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Abstract. We presentan environmentaldecision-supporsystem
integrating a rule-basedexpert system,a case-basedeasonerand
an ontological knowledge-baseThis systemis able to model the
information abouta wastevatertreatmentprocesshroughthe def-
inition of thebasictermsandrelationscomprisingthe vocahulary of
thewastavatertreatmentirea Furthermorethis managemerdystem
optimizesthe operationof wastevatertreatmentby a more reliable
managemerdndmakingeasieiits selfportability.

1 INTRODUCTION

Thegeneraissuesve would like to addressn the paperare:

* optimizing wastavater treatmentoperationby a more reliable
managemerdnd
* makingeasierthe portability of the managemengystem.

1.1 Physicalervironment

Wastewater purification Contaminationlevels of waterscon-
stantly increasedue basicallyto industrial developmentandto the
increaseof populationdensityin certainzones Wastevaters,either
industrial or urban, have to be decontaminatedintil an adequate
level, sothatthey couldbepouredto the surroundindiydric medium
without causingproblemsof ervironmentaldeterioration For that,
therearewastevatertreatmentplants (WWTPs)with techniquef
physical-chemicadndbiologicaltreatment.

Everytreatmenprocesgarriesjn greateior minor measureeco-
nomic and ervironmentalcostsasfor thatit generatesnotherkind
of wastethatneedsjn turn, of othereliminationtechniquesin this
sensefor the caseof wastavaters,the use of biological processes
of purificationis favoredover the physical-chemicabnes.Biologi-
cal processesn general almostdo not consumeaeagentsthey are
moreefficient, they do not generateithergaser noxioussludges,
andthey areresponsiblef a higherproductionof sludgeghatcanbe
used(notalways)in otherproductve processeée.g.asfuel, fertilizer
andfilling material).

Wastevater treatmentplants with biological processesare the
physicalenvironmentmodeledby our systemThegenerabperation
of aWWTP alwaysincludesvariousinternalpre-designedtandard
units, whosesub-operatioiis optimizedto accomplisha singletasik
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2 A taskin this contextis generallytheremoval/ remediatiorof contaminant
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[13]. Eachsub-operatiorusually haseffects on other downstream
treatmenprocessesandtradeofs betweenncreasinghe efficiency

of one processor anotherare necessanytaking into accountmajor
constraintsuchaswatercharacteristiceffluentquality andcostsof

eachoperation.

1.2 Software ervironment

The systemwe propose(namedDAI-DEPUR+)receveson-linein-
puts’ from sensorsall overthe WWTP aswell asoff-line inputsfrom
theWWTP laboratoriesndhumanoperatorsThesystenusests in-
ternalknowledge-basg andinferencé mechanismso processand
understandhis information,to diagnosethe ongoingWWTP-state,
andto predictthe evolution of thatWWTP state Eventually theout-
put of the systemis representedby statementaboutactionsto be
taken,or statementso supporthumandecisionsn futureactuations,
or direct control signalsto WWTP devicesin orderto maintainthe
plantworking correctly

In caseof diagnosismpassePAI-DEPUR+,beforeturningto the
plantmanagerwill try to solve the problemexploiting the connec-
tion, in theontology betweerdataandstatesof the WWTP,

1.3 Motivations

The processof wastavatertreatmentis so comple that it is diffi-
cult to develop a reliable supervisorytechnologybasedonly on a
chemical-engineeringassic-controhpproachNowadayshe useof
Artificial-Intelligence(Al) systemseemso benecessarin orderto
obtainbetterresultsin wastevatermanagement.
Rule-basedxpertsystemgoneof the broadlyappliedparadigms
of Al) provedableto copewith someknown difficultiesandto face
several WWTP-domainproblems evenif they arenot the definitive
solutionto the treatmentproblemas a whole. On the other hand,
large, multifunctional, available ontologieswould significantlyim-
prove currentexpertsystemsandtutoring systemsecause¢hey con-
tain the broadknowledgeof a domainrequiredto performmultiple

3 Input/outputdevicesare any of variousdevicesusedto enterinformation
andinstructionsinto the DAI-DEPUR+ systemfor storageor processing
andto deliver the processediatato a humanoperatoror, in somecases,
a machinecontrolledby the system.Suchdevices comprisesensorsand
effectors.Apparatuof this kind with directconnectiorto DAI-DEPUR+'s
centralprocessinginitis saidto be on-line; peripherakequipmentvorking
independentlyf it is termedoff-line.
Both static(rule-based)dynamic(case-basedindontologicalknowledge
bases.
5 Inferencds theproces®f drawingconclusionsibouta particularparameter
of thedomain.
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tasksandito explain domainknowledgefrom multiple viewpoints.A
lot of ontologiesare nowadaysbeingbuilt in mary researclcenters
aroundthe world, but a few of them are specializedn biology or
ecology let alonewastavatermanagemenand WWTP microbiol-
ogy.

A greatimprovementin addressinghis kind of problemscan
comefrom the integration of differentmodelingandreasoningsys-
tems,suchasspecificontologies rule-basedreasoningcase-based
reasoningandreactiveplanning The architectureve adopt(DAI-
DEPUR+)integrateswo knowledge-basedystemsandanontology
andis flexible enoughto dealwith the compleity of thewastavater
treatmentprocess given an adequateamountand kind of data.In
the DAI-DEPUR+architecturewith the embeddeantologyfor the
wastevatertreatmentthe representationf a deeperknowledge of
the domainis permittedandthe evolution of WWTP-microoganism
communitiesanbetakeninto accountln thisway, themanagement
of biologicalproblemsarisingin atreatmenplantis moreeffective.

For the first time, by the integration of an ontology with two
knowledge-basedystemsit will bepossibleto captureunderstand
and describethe knowledge about the whole physical, chemical
and microbiological ervironmentof a wastevater treatmentplant.
The basicterms and axioms of the ontology will entail a model
of wastavaterdomain and a classificationof the microoganisms
accordingto known biological taxonomy andwill include a com-
pletedescriptionof the microoiganismshemseles(physicalaspect,
abundanceandbehavior in thetreatmeniplant). The relationsof the
ontologywill include,besidegheclassichierarchicakffiliations, all
the interestingbindingsamongmicrooiganismsand betweenthem
andthe stateof the plant(diagnosigotential).

1.4 Generaloverview

In this papemwe presentidecisionsupporisystenfor thesupervision
of wastevatertreatmentplants,which is part of the knowledgeand
technologyneededor therationalmanagementf waterresources.

We start by describing (in section 2) related work on the
ervironmental-domairstudy and the Al techniquegincluding on-
tologies)relatedto the creationof ervironmentaldecision-support
systemsln section3 we explain how the decisionsupportsystem
(DAI-DEPUR+) hasbeendesignedandwe includea descriptionof
its layeredarchitectureEventually in section4 the contritutionