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Model-baseaupervisiordevelopedby systemsanalystshas
becomenacknavledgedsupervisioraid, ensuringearlyde-
tection of malfunctionsandtherebyallowing control of the
availability andvulnerability of a procesgacility. However,
it is associateavith diagnosticof the processtself, andnot
of the processcontrol situation,which is the veritable sub-
ject of supervision.The operator facility, controltriplet de-
terminesa complec situationthat mustbe consideredrom
multiple viewpointsbeyond knownledgeof the singlebeha-

ioral modelusuallyadwocatedn processontrolapproaches.

Representinglifferent aspectsof processcontrol situation
from multiple viewpointsnotablyallowstheonline selection
of the behaioral modelsrelevant to the obsered situation.
Given the size of the application,it was essentiaihot only
to structurethe knowledgerequiredfor the supervisionsys-
tem functionsinto operatingsystemviewpoints, but alsoto
provide a uniquerepresentatiomethodfor eachviewpoint.
The systemicapproachSAGACE providesthis formal rep-
resentatiorframevork andthe methodologyadoptedto de-
signandimplementour industrialprototypereliesonit. All
theseprinciplesareillustratedby a descriptionof anindus-
trial applicationin theareaof nuclearfuel reprocessing the
sizeandcomplity of thefacilitiesandtheir high degreeof
computerizatiormake reprocessingarticularly well suited
for supervisiorapplications.

Keywords: Supervision, Diagnostic reasoning, Technical
processed\uclearfuel reprocessing.

1. Intr oduction
The productvity of anindustrialfacility canbeim-
proved by automatingthe meansof production. "Au-

tomation”impliesthatthe actionsperformedto obtain
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the productare implementedsystematicallyand con-
sistently with controlledvarianceof the characteristic
productparametersWhensuitablyimplemented au-
tomationshouldresultin avirtually idealsolutionfor a
fabricationprocess An optimizationstratey involves
two majorsteps creatingamathematicainodelof the
facility, then calculatingthe control signal that must
be appliedto the modelto meeta productiity crite-
rion. Thefirst expectedresultis thusa higherquality
finishedproductor, for the samequality level, aneco-
nomic gain resultingfrom rationalizationof the tech-
nical specificationsat alesscostlylevel [25] [2].
Thistheoreticakituationis rarelyachieredin practice,
however, asit implicitly assumeshat the elementary
process,sensor actuatorand regulator functions are
correctlyimplementedMoreover, systemati@automa-
tion canhaveinsidioussideeffects,seriouslyimpairing
the productionsystem.Hencethe additionof a super
visionlevel to assestheprocesstateatall times,sup-
ply validateddatato the processcontrol system,and
thusimprove processvailability andmaintainability
Theseconsiderationsxplaintherapiddevelopmenif
plantsupervisiorandthe succes&ncounteredby pro-
cessdiagnostictechniquesn recentyears. However,
althoughconsiderablevork hasbeenpublishedcon-
cerningmodel-basedliagnosticmethods fault detec-
tion andisolation(FDI) algorithmsappliedto textbook
examplesand simple applicationsor applicationsof
limited scope,very few papersaddresghe suitability
of suchmethodsfor complex industrial-scaleapplica-
tions. In the suney proposedoy [12], it is surprising
to notethatonly 25 of the 166 examplesreviewed and
analyzedinvolve systemswith more than five faults,
andonly two actuallyconcerna complex procesg24
faultsin ashipdieselengine,and30faultsin anuclear
reactorcoolantpump). In thelight of this recentanal-
ysis,muchwork apparentlyremainsto be donebefore
themethodgroposedn theliteratureactuallymeetthe
generalobjective describedabore, andcanbe applied
to industrialprocesses.

Thereareanumberof reasongor thissituation,includ-
ing the inadequag of available industrial modelsfor
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the proposed-DI algorithms(notablyin Proces<on-
trol Theory), the multiplicity anddifficulties of com-
piling the knowledgerequiredfor plantdiagnosisand
instrumentationnitially designedor anything but su-
pervision[20]. For example,two typesof modelsare
generallyavailable in industrial plants: material or
enegy balancesestablishedrom processblock dia-
gramsand flowsheetsntegrating operatorknowledge
of productionrules; and comple, partial derivative
and nonlinearanalytical equationswritten by physi-
cistsor chemistavhenthefocusis the processandthe
physicalphenomenanvolved. In large plants,the for-
merarewritten from a productionmanagemendtand-
point and thus implementshop-scalébalanceswhile
the latter aredevelopedto obtainload diagramsor for
training simulators.In ary case they were conceved
for purposesother than supervision,and classicFDI
techniquesisedin automaticcontrol (generalizegar
ity spaceor batteriesof obseners|[7] [10] [22]) are
poorly suitedto this type of representationAutomatic
control modelsarelocal control models,and arethus
not adaptedto the supervisionof a completefacility
[23]. In anattemptto surmounttheseshortcomings,
new techniquesndnotablyartificial intelligencehave
beenadoptedn recentyears[6] [8] [9] [11] [17] [18]
[21] [27].

Evenif this aspecis all too oftenillustratedby appli-
cationsof restrictedscopefor which corvolutedsolu-
tionsaresometimesiecessaryo coaxthe modelsinto
a diagnosticrole, the other stumblingblock which is
not technicalone andis muchlessoften discussedn
theliteratureconcernghevery purposeof the supervi-
sorysystemin thecontrolroom.

Until now, availability monitoring hasoften beenne-
glectedbecaus¢he measuremertonsisteng analysis
andfault detectionfunctionsareimplicitly performed
by thehumanoperatorandsogenerallyoverlookedor
only partially incorporatedn the automationscheme.
It wouldthenseenmreasonabléo postulatehatthe ob-
jective of supervisionis to automatedecision-making
tasks.The natureof the informationsuppliedby a su-
pervisorysystemappeardo corroboratethis point of
view : for automaticcontrol specialiststhe informa-
tion suppliedby a supervisorysystemis basedon the
useof mathematicaprocesbehaior modelswhichin
turnaregenerallybasedn classicstate-ariablerepre-
sentations.This informationwould be difficult to use
by a control operatoy not only becauset corresponds
to arepresentatioof thefacility with which heis cer
tainly notfamiliar, but alsobecausé is notnecessarily
pertinentin an operatingcontext. It is in factintended

for the SupervisoryControlandDataAcquisition sys-
tem (SCADA) ratherthanfor the operatoywho is re-
movedfrom the controlloop. The supervisorysystem
providesvalidatedresultsto the SCADA, whichrecon-
figuresandcomputesew controllawsin ary degraded
operatingmodedetected. It is the active supervision
perspectie. The objectie is not to help the operator
in acritical situationto analyzea procesghatcomput-
erizationhasmadeincreasinglycomple, but ratherto
dischage the operatorof decision-makingasksin a
fault situation.

In additionto the social problemsit could well raise,
this option is basedon mathematicaknowledgethat
is assumedo be exhaustve. But how to be surethat
every malfunctionhasknown consequenceshaterer
thecurrentoperatingsituation? How to ensurehatthe
correctve or remedialactionrequiredfor a givenmal-
functionarethe sameregardlesof the operatingcon-
text or stratgyy ? FDI approache$asicallyintegrate
thenotionof behaior in their supervisorymodels,and
theseaspectselatedto operatingprinciplesarelargely
disregarded; how thento constructa systemcompre-
hensve enoughthatit cando without humanfaculties
of adaptatior? All thesequestionsveigh heavily on
theacceptabilityof suchsupervisorysystemsn acon-
trol roomcontect, andareperhapghe veritablereason
behindthelimited applicationof FDI algorithms.
Many otherdimensionsnustbetakeninto accounte-
fore the sunwillance of processphysical parameters
canbe extendedto the supervisionof plantfacilities.
The actionnecessaryn the eventof a malfunctionin
comple large-scalgrocessewill thusremainsubject
to the decisionof the operatingstaf for mary years
to come. Shouldthe objective of supervisiorthennot
be revised? Would it not be more reasonabléo en-
visagesystemghat no longer eliminatethe operators
from processontrol,but insteadaid themin thisfunc-
tion by assistingheirreasoningn thecurrentsituation
[26] ? Supervisionunderstoodn this way (to which
thedisparagingermpassve couldbeappliedin oppo-
sition to the precedingoption) is a no lessambitious
project: assimilatingthe humandimensionin the sys-
tem integratesan additional level of complity. A
processhehaior modelaloneis no longersuficient ;
whatis requiredis a control situationmodelin which
theoperatolis anessentiatonstituentTheapplication
discussedhereis basedon this secondption.

2. Diagnosisand Operator

Targeting the supervisionsystemon the operating
teamratherthanthe SCADA leadsto major revisions
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in model-basediagnosisstratgyies[20]. Theintelligi-
bility andpertinenceo the operatorof the resultspro-
videdby adiagnosticsystenbecomdegitimateissues.
Theresultsof thediagnosticsystenbecomepartof the
reasoningof the operatoranalyzingthe situation,and
assuchmustbe substantiatedndexplained. This ter-
minology is not unlike that of expert systemor quali-
tative physicalapproachefl4] [15] [18].

However, a numberof difficulties are raisedeven by
attemptingo integratetheconcepbf earlyfaultdetec-
tion (the foundationof FDI algorithms)into the con-
text of classicprocessontrolandoperatingprinciples.
Indeedit may be notedthatin mary large industrial
plantsthe operatorsbenefitfrom an appreciablecon-
trol mamin with respecto the nominal operatingpa-
rametersConsequentljt maynot necessarilyoe con-
sideredsignificantto inform the operatorthata com-
ponenthasdeviatedfrom the standarcbperatingerite-
riaaslong asit meetsts input/outputfunctionrequire-
ment. From an operationalstandpointwhenthe set-
point andoutputof a regulatedsystemfully coincide,
thereis no veritablereasonto checkin addition that
theactuatolis operatingconsistentlywith its prior cal-
ibration setting. The actuatompositionbecomesanis-
sueonly in theeventof a discrepanyg betweerthe set-
point andthe output; otherwiseit is consideredo be
of no interest. The stateof the processdoesnot have
thesamemeaningo a controlroomoperatorandto an
automaticcontrol specialisin dynamicsystems.

In corventionalprocesscontrol theory ensuringthat
the processis operating correctly in terms of in-
put/outputdoesnot prove that the systemis not in a
degradedoperatingmode: the currentmodemay be
considerednominal” or "normal” with respectto its
efficiency but, dependingon its internalstate,may be
moresensitie to further perturbationor malfunction-
ing. The control mamin is thusrestrictedwithout af-
fecting currentoperation; only the onsetof anew dis-
turbingeventor achangean the setpointwill revealthe
deviation betweenthe assumechormal stateand the
actualstateof thesystem.Thiseventualitycorresponds
to the systemvulnerability ; failureto controlvulnera-
bility canleadto crippled-modeoperationor to costly
andlaboriousshutdavns. Theconcepiof vulnerability
is easilyunderstoody an operatingteam,andis also
an excellentmeansof emphasizinghe importanceof
earlyfaultdetectionin thecontrolroom.

Consideran examplefrom thefield of nuclearfuel re-
processingdiscussedn Section4. A dropin thelevel
of the uraniumfront in the extractioncolumnmay be
detectedby a variationin the columnweightdifferen-

tial. The problemof stabilizingthe uraniumfront is a
symptomthat shouldnot affect the processf the op-
eratingconditionsremainunchanged.The only con-
sequencef this anomalyis thus a restrictedcontrol
maugin : the uraniumdescendsower in the column.
Only the systemvulnerability is affected. Corversely
if othercontrolparametersveremodified,thereduced
mamin could becomecritical : the eventual conse-
guencewould be uraniumleakagefrom the baseof
the column,which would requirerecycling andresult
in alossof availability. In our application,we chose
whenever necessaryo assigntwo detectionmethods
to eachmalfunction: early detectioncorresponding
to symptomsthatdo not necessarilyhave ary observ-
ableconsequencemtheproces®utputs(anomalyde-
tection),and later detectionbasedon abnormalvaria-
tionsin the obsenablecharacteristioperatingparam-
etervalues(fault diagnosis). Thesetwo functionsare
coveredin detailin Sectiord4.

Whenthis chronologicakequencén the scaleof grav-
ity of dysfunctionaleventsis clearly perceved by the
operator the relatedprinciple of early fault detection
canmoreeasilybe acceptedn the controlroom. The
notion of early detectionis thus incorporatedinto a
control situation representatiorsystemsharedby all
the operators.t is merelyan exampleillustrating that
all thesupervisoresultsmustbe processe@ndoutput
with the sameconcernbecausdhey areaddressedo
thehumanoperator The context of this collective rep-
resentatioris consideredn furtherdetailin thefollow-
ing section3.

3. Cognitive Automation or Operator Assistance

Beforepresentingpurmodelrepresentingheknowl-
edgerequiredfor supervisionjt is importantto distin-
guish betweencognitive automationand operatoras-
sistanceTheintroductionof anoperatoraid systemin
the control room inevitably hasan impacton process
control. A humanoperators actionis basedon rep-
resentationgonstructedy the "specializedartifact” :
i.e. the "physical symbolicsystem”constitutecby the
control desk. Any attemptto modify the operators
workstation for exampleby addingadvancedeatures,
thusunavoidablymodifiesthe processontrolsituation
itself asthe operator’intelligently” adaptsto the pro-
posednew representations.
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3.1. Caognitive Automation

In the caseof a complex industrialprocesgnotably
in hazardousndustrialsituationssuchasfoundin the
enegy, transportdefensendaerospacadustriesthe
operatorsnustcontrolhighly automatedacilities. Au-
tomation of monitoring provisions and someactions
[3] maybefurtherextendedo "cognitive automation”,
i.e. replacementf the operatorfor certaindecision-
makingfunctions. "Todayit is increasinglyclearthat,
contraryto expectationsautomatednonitoringprovi-
sionscanmake the operatorstasksmoredifficult ; the
samemay betrue of cognitive automation[1]. Under
theseconditions,the operatorintervenesonly in situ-
ationsnot anticipatedn the automatedsystemdesign,
situationsvheretheunexpectecbecomepossibleand
whereonly humanintelligencecancope. In this hy-
pothesistheautomateasystenrevertsto operatoicon-
trol when the processis degradedand only safety-
relatedfunctionsareensured The operatorsmustthen
recover the situationby takingaccountnot only of the
procesdunctions,but alsoof prior decisionamadeby
theautomatedystemswhich furthercomplicategheir
task(Bainbridgerefersto thisphenomenoasthepara-
dox of automation).

Degraded-modeperationin automateaontetsrelies
to alarge extenton implicit reasoningleadingopera-
torsto pool their pointsof view andconstructa com-
mon operationalframe of referencd4]. Underthese
conditions, it is not a trivial matterto add artificial
agentgo theteamin theform of operatoraid systems
[16].

3.2. Proces<LContmwl Situation

The decisionto intervenein the situationdepends
onthemeaningoperationaknowledge)andvalue(as-
sessmenobf the utility of the information)thatthe ob-
sener accordsto the perceved phenomena. Under
theseconditions,it is lessa questionof explainingthe
situationby identifying cause-and-ééctrelationsthan
of "refocusing”,i.e. constructinga suitablerepresen-
tationfor action.

To allow intervention at the selectedlevel of reality
by the obsenrer facedwith difficulties of understand-
ing, anticipatingor controlling it, the situation must
be given form and meaningthrough representations
(decision-makingaid). In fact, the obsenersmay be
consideredo seethemselesfrom an external view-
point confrontedwith a knowledgeobject(the process
control situation)aboutwhich they constructa repre-

sentationconsistentwith their proposedntervention.
In attemptingo acton aremotesituation,theobsener
is in a position of dynamic action, imaginationand
decision-making.

The supervisionof a facility controlledby an operat-
ing staf definesa comple situationthat an obsener
(an operatoror a supervisionsystem)attemptsto di-

agnose.In the first eventuality the operatorsanalyze
their own conductwhile the secondnvolvesanexter

nal obsenrer. The supervisorysystemaid provisions
mustthereforeaddressheoperatorapprehendhepro-

cessandtake control actionsinto account. Thusthe
supervisol(anobserer but notan operator)mustalso
be providedwith a processontrolrepresentation.

3.3. Aunifiedrepresentatiorof the diagnosed
situation

FDI techniquedevelopedby systemsanalystsare
associatedvith diagnosticsof the processitself, and
not of the processcontrol situation,which is however
the veritablesubjectof supervision.The operatoyfa-
cility, control triplet determinesa complex situation
thatmustbe consideredrom multiple viewpointsbe-
yond knowledge of the single behaioral modelsto
achiese arelevanton-line diagnosis.

