
blockages.
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The continuance of research within the project PND{PCE-2011-3-0641, Advanced control

of reversible manufacturing systems of assemblimg) disassembling using wheeled mobile
robots equipped with robotic manipulatoss(2011 — 2015) will allow the development of
theoretical fundaments for reversible assemblyslicentrol: the fabrication process monitoring
by applying the recurrent synchronized modelingcep, the balancing of fabrication fluxes by
elaborating an optimal planningfrategy for workstations; the advanced controlnafbile
robotic systems for the precise movement on aiodragectory, in variable task conditions but
In determined temporal windows, the fabricationnpliag correlated with the dynamic control
of waiting queues; the collaborative robotic sysgeoontrol as an autonomous continuous non-
linear system. The hybrid system will be structuoedtwo subsystems: the control system of
fabrication lines and the continuous system astagtiaith advanced control structures that
ensure the robustness of the collaborative trahsgstem’s functioning.

2. Didactic activity

2.1. Didactic experience accumulated so far

The teaching activity was addressed during theeepgriod 1996-present, to the students of the
Electrical Engineering, Electronics and Informatidechnology Faculty

In 1996-1997, as titular assistant, | presentedtjpa papers and seminaries on themes related
strictly to the domain of informatics fundamentahcepts. It was an interesting stage, because
it confronted me with a new profession but alschwite decision whether to continue on this
path.

In 1997-2004, as lecturer, | prepared the firstrses, as well as laboratory projects and
seminaries. Having a mechanical formation by thineaof the bachelor degree education, |
sustained course and laboratory activities, eslhedathe Mechatronics and Electromechanics
specializations.

In parallel, due to my doctorate research activitysucceeded in remaking a specialty
engineering construction that later allowed me #&wfgrm my teaching activity within the
Automatics and Applied Information specializatidly doctorate research in LAB Besancon
(2000-2005) was an exceptional experience both trerpoint of view of approached research
domains, and of the assimilation and detailing moteer manner of the academic teaching
profession’s culture. For these reasons, startiitly 2004, the year | passed my teaching degree
exam for Associate Professor, | managed to begin am#/itn the domain of Systems
Engineering.

2.1.1. Structure of the didactic activity before the implementation

of the LMD system (Bologna)
My didactic activity before the implementation dfet Bologna system (2008) consisted of
teaching activities in the following disciplinegwrses and laboratories/seminaries:
== Control Engineering
0 Undergraduateycle: Automatics and Applied Informatics, FIE-UVT
= Automatic control techniques
0 Undergraduate cycle: Industrial energetic, FIE-UVT
=+ Systems Theory and Control Engineering
0 Undergraduate cycle: General electrotechnics, FH-U
0 Optimal and adaptive systems: Automatics and Agpleformatics,
FIE-UVT



page 128 Evolution and Development of Academic Career

+ Optimal and adaptive systems:
0 Undergraduate cycle : Automatics and Applied Infatics, FIE-UVT
=% Computer aided design
0 Undergraduate cycle : Automatics and Applied Infatics, FIE-UVT
0 Undergraduate cycle: Calculation technique
+ Introduction to using computers
0 Undergraduate cycle: Applied Electronics
+ Introduction to Economic Informatics
0 Undergraduate cycle: Bookkeeping Informatics Caleg

2.1.2. Structure of the didactic activity after the implementation of
the LMD system

After the year 2008, along with the transition ke tBologna system, the previous didactic
activities were supplemented with those performétiinwthe master degree programs of FIE-
UVT, as follows:

+ General manufacturing
0 Master degree cycle: Industrial Production andrimfatics
0 Master degree cycle: Advanced Productive Automadied Industrial
Informatics
+ Advanced modeling and simulation techniques DES
0 Master degree cycle: Advanced Productive Automaticd Industrial
Informatics
+ Dynamic systems modeling with discrete events
0 Master degree cycle: Electronics and Telecommubitsit

Beginning with the academic year 2014-2015, | amparing the newcourse for the All
specialization:
+ Discrete events systems
0 Undergraduate cycle: Automatics and Applied Infaiosa
+ Complex systems control strategies
0 Master degree: Advanced Productive Automatics amdudtrial
Informatics

2.2. Development plan for educational activities

| believe that the development of one’s educati@edivity must be made towards increasing
the quality of the didactic materials, but alsatud teaching form, for applicative courses and
activities in the portfolio.

With regard to the course activity, | intend to noye existing didactic materials through
thematic developments and approaches that are lmsdde detailing and updating of the
reference biography for the Systems Engineeringaitom

Beginning with the academic year 2014-2015, | psggo the introduction of two new
disciplines in the curriculum: Discrete events egst — undergraduateycle and Complex
systems control strategies — master degree cyde.tlis purpose, | intend to elaborate
course/laboratory materials which, in correlatioithvihe thematic content dedicated to these
disciplines, contain results of my own researchtlie direction of DES modeling and
simulation, as well as in the direction of conppobcess.

Moreover, | believe that | will have to rethink thentents of the course materials, taking into



page 129 Evolution and Development of Academic Career

consideration the points of view expressed by theents in the appreciation charts for my
didactic activity. For this purpose, | intend taieh the course and laboratory materials, with
practical examples that enhance the understandipacdy for certain theoretical notions.

| wish to continue the teaching activity in therfoof interactive lectures, in which the teaching
activity is interrupted by free conversations witie students, on the basis of the approached
subjects. This represents a teaching method thattraasform the knowledge transfer process
into an attractive and participatory form of thessimilation. To that end, | wish that all
teaching activities be supported by electronicakpntation materials, so that they respect the
thematic content of each lecture; however the gempeesentation has to be focused on the free,
interactive and attractive transfer of knowledge.
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