As previously mentionedmodel-drivendiagnosidra-
ditionally calls on a processbehaior model : dif-
ferential algebraicequationshasedon the fundamen-
tal principlesof the process,but which integratelit-
tle or no representatiorof the processcontrol situa-
tion. However, interpretingthe control situationcalls
on otherknowledgethanbehavioral knowledgealone.
The modelsdescribingthe behaior of the facility ac-
cordingto thecurrentprocessontrolsituationmustbe
selectedr revisedto ensurghediagnostids pertinent
at eachinstant. The problemis currently addressed
by the useof hybrid models: processcontrol events
(changesn theobjective, theoperatingnode thecon-
figuration or the operatingstrategyy) are managecby
systemsconsistingof discreetevents(e.g. a Petrinet-
work) that can usethe resultsof numeric behaioral
modelsor managetheir coherencedependingon the
situation. However, eitherthesesystemsake into ac-
countonly a single aspectof processcontrol (a sin-
gletypeof event,suchastheoperatingconfigurations)
andthusprovidesareducedcontrolsituationmodel,or
several typesof eventsareindeedtaken into account,
but thelack of datasourcehomogeneitys liable to di-
minishthe coherencer the pertinenceof the model.
Thevarietyof theseprocessontrolsituationeventsre-
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quiresa preciseclassification.All of themarenotrel-
evantto asingleviewpoint. The SAGACE methodde-
velopedin our laboratoryis basedon a systemsanal-
ysisapproach it permitssucha classificationandal-
lows usto obtaina representationf the operatingsit-
uation. In SAGACE, the situationmay be considered
from a functional, organic or operationalstandpoint.
The functional view is an external view of the phe-
nomenorasasystemopento its ervironment. The or-
ganic (or ontological)view is aninternal view of the
systemasa network of interrelationsandinteractions
amongoperatie, logistic and auxiliary components.
The operational(or teleological)view seekgo clarify
thedecision-makinggompetenciemvolvedin orderto
accomplistheobjective (controlandmanagement)A
morerefinedtypology may be obtainedby combining
thethreeviews from the perspectie of examiningcer
tain expectedsystemproperties performancestabil-
ity andintegrity. The combinationof the threeviews
and three perspecties determinesine systemview-
pointsidentifiedin the SAGACE matrix [24]. Eachof
theseviewpointscanbeusedto selectthe pertinente-
havior modelonline. Thisensureshattheoperatomid
systemdiagnosticresultis consistentvith the process
controlsituation.

The knowledgerepresentationf the systemto be su-
pervisedoy the SAGACE methodnvolvesaprojection
on the nine-vievpoint matrix to assesshe complexity
of the systemby distributing the knowledgeandques-
tionsovertheviewpoints. Thegenericmatrixis shovn
below in Figurel. Eachviewpointin the matrix may

Perspectives

Function  Operation  Evolution
Functional Services Activities Or%eozjaélsmg What the system does
Orgmic | SBgEa || Logste | |comouaton|  Whatthe system i
Teleological
or Operational Control Adaptation Anticipation | What the system decides
efficiency stability integrity

Fig. 1. The SAGACE genericmatrix

be definedas follows (it is a genericdefinition, and
mustbe customizedor eachprojectandeachsystem
accordingto the natureof the problemandthe type of

modelto be developed):

Service Functionalviewpointdescribinghe services
performedby the systemsandtheir dependeng
relations.

Activities Functionalviewpoint describingthe se-
guenceof actiities executediy thesystento per
form theexpectedservices.

Operating modes Functionalviewpoint describing
the operatingmodesadoptedby the systemand
thescenariosrisingfrom thesesequences.

Operating network. Organic viewpoint describing
exchangedetweertheorgansn chageof system
activities (humanoperatorsequipmenbr human-
machinecollaboration).

Logistic architecture Organicviewpoint describing
thesystemarchitecturan the senseof the organi-
zationallowing it to ensurets actuities.

Configuration. Organic viewpoint describingthe
overall statesthrough which the systempasses
during operation,andthe sequenceelatingthese
states.

Control. Operationalviewpoint describingthe deci-
sionallogic relatedto systemperformance.

Adaptation Operationaliewpointdescribinghede-
cisional logic of systemadaptationto erviron-
mentaldisturbances.

Anticipation. Operationalviewpoint describingthe
decisionalogic of stratgic anticipationof system
evolution duringoperation.

This knowledge representatiomethodhas beende-
scribedn detailby Penaha[1997]. Thepurposeof this
systemmodelingapproaclis to producea representa-
tion constitutinga structuredmediumfor information
of differenttypesfrom avariety of sourcesa basisfor
collective discussionand argumentationthe concrete
expressionof sharedknowledgeof the operatingsitu-
ation. As the actualprocessequipmentitemsin ser
vice may vary during operation,in our industrialpro-
totypethe supervisorysystemis so capableof recog-
nizing the currentconfiguration(Configurationview-
point) and operatingmode (OperatingModes view-
point), which areusedfor online selectionof therele-
vantknowledgeinput for the supervisionandhuman-
machindnterface(HMI) modulesaswell asto control
their status. More detailsconcerningthis application
pointareprovidedin Section4.

3.4. SAGACE andits Graphical Language

SAGACE provides a graphicallanguagedesigned
to facilitate the systemrepresentationto allow com-
municationamongthe relevant playersandto mate-
rialize the sharedknowledgeof a subject. We imag-
ined a languageof ideographgo representhe rela-
tionsamongthethreeentities(processarflow andob-
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sener) throughtransactionsinteractionsandcoupling

phenomena.

Thebasicelementof thelanguagexpressheideaof

a processocarryingout transactionsvith its erviron-

ment(horizontalaxis)andsubmittedo theinfluenceof

the ernvironmentby interactiong(vertical axis). Some
of the flow characteristicare perceved by operators
(ellipse).

With regardto representatiorthe SAGACE language
usesthreesymbolswith limited signification(the box,

the arrov and the ellipse, selectedfor their cultural

connotationsjo constructpatternswith increasingig-

nification : transaction,nteractionand coupling dia-

grams.Thesepatternsarethendefinedby placingthem

in a viewpoint as definedabove (subsectior3.3) and

describingthemaccordingto the conventionsadopted
for eachstudy

The basicsymbolsof the SAGACE language(Figure

2) are:

— thebox, aclosedregiondelimiting aninteriorand
an exterior, associateavith the notion of proces-
sor (the site of atransformation)

— thearraow, denotinga transferandassociatedvith
thenotionsof flow or influence;

— theellipse,ametaphofor theeye,associatedvith
thenotionof obsener (changeof level, from con-
creteto abstract); in someviewpoints, the ob-
senermay correspondo asensor

0

PROCESS0OR

MISSION
PROCESS

Fig. 2. Basicelement®f thegraphicallanguage

Thesethree symbolsmay be combinedusing simple
rulesthatallow for objecttypes.

Any actionis seenasa processof transformationin
time (storage) space(transport)or form (corversion)
of matter enegy or information.
Theimplementatiorof theactionis representedly the
notionof the processor

— an identified device that can be recognizedand
named

— characterizedy a stableform, meetingspecifi-
cationsandthusdescribedby propertiesthatare
eitherinherentor inheritedfrom a more general
form;

— finalized,i.e. active within thescopeof amission;

— immersedn anervironmenton whichit acts,and
limited in aspace-timdield thatit influences.

A completesystemmaythusberepresentethy a pro-
cessoyin theform of agenerakpecificatiorindicating
the systeminputs/outputs constraintsand objectives
consideregertinentto the study This comprehensie
overall perspectie mustthenbe projectedthroughthe
modelviewpointsto obtainthe detailedspecification.

— from a functional standpointthe processoisym-
bol is usedto represent service anactivity or a
behaviormode

— from anorganicstandpointthe processosymbol
represents setof resoucesdirectly contributing
to the action ("operative” processor)supporting
the organizationof the actiities ("logistic” pro-
cessor)r allowing a varietyof behaviors ("auxil-
iary” processor).

— from an operational standpoint, the processor
symbolrepresents contet, i.e. arepresentation
of the systemactiity necessaryor active inter-
vention.

Theflow symbolis usedto representelationsbetween
the systemand its ernvironmentas perceved by the
modeler

The processoiinput and output flows along the hori-

zontalaxisexpresghetransactiongmatter enegy, in-

formation)betweertheprocessoandits ervironment;

the vertical axis is resened for interactionsthat con-
dition the actvity. A flow is symbolizedby an ar-

row and identified both by a nameand by an (Ob-

ject, [Medium]) pair wherethe mediumis the vehi-

cle, matrix or form of a collection of objects(Figure
3). Thus,for example,"LOAD / M(U+FP, H+)" des-

MemoType (Objedt, [Medium])

Fig. 3. Flow characteristics

ignatesa materialflow of uraniumandfissionproducts
in anacidicaqueouphase.

The flow symbolis usedto composeflow diagrams
representingnatter enegy and information transac-
tions (Figure 4). In a flow diagram, "information”

refersto dataundegoing processing(storage,trans-
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Fig. 4. Flow andflow diagrams

mission, calculation). The flow symbolis also used
in interactiondiagramsalsoknown as™field diagrams”
(Figureb) shawing :

— theconditionsaffectingthe processequencethe
executionof the missionor the utilization of the
processor

— the eventsby which the effect of the processois
known, concerningts configurationoperationor
performance.Eventsare interpretedby the sys-
tem asdatathat entail a responsef its organiza-
tion. They representhe systemsensibilityto the
fluctuationsof thefieldsit is constrainedo.

Fig. 5. Flow andinteractiondiagrams

Finally, a couplingdiagram(Figure 6) expresseghe
dependenciebetweenentitiesof differentlevels (by
their compleity, their representatiortheir logic, their
technicaldomain,etc.). As with any modelobject,the

Fig. 6. Flow andcouplingdiagrams

flow is characterizedy a list of properties. An ob-
sener (shovn by anellipseattachedo anarrow) rep-
resentghe ability to perceve a flow property An ob-

Sersor

Indicator Actustor

Fig. 7. Obserers

sener (Figure 7) may be placedon ary type of flow,
transactionor interaction. Its particularmeaningde-
pendson the viewpointin whichit is placed.Froman
organicstandpointjt represents sensoror an actua-
tor ; from afunctionalstandpoinit representa partic-
ular specifications from anoperationaktandpointt is
apanelindicatoror representanobjective assignedo

aconcreteaction.

Giventhe size of the application,it wasessentiahot
only to structurethe knowledge requiredfor all the
supervisionsystemfunctions into operating system
viewpoints, but also to provide a unique representa-
tion methodfor eachviewpoint. Having thusdefined
theformal representatioframenork, themethodology
adoptedo designandimplementour industrial proto-
typeis discussedn the next section.

4. The Demonstrator

The methodologyis basedon the principlesandon
the technicaland strategjic obsenationsdiscussedn
the precedingsections.The following paragraph®x-
amine the modelsadoptedfor supervisorypurposes
basedon the actualavailable knowledgeof the facil-
ity, andshav how theoperatingprinciplesareincorpo-
ratedinto the supervisionstratgy througha managed
combinationof differentmodelscorrespondingo se-
eralprocessontrolviewpoints.

As a consequencéhe following descriptiondoesnot

focus on the mathematicahspectsf the application
(which arenot necessarilyhe mostdifficult partin an

industrialapplication)but ratheron the knowledgeto

gain, collect and organizeto achieve the supervision
system.

4.1. Scope

By the sizeandcompleity of the procesdacilities
andtheir high degreeof computerizationnuclearfuel
reprocessings particularlywell suitedfor supervision
applications.Thescopeof this applicationis limited to
the extractionandscrubbingcolumns,which aresitu-
atedin their industrial contet including its operating
modesand configurations. It is a continuousprocess
with slow dynamics. The processsolution from an-
otherfacility in the plant (a nitric acid solution con-
taining uranium,plutonium, fission products(FP) and
technetiumjs initially storedin a buffer tankto allow
large processhatchesfrom the upstreamfacilities to
be handledin smallerbatchesn the downstreanfeed
tank.

The feed tank is automaticallysuppliedwith batches
of the processsolution(U+Pu+FP+Tc+HNO3water)
from the buffer tank, andin turn suppliesthe first ex-
traction column, the purposeof which is to separate
mostof the fission productsfrom the processstream.
The FP scrubbingcolumn eliminatesary traces of
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fission products(U+Pu+eFP+Tc+TBRlodecanekn-
trainedin the solventfrom the extractioncolumn. This
nitric acid rinse allows the FP traces(eFP+ HNO3,
water) to be regycled in the extraction column, and
suppliesthe Tc extractioncolumnwith a solventfeed
streamfrom which all the fission productshave been
removed (U+Pu+Tc+TBRdodecane).

The Tc scrubbingcolumn separateghe technetium
from theprocesstreamby entrainingit in theagueous
phasetogethemwith tracesof uraniumandplutonium.
ThemainorganicphasqU+Pu+Tc+TBRdodecaneis
sentto anotheifacility notincludedin thescopeof this
application; theaqueougphassds sentto anadditional
extractionbank.

The mixer-settlerbankstripsthe residualuraniumand
plutoniumfrom the (Tc+eU+ePu+HNO3water) out-
flow from the Tc extractioncolumn. A diluentwash-
ing unit purifiestheaqueouphasecontainingthetech-
netiumby removing ary tracesof TBP remainingafter
the additionalextractionstep. The Tc raffinatesfrom
thediluentwashingunit arestoredin atank.

The diluent scrubbingcolumn eliminatesary traces
of TBP from the aqueougphasecontainingthe fission
products(FP+eTBP+HNO3 water) from the extrac-
tion column. The extractionis performedusingadilu-
ent(dodecane).

Theheelfrom thediluentscrubbingcolumn(FP+HNO3,
water)is continuouslytransferredto a storagetank ;
whenthe tankis full, its contentsaretransferredo a
fissionproductmonitoringtank.

All transfersaareensuredy danaidsairlifts for contin-
uoustransfersand by pumps,jet-pumpsand siphons
for batchtransfers.The systemresponsdime may be
setat a half-hourfor hydraulicphenomenanda few
hoursfor chemicalphenomenaThe facility is shavn
schematicallyn Figure8.

The systemis governedby a numberof operating
modes(startup,shutdavn, production,etc.) andoper
ating configurationg(reversionto emegeng transfer
device,onlineadjustmentetc.).

Threetypesof datainputsarerequiredfor processsu-
pervision:

— 320sensorsvith a30-secondcquisitiontime (ac-
tualrecordedlata playedbackin acceleratetime
onanoffline computerizedystem)

— 5 offline chemicalanalyzers

— 20descriptorge.qg.local valve position).

Thiscorrespondso :

— 44 superviseddevices (broken down into eight
classes airlift, danaid,siphon,jet-pump,pump,

Buffer tank

online mixer, pulsedcolumn, and mixer-settler
bank);

— 130anomalies

— 311 cause®f failure;

— approximatelyd00indicatorswhich, asnotedbe-
low, constitutethe basicdetectionand diagnosis
aids consideredas "processeddata” or as local
models(equialentto the residualsusedby au-
tomatic control specialists,symptomsof model-
basedliagnosis).

T scrubhing

FP =crubbing
column

ﬁﬂ

Driluent scrabhing

Extraction column

[ oot Diluert
wgrshing unit Mixer-satlers
iy J_I
FP storage tank kT/
FP monitcring To storage tenk

tank

Fig. 8. Simplified systemschematic

4.2. Applicationof the Segaceviewpointsto the plant
representation

The supervisiorfunctionsareimplementedhrough
the acquisition, synthesisand structuringof the data
they requiredfor applicationto a specificfacility. In
order to bring togetherinformation of various ori-
gins (process,control and monitoring, safety etc.),
we adoptedthe SAGACE unique representatiorfor
all the viewpoints. The knowledgepartitionin view-
pointssimplify the way the context-dependenbeha-
ioral modelis governed.

This formal framavork produceghe concreteexpres-
sion of sharedknowledge (by the operatingstaf and
the supervisionsystem)of the operatingsituation: it

is essentiako the intelligibility and pertinenceto the
operatomf theresultsprovidedby the supervisiorsys-
tem; the resultsof the supervisionsystemare part of

the reasoningof the operatoranalyzingthe situation,
andaremoreeasilysubstantiatedndexplained.In the
scopeof our applicationonly threeof theseviewpoints
are(mainly) usedto capturethe knowledgeof the op-
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erating situation necessaryto our supervisionobjec-
tives: operatingnetwork, operatingnodesandconfig-
urations.

4.2.1. Operating Modes

In the scopeof the application,a functional group
is a setof deviceswhoseopemtion can be controlled
independently Automatic startupand shutdavn se-
guencesare localized at the functional group level.
It is importantto note that the functional breakdavn
doesnot reflectthe partitioning of the facility : a de-
vice may simultaneoushbelongto several functional
groups. Then, an operating modeis a phaseduring
which a functionalgroupis in a staterelevantto its ob-
jective(andto theconstraintgjualifyingtheobjectie).
A modemaybeassociateavith a setof characteristics
thatit is desirablefor the physicalsystento maintain.
Operatingmodemanagemenprovidesa real-timein-
dication of the currentoperatingphase basedexclu-
sively on processnputsandactuatorssalues.
Thisknowledgecorrespondso the FunctionalOperat-
ing Modesviewpoint at the systembehavior represen-
tation level, expressinga diachronicfunctionalvision
concernedvith the systemevolution over alargetime
scaleduringits operation.

Example the missionof the unit X is to extractthe U
andPufrom afissionproductsolutionusinga solvent.
Oneoperatingmodeof unit X is production a phase
duringwhich the extractionmissionis fully ensured.
The modelmustprovide a representationf the unit’s
operatingmodes andthe positionof eachmodein the
unit's operatingscenariosywhereascenarids anoper
ationallogic sequencef mission-pertinenbperating
modes.It mustalsosupportthelist of informationfor
whichonlineacquisitionis considerechecessarjo en-
sureautomatialetectiorof thecurrentoperatingnmode.
Theoperationof a functionalgroupcanthusberepre-
sentecby a graphin which the nodesarethe operating
modesandthe arcssymbolizepossibletransitionsbe-
tweenmodes. This SAGACE graphthusdescribethe
possibleoperatingscenarios.

The nodesof the generalgraphin Figure 9 are the
ninedistinguishedperatingnodedor theapplication.
The syntaxfor representingoperatingmodesin the
SAGACE methodis shovn in the examplein Figure
10.

The operatingmodesare boxes ; transitionsbe-
tweenmodesareexpresse@sa combinatiorof events,
constraintsaand conditionsthat arelogical expressions
classifiedaccordingo their nature:

— eventsallow for exiting amode(theseincludeob-
jectivesinherentin the modeor eventsoriginat-
ing outsidethe system),examples. start danaid,
columnB discharged;

— constraintsare imposedby the ervironment (in
this casedecisionamadeby the operatingteam),
example: discharge cycle;

— conditionsmustbe metbeforeenteringa new op-
erating mode, example: columnA discharged,
shutdowrlJ(1V) andN2H4.

Acid Solvent Transition

Main Uranium Discharge

=
Main uranium

' '

URT Operation

Additional Uranium
Discharge

Solvent Draining

Intercampaign Shutdewn

Fig. 9. Generaloperatingnodegraph

discharge

Column &

dischargesd
_ v distha
- -
£
Stat dena Additional U .
discharge //Dlscha'ge cydle
Shitderan 0Y)
/l/a'\dNﬂ'h
[T
counne A

dscharget Extended

shutdown

[

Fig. 10. Excerptfrom ascenario

Theoreticallya transitionto detectan operatingmode
changeis the logical product(event x constraint *
condition). A constraintcorrespondgo a decision
by the operatingteam: a logical variablethat corre-
spondgo this forcing possibility hasto be declaredn
the model. However all the transitionsdo not imply
a humandecision: for examplethereis no constraint
requirementn the Main UraniumDischagemodeand
the Additional U Dischage modetransition,it is then
reducedo thelogical productevent * condition. On
the otherhandeventsandconditionsare always eval-



10

uatedfrom the procesgataflow with a 30-secondac-
quisitiontime. The simplestcasecorresponddo the
directacquisitionof logical measurementsfor exam-
ple shutdavn U(IV) andN2H4 conditionis simply the
logical productof the on/off statesignalsof the corre-
spondingvalves. In othercaseeventsand conditions
may be associatedvith logical expressionsas: "ana-
logicalvariablemeasurementr afunctionof it (for ex-

amplea densityor its derivative) or a giventhreshold,
or = areferencevalue”.

4.2.2. Openating Configuations

An operatingconfigurationcorrespondso a selec-
tion of devicesdefinedaccordingto operatingcriteria
(operatingmode,equipmentvailability, productqual-
ity, etc.). Two typesof selectionarepossible:

— alternatvesusedto obtainthe basicconfiguration
requiredfor production(generallybasednequip-
mentavailability) ;

— optionsimplementedn additionto the basiccon-
figuration(e.g.regycling flows).

The configurationsdetectedinclude devices usedfor
redundantransfers,adjustmentsand implementation
of optionaltransferprovisions.
Thedevicesactuallyusedmay vary during operation;
recognitionof the current operatingconfigurationis
thereforeindispensabldo the supervisorysystemfor
example. This knowledgecorrespondso the Config-
urationsviewpointin the SAGACE matrix. Thefunc-
tionalitemscapableof detectingconfigurationchanges
(e.g. on/off switching of optional or standbytransfer
devices)mustthereforebelisted.
Reconfiguratiothusalwaysinvolvesactivatingand/or
deactvating transferdevices controlling the useof a
procesdine, andthereforeimplementspurely logical
modelsthatcontrolandadapthe supervisorypbehaior
models.In Figurell, air-lift A correspondso theac-
tive transferline from the extractioncolumnto the PF
scrubbingcolumnwhereagAir-lift B is not active and
is consideredasthe emepgeng line in this configura-
tion.

4.2.3. Organicrepresentation

The organic model correspondgto the Operating
Network viewpoint, consolidatingall the information
concerningthe structure of the operating network,
knowledgerelatedto theinstrumentationaswell asthe
basicknowledgefor diagnosis(defect-filure graphs)
anddetection(anomalies). The organicmodelis im-
plementedatthe systenstructurakrepresentatiotevel,
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Fig. 11. Active andemepgeng lines

and expressesa time-independenbrganic vision de-
scribing the resourcesnecessaryfor the production
systemservicefunctions.

A hierarchicalstructuralmodel of the plant is estab-
lished: the highestlevel correspondgo the simple
box entitled SpentFuel Reprocessingnit with its in-

put/outputflows andthe lowestlevelsprovide elemen-
tary devices. Figure 12 illustratesthe organic model
pageof a scrubbingcolumn completewith transfer
flows. The modelis automaticallytranslatedo gener

atethe HMI views ; notethatthe box elementsymbol-
izing a processorcorrespond$iereto a major equip-
ment item, and was thereforereplacedby a simple
icon, as shavn here for the pulsed scrubbing col-

umn. The obsenersdesignatgotentialdevice anoma-
lies at the lowest level of the hierarchicalstructural
breakdevn (detectedby the anomaly detectionsys-
tem). Note thatthanksto this doublehierarchicaland
flow decompositiorit is aseasyto surf vertically (ab-
stractionlevels)ashorizontally(flows)in this comput-
erizedrepresentation.

4.2.4. Onlineconsequencesn the behavioal model
andHMI selection
The organic model, the current configurationand
operatingnodedeterminghecurrentoehaioral model.
The behavioral knowledge usedto diagnosefailures
clearlydepend®ntheoperatingnode.For example,it

TRAITEMENT PF
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Fig. 12. Organicmodelof the Tc scrubbingcolumn

may be consideredisefulto monitora unit’s feedsys-
temonly whenthe unit is usedfor production,andthe
necessargalculationsare possibleonly whena num-
ber of assumptionsre verified. The operatingmode
recognitionfunctionfor afunctionalgroupmustbeca-
pableof configuringthe system,i.e. of controllingits
supervisoryfunctionsin a mannerconsistentvith the
currentoperatingmode, but also coversthe graphical
interface display functions derived from the organic
representation. The screendisplay must correspond
to the operatingcontext, andit may be detrimentalto
preseniinformationthatis not pertinentto the current
contet : in otherwords,the mostsuitabledisplayfor
a productionmodeis not necessarilthe bestadapted
to ashutdevn mode.

From the Configurationspoint of view the detection
of configurationchangess justasindispensablasthe
detectionof operatingmodechangeshoth for revert-
ing theprototypeto standbystatusandfor selectinghe
knowledgesuitablefor supervisiorof the currentsitu-
ation.

As a conclusionthe OperatingModesand Configura-
tionsviewpointsareusedto controlonlineselectiorof
theknowledgerequiredto write behavior modelsused
for diagnosigthe indicators,constructorandsignsin
this case asdiscussedn sectiond.3).

A contet-dependenbehaioral modelis providedin

Air-fift
Aeidification 34 1 “ 7 W
[l

the following example (Figure 13). The interestof
the following extract of the knowledgebaseis not to
presenthespecificlanguageof thebase it simply re-
lies on specificand easily readablesyntaxand gram-
mardevelopedonthebasisof C++languageandis not
discussedn this paper The ideabeyond this exam-
pleis ratherto checkthatassoonasseveralviewpoints
of the operatingsituationsareintroducedmodelscom-
plexity rapidly increasesThedistinctionbetweenop-
erating modes, configurationsand structural knowl-
edgebecome®ssentialo build evenapparenthsimple
behaioral model. Indeed,from atheoreticalpoint of
view theflow balancefor the extractioncolumncanbe
apriori simply enunciateds: Oggueous_phase_input(t)
+ qorganic_phase_input(t) = qaqueous_phase_Output(t) +
Oorganic_phase_Output(t). Consequentlythis balance
thatis anindicator of the extractioncolumnclassap-
pearsto be avery simplebehaioral constraint.But in
fact,eachof thistermdepend®nthecurrentmodeand
configuration.Thefollowing extractsimply illustrates
thenecessargalculusto processat eachtime to know
WhatQagueous_phase_input doeSEAllydesignat®nline.
The samecalculusmethodcould be proposedor each
inflow andoutflow of thebalancesquation theformal
previous balanceequationconsequentiytakes multi-
ple computationakvaluationforms that are managed
by the differentviewpoints. The simplestexpression
Of Oaqueous_phase_input (t) IS the sumof the outflow of
theupstreamactive danaidandthe feedbaclkof the FP
scrubbingcolumn; but to this basicvaluecanbeadded
additionalinflows dependingn adjustmentonfigura-
tionsandregycling modes.

ClassExtraction column

Extractioncolumn.method
/I* Methodsfor the ExtractionColumnclass

/ICalculatedattributes

/I Calculusof theaqueousnput flow of the column: g aqueousphaseinput
/I g aqueousphaseinput: ( danaidx_outflow or danaidy_outflow) +

/I 10%in caseof reg/cling mode+

/I onlinemixer_x (correspondso theaqueouslow feedbackrom theFPscrub-
bing column)+

/I onlinemixer_yy + onlinemixer.yz whenacidor URT additionaladjustments
areneeded.

method(extraction.column.q aqueousphaseinput) is
active_danaid: object(load.danaid);
inflow_active_danaid: numerical= 0.0;
regycling-inflow : numerical= 0.0;

adjustmentinflow : numerical= 0.0;

/1 aresimplecomments.
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adjustmentype: enumeratedadjustmentype){

/I adjustmentype evaluation.

adjustmentype = configuration.loacadjustment.adjustmenype;

If (is_unknawn (adjustmentype)) {

returnunknavn_numerical}

/I Dependingon theactive danaid theloadinflow is evaluated.

If (is_unknawn (configuration.transferfieedtankextractioncolumn.actie_object))
{ returnunknovn_numerical; }

active_danaid= cast(load.danaid,configuration.
transfertfeedtankextractioncolumn.actie_object);

inflow_active_danaid= active_danaid->inflow_measurement

/I Dependingon the reg/cling mode,q % additionalinflow from unit Xxx is
addedo themaininflow.

If (cast(air_lift, configuration.regcling-Xxx_extractioncolumn.actie_object)
==air lift.alzzz) {

Reg/lcing.inflow = inflow_active_danaid* q%;}
/I Dependingn the additionaladjustmentthe additionaladjustmentnflow is
evaluated.

If (adjustmentype==acidadjustment)

Adjustmentinflow = online-mixer.mixer_x.inflow_measuremeny;

If (adjustmenttype == urt.adjustment)

Adjustmentinflow = online-mixer.mixer_yz.totalinflow_measuremeny;
If (adjustmentype == completeadjustment)

Adjustmentinflow = onlinemixer.mixer_yy. totalinflow_measurement
onlinemixer.mixer.yz.totalinflow_measuremen;

/I g aqueousphaseinput

returninflow_active_danaid+

online.mixer.mixerx. totaLinflow_measurement

Reglcing_inflow +

Adjustmentinflow; }

Fig. 13. Contet-dependenbehaioral model

4.3. Applicationof the conceptof vulnembility in the
diagnosisknowled@

Supervisiorcoversasetof functionsdesignedo au-
tomatethe processof monitoring satishctory system
operation,andto detectandaccountfor ary malfunc-
tionsattheearliestpossiblestagesBut asexplainedin
section2, precocityof detectiormaybemisunderstood
by operatorsandhasleadto distinguishplantvulnera-
bility managemenand plantavailability management
in theapplicationassociatetb the Anomalydetection
andFault Diagnosisfunctionalities.

Anomaly detection. The detectionof anomaliesin-
volvesidentifying the loss or impairmentof a basic
function. A degradedfunction doesnot necessarily
have ary consequence§mmediately at least)on the
processoutputs,but resultsin a reductionin the pro-
cesscontrolmamin: anomaliesreassociatedvith the
conceptof vulnerability. It is a"functional” detection
capableof indicating a crippled function without at-
temptingto attributeit to a problemin the structureof
thesystem.

Fault diagnosis. The diagnosticstepattributesa mal-

functionto modulessuchassensorscontrollers,pro-
cessor control units. Thesemalfunctionsaffect the
proces®utputs: thefaultsareassociateevith thecon-
cept of availability. The detectionfunction only de-
tectsthelossorimpairmentof abasicprocesgunction,
whereaghe diagnosticfunction providesan explana-
tion anddetermineghe causeof the event. Diagnosis
allows identificationof theinitial defectamongmulti-
ple detecteddefectq(i.e. the eventcapableof account-
ing for all the otherobsened defects)anddetermina-
tion of the physicalcause.

4.3.1. Fault Diagnosisknowledg

Three main stepscan be distinguishedin the di-
agnosisknowledge baseconstruction: failure mode
andeffect analysisdefect-filure graphsconstruction,
model-basediagnosidnterpretation.
Failure Mode and EffectsAnalysis. The diagnostic
knowledgeis initially basedna FailureMode andEf-
fects Analysis (FMEA)2. This analysisidentifiesthe
possiblemalfunctionsthat mustbe diagnosedn each
procesequipmenitem, andmustbe carriedout with
the plantoperatorto specifythe list of failuresfor su-
pervision. The study also determineghe causesgf-
fectsandconsequences eachfailure,andassignst a
degreeof gravity.
Theknowledgebasemustincludeall the relevantfail-
uremodesandtheir possiblecausedor all the process
equipmentitems covered by the application. Some
items (pumps, airlifts, tanks, etc.) are found several
timesin afacility ; it is thusadvisableto limit the di-
agnosticanalysisto a type of genericequipmentitem
ratherthanto repeatthe samereasoningfor multiple
similaritems.
This genericanalysisidentifiesgenericfailure modes
for processequipment.In fact, however, eachdevice
mustbe consideredndividually becausef its instru-
mentatioror its locationin thefacility. Thelist of fail-
uremodesassociateavith a"tank” maybedetermined
by genericanalysis but the specificaspect®of a given
tank (continuousor batchfeed, drain provisions, de-
greeof instrumentatiorcomparedwith the basictank
design)mustbespecifiedn theFMEA, notablythede-
tectionprovisionshighlightedby the genericstudy
Theresultfor anidentifieddevice maybepresentecs
anindividual dataform resultingfrom the genericand
specificstudies.A typical exampledescribingthe un-

2Failure Mode andEffectsAnalysisis a qualitatve systemanaly-
sismethoddesignedo identify thesystemcomponenfailuremodes,
their causesndtheir effects.
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timely shutdavn failure modeof anairlift, assumma-
rizedin anFMEA table,is shavn in Figure14.

E
fcomprs Hedair
ACHr
Lozs of air

SIGNIFICANT
FAILURE MODE: | SHUTDOWN
Local effect: Lossof organicphasetransfer

flow from CP21to CP31

Failurel: Lossof prime throughlack of
air

Failure?2: Lossof prime throughlack of
material

Failure 3: Inadwertentclosureof AC sys-
temshutof valve

Fig. 14. Causesandfailures

Defect-Failure Graphs. The FMEA tablesmaythen
be consolidatednto a syntheticrepresentatioin the
form of defect-filure graphs. Defect-failure graphs
are structuredinterpretationsf the FMEA. They ex-
pressthe causalrelations betweenflow defectsand
processofailures. Thesegraphsformalize the repre-
sentatiorof the failure modesin a way thatis directly
applicablefor developing diagnosticrules, and they
also provide a human/machinénterfacefor the diag-
nosticview : the operatorcanmonitor the systemre-
sultsandreasoningnthegraphs.
Partitioningthedefect-filuregraphdor thefacility ac-
cordingto thegravity of theconsequencehey express
then makes it possibleto discriminatebetweenfail-
ureswith critical, significant,gradualand minor con-
sequencefor eachdevice. The semanticdor defect-
failure graphis given in Figure 15 and the defect-
failure graph of significantmodesfor an airlift X is
shavn in Figurel6.

Device
Fatlure Mode

Failure 1 |{{ Undesivable | Ygy o0 o st
Effect H

External . :

w | Fature Canse | 73 2 ;
Internal

Failure Cause

— Failure2 |4

ra

va

Fig. 15. Semantic®f Defect-filure graph

Interpretation of the FMEA in termsof model-based
diagnosis. Model-basedliagnosisdetermineshe be-
havior deviation betweera systemandits model. De-
viations betweenthe actual systembehaior and the

AIRLIFT X

\ Shutdown ]

Shutoff valve dosed

Fig. 16. Defect-hilure graphof significantmodesfor anairlif

Wl
FPe4TEP+ HNO:
iabr

Lozs of flow

expectedbehaior are usedto tracedefective compo-
nentsthe failure of which affectsat leasta portion of
the process.A defectis thusan intolerabledeviation
betweenthe obsened and expectedbehaior, i.e. the
"non zeroresidual’usedby automaticcontrolspecial-
ists. Managingthis type of symptomsallows early
faultdetection7].

Unfortunately the detectionmeansidentified in the
FMEA generallyinvolve comparisonswith the pre-
alarmor alarmthresholdson processoutputsusedin
cornventionalprocesscontrol 3, implying belatedde-
tectionand diagnostics: by this time, the effects of
the fault condition may have propagatedrreversibly,
andit may be necessaryo shutdown all or part of
the facility for a durationdependingon the extent of
the damage. It is thereforeindispensabldo reexam-
ine eachof the detectionprovisionsin an effort to en-
suresaferandearlierdetectior thisinvolvestheuseof
local mathematicamodels,evenif only rudimentary
ones. Whatis necessarhereis to build local beha-
ior modelsto replacethe detectionmeandistedin the
FMEA and thus enhancethe detectionperformance,
in an approachsimilar to the one proposedby [13].
For this purposewe adopteda more preciseterminol-
ogy andclassificatiorthantheclassicsymptom-ailure
paradigmonethat prepareghe formulationof the di-
agnosticsystenrule base.

A failure mode is thus conjecturedwhen a unique
logical expressionthe "constructor”, assignedo that
modebecomesyalid. The constructormay be a com-
plex logical expressionconsistingof elementaryogic

3 An alarmis thena simpleexceedingof a tolerancethresholdoy
ameasurementThresholdsaaregenerallyempirically setby process
engineersand do not have propersemantic: operationlimits and
productiontolerancearesometime®quallymixed
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conditions,or "indicators”, relatedby conjunctive and
disjunctive connectorsTheindicatorsignifieswhether
or not a simple processconstraintis verified, for ex-
amplea discrepang betweenthe modelandthe pro-
cessexceedinga specifiedthreshold. Having defined
the failure mode,the next stepis to assignit a cause,
which is associatedvith a "context’(a logical expres-
sionequialentto aconstructor) Obviously, whenerer
possiblethe indicatorsare definedat the genericlevel
(correspondingo programmingclasses) becauseof
the specificfeaturesof somedevices,however, certain
methodsmustbe explicitly definedat the device level
(correspondingo programmingpbjects).

An excerptfrom the FMEA interpretationin termsof
indicators constructorgndcontexts of the”airlift” de-
vice class(the conceptof anomalieswill be discussed
later)is proposedn Figurel7. Thecharacteristicare
the specificationvaluesof a device usedto construct
its indicators. Certaincharacteristicare simple mea-
surementsyhile otherscorrespondo moreelaborate
assessmentslhis excerptnotablyincludesthe previ-
ously mentionednstanceof anunexpectedshutdavn.

AIRLIFT

Characteristics

SOLENOID_VALVE_CONTROL : controlstheair line solenoidvalve
ON_OFF_STATE : airlift on/of state

AC_FLOW : air flow supplyingthe airlift

ACTUATOR : air flow regulatingvalve openingpercentage
UPSTREAM_LEVEL_SETPOINT : stabilizedupstreanevel setpoint
UPSTREAM_LEVEL_MEASUREMENT : stabilizedupstreanievel mea-
surement

Q_CALC : flow ratesupposedo betransferrecy the airlift
Q_POT: flow ratetransferrecy the pot associatedavith the airlift
Q_STANDARD : theoreticakirlift transferflow rate

Indicators

1- Low air flow rate

2 - Air flow ratenearzero

3/4 - Shutof valve closed

5/14 - Significantdeviation betweenupstreamlevel setpointand measured
value

6/15- Upstrearow-level limit exceeded

7/16- Upstrearrhigh-level limit exceeded

8/17- Upstreamlevel regulatingvalve open

9/18- Upstreamlevel regulatingvalve fully open

11/19- Calibrationrelationunverified

12/20- Materialbalancefor liquid-liquid separatounverified
13/21- Materialbalancefor liquid-liquid separatowerified

Anomalies?

Level regulation: 5/14

AC air supply: 2 or (1 & 9/18)
Calibration: 11/19
Materialbalance 12/20

Constructors and contexts

Shutdavn : 6/150r 7/16

- Lossof primethroughlack of air : ((1 and9/18)or (2 and8/17))andnot4
- Inadwertentclosureof AC systemshutof valve: 4

Insufiicienthead: 11/19and13/21

Fig. 17. Indicators,anomaliesandconstructors

Note that the calculusof eachof the indicator is

contet-dependentand is carried out as explainedin
subsectio.2.4(seethecalculusmethodfor theaque-
ousinput flow of the column). Eachindicatoris a lo-
cal modelthat hasto be online updatedby the mod-
ulesperformingthe operatingmodeandconfiguration
management.
Finally, this knowledge basecould be interpretedin
termsof rules. Having definedthe terms, the diag-
nosticrule would be practicallystatedn thefollowing
form:

if <Failure Mbde>® then assume Failure.l with Context_1

el se assunme Failure2 with Context_2
otherwi se Cther Failures.

Note that a context may well be a failure modeof an
upstreandevice; in fact,the context becomeghefail-
uremodeconstructorfor theupstreandevice. Thisal-
lows for failure modechainingmanagementFinally,
the notion of "other failures” makesit possibleto list
failuresthat cannotbe associatedvith a contet (gen-
erally becaus®f inadequaténstrumentation).

4.3.2. Anomaliesand FunctionalModel

The malfunctionsexaminedby the anomalydetec-
tion systemdo not necessarilyequireary intervention
by theoperatingor maintenancerews, but they should
arouseincreasedvigilance regarding certain portions
of the facility. This function thus correspondgo the
conceptof vulnerability monitoringdefinedin section
2. Anomaliesthereforedo not necessarilyimply the
onsetof failures(contraryto the diagnosisunctional-
ity), but they may constituteearly symptomsof mal-
functionsunderthe failure diagnosticfunction. Thus,
the necessarknowledgeto this functionality cannot
beissuedfrom afailure modesanalysis(lik e for diag-
nosis)but from a purely modelbasedapproach.
Anomaliesdetectionis associatedvith a functional
point of view of the plant. The missionof a process
facility may be broken down into lowerlevel func-
tions,eachof whichis implementedy a hardwarede-

4This notionis discussedn 4.3.2

51f therelevantfailure modeconstructoiis assigned
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vice. Elementaryfunctions are associatedvith ele-
mentarycomponentge.g. sensoror actuators).The
systentopologicalmodelis its architectureatthelow-
estfunctional breakdevn level, i.e. the hardwarere-
lations. Theseconnectiongxpressthe matter enegy
or informationtransfersetweerthe hardwarecompo-
nentsassociatedvith eachactvity, andare character
ized by systemdescriptionvariables.The overall sys-
tembehaior is determinedrom its topologyandfrom
the behaior of eachcomponent. Constraintsamong
the descriptionvariablesor acomponentonstitutets
behaior model; suchconstraintsmay be expressed
in various ways, from productionrules to differen-
tial equationsdependingon the natureof the available
knowledge.

As aconsequencéheanomalydetectiorfeatureof our
prototypedetectghelossor degradatiorof anelemen-
tary processfunction that doesnot necessarilyhave
ary consequenceasn the procesoutputs.Any total or
partiallossof anelementaryfunctionin thefacility is
termedan anomaly(e.g. organicmaterialbalancefor
a column headairlift). The anomaly(the equialent
of thediagnostidailure mode)is detectedby a unique
logical expressionpr "sign”, associatedvith it (equiv-
alentto thefailuremodeconstructor)lt toois alogical
expressiorconsistingof indicators.

Considerthe examplein section2, wherethe uranium
front was assumedo descendn the extraction col-
umn. From a detectionstandpoint,for example,this
phenomenonwill be obsered as a variation in the
columnweight differential : the elementaryfunction
correspondindo "Stabilization of the U Front” is no
longerproperlyensured.If theanomalyis confirmed,
thediagnostids initiatedby anincreasen theaqueous
phasedensityin the lower settlerand may proposea
causesuchas”Excessve FeedFlow”.

In view of the parallelsestablishedetweendetection
and diagnosis,anomaly and failure mode, sign and
constructora list of all the indicatorscan be defined
initially ; thesigns(respectiely constructorsganthen
be constructedfor detection(respectiely diagnosis)
without rewriting indicatorsthat may be commonto
both functions. It is importantto reiteratethat the
knowledgesourcedor thesawo functionsaredifferent
. interpreted=MEA for diagnosisandfunctionalanal-
ysis of thefacility for detection.Detection,througha
functionalinterpretatiorof malfunctionsjs readilyas-
similatedby the operatingcrew in the processcontrol
principles; diagnosisgeneratestructuralresultsper
tinentbothto the processontrol staf andthe mainte-
nancestaf.

4.3.3. RuleParameterldentification
Indicatorsmay be consideredas local modelsin-
volving :

— measuredsariables(generallysubjectto noise);
the variablesare assignedh variationrange,and
thenoiseis qualifiedby its variance;

— calculatedvariables(complex functions of mea-
suredvariables); they areassignecd noisevalue
resultingfrom the noisecomponent®f the perti-
nentmeasuredariables

— structuralparameters

— decisionparameterg,e. thresholddeyondwhich
operatingconstraintgconstitutingthe indicators)
areno longervalid (comparableo the threshold
beyond which a residualis assigneda nonzero
valuein automaticcontrolapplications)

— initial valuesfor certainvariablesusedin differ-
entialequations.

All thesequantitiesmustbe takeninto accountto ob-
tain an operationalbase. Dependingon the quality
of a measuremendindits implementatiorby the sys-
tem, somevariablesmay requirepreprocessingfilter-
ing, averaging, leastsquaresanalysis,etc.). Actual
datarecordedduring the first four weeksof operation
wereusedduringthis phaseo identify andvalidatethe
models.

It shouldbe notedthat statisticaltestsare not usedfor
the decisionparameters.Eachindicator is seenasa
vaguestatemenf{e.g. Air flow ratenearzero,or Sig-
nificantdeviation betweerupstreanievel setpointand
measuredralue). This imprecisionis modeledusing
fuzzy sets: the degree of pertinenceof a symbolic
predicatds calculatedvith allowancefor themeasured
situation(What is the pertinenceof the Air flow rate
nearzeroindicatorgiventhatthemeasuredlow rateis
27 |h-1, or of the Significantdeviation indicatorgiven
that the deviation betweenthe setpointand the mea-
suredflow rateis 6 Ih-1 ?). A degreeof pertinencds
thusassignedo eachindicator Thesigns,constructors
andcontexts (logical combinationsof indicators)also
inheritafuzzy evaluation: the degreeof pertinenceof
the compositeexpressionis seenas the aggreyate of
the degreesof pertinenceof the individual indicators
composingt ; theandandor connectvesin thesdogi-
calcombinationsarethenassociateavith fuzzy aggre-
gationoperatorqt-normsandconorms)[5] [19]. This
analysisis transparento the operator
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4.4. Computerizedmplementatiorand Validation
Platform

RTWorks is usedto obtaina distributedmodulear
chitecture. This provides a heterogeneousgrviron-
ment,fault toleranceandconsiderablgossibilitiesfor
addingor replacingsystemmodules. A key feature
of RTWorksis its ability to distribute client processes
throughouthe network, evenin a heterogeneousrvi-
ronment.Processemay be run on differentmachines
to benefitfrom thecomputingoower of anetwork. Pro-
cessesnay be startedand stoppeddynamicallywhile
the systemis running.

The Methys module,comprisingthe detection,diag-
nosis,configurationmanagemenand operatingmode
managemerfunctions,is aninterpretefor adiagnosis-
specificevent-drivenobjectlanguageAll themodules
arewrittenin C++, Motiv andDataMews.

Actual datarecordingsover a period of weekswere
usedto validatethe prototypethroughaccelerateaf-
fline monitoringof operation; detailedanalysesvere
producedasformswhenthe operatorrequestea spe-
cific diagnosticreporton a more significantmalfunc-
tion occurringduring the operatingweek. The spuri-
ousdetectiorandnondetectiorratescanbeevaluated,
but thesecasestudiesprimarily assessethe early de-
tectionperformancef the system.

5. Conclusion

In orderto improve the productiity of a facility to-
day, it appearsecessaryo be concernedvith moni-
toring its availability. This hasled to the development
of operatoraids, notably in the areaof fault diagno-
sis. Theirpurposéds to ensuresarlydetectiorof abnor
mal situationsandto interpretthemsothatthe opera-
tor may control the procesamore efficiently. Model-
baseddiagnosisn ProcessControl Theoryis founded
ontheconstructiorof earlymathematicafaultindica-
torsknown asresiduals Themethodgroposedor this
purposegenerallyrepresentheprocesdy meanof an
extremelyinflexible algebraidormalismthatlimits the
scopeof applications.Furthermorehe power of these
techniquess extremely poor for explanationthatis a
fundamentatequirementor theoperatingstaf under
standing. The diagnosticproceduredor suchplants
aregenerallyintegratedinto a supervisiorsystemand
mustthereforebe provided with explanatoryfeatures
that are essentialinterpretationand decision-making
supports.

Theintroductionof earlydetectionconcepin theprin-
ciplesof thecontrolstaf goesthroughthedefinitionof
ascaleof gravity in dysfunctionalevents.An anomaly
correspondgo the impairmentof a basicfunction of
the processthat doesnot necessarilyhave ary con-
sequencegimmediately at least)on the processout-
puts, but that simply resultsin a reductionin the pro-
cesscontrolmaimgin andis associatedavith the concept
of vulnerability The fault diagnosticstepattributesa
malfunctionto processmoduleswhenthe procesut-
putsareaffectedandis associatedvith the conceptof
availability. The sourcesof knowledgeof both func-
tionsareclearlydifferent: anomaliesndicatorsareis-
suedfrom a hierarchicalfunctional breakdevn of the
facility whereaghe diagnosisonesresultfrom thein-
terpretationof the failure mode and effects analysis.
Thedistinctionbetweeranomaliedetectionandfault
diagnosids a simpleway to introducethe chronolog-
ical sequencen the scaleof gravity of dysfunctional
events. The notion of early detectionis thusincorpo-
ratedinto arepresentatiosystensharedoy all the op-
erators.
Targetingthesupervisiorsystenontheoperatingeam
ratherthanthe SCADA leadsto othermajorrevisions
in model-basedliagnosisstratgies. Indeedprocess
controltheoryapproaches model-basedupervision
are associatedvith diagnosticsof the processitself,
and not of the processcontrol situation(the operator
facility, control triplet), which is the veritablesubject
of supervision.Representinglifferentaspectof pro-
cesgontrolsituationfrom multiple viewpointsnotably
allows the on line selectionof the behaioral models
relevant to the obsened situation. It is indeedeas-
ier to allocatethe wide rangeof knowledgenecessary
for asupervisiorsystemamongseveralpertinentmod-
els ratherthanto build a single dynamic model that
"hypocritically” attemptsto integrateall the informa-
tion sourcegeventhosefor whichit wasnotdesigned).
Our indicatorsconstitutethe local behaioral models
dedicatedio anomaliesand failuresdetection: their
distributed architectureand their generic expression
areadequateo the online selectionandupdatingwith
regardto thedifferentimplied viewpoints.

By classifying knowledge into viewpoints, we were
able to extract the operating data pertinentto the
projectand structurethem efficiently in termsof the
supervisiorfunctionsrequiredfor the project: to con-
structaknowledgebaseusablenotonly by plantopera-
torsbut alsoby the supervisiorsystemdesignersSys-
temic approachSAGACE providesthis formal repre-
sentatiorframenork. Thepurposeof this systemmod-
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eling approachis to producea representatiortonsti-
tuting a structurednediumfor informationof different
typesfrom a variety of sourcesthe concreteexpres-
sion of sharedknowledge of the operatingsituation.
It is essentiahot only to structurethe knowledgere-
quiredfor all the supervisiorsystenfunctionsinto op-
eratingsystenviewpoints,but alsoto provideaunique
representatiomethodfor eachviewpoint. This rep-
resentationaéxerciseshoved that configurationman-
agementandoperatingmodemanagementereindis-
pensablefunctions, althoughonly the supervisionof
proces®peratiorhadbeerraisedduringtheoperators
initial analysisof projectrequirements.

In the broadercontext of risk control, the operatoraid
cannotsimply cover processmalfunctions: it is in-
tendedfor the humanoperatoy and mustthereforein-
tegratearepresentationf humanprocessontrolprin-
ciplesif it is to constitutean effective control room
decision-makingnid.
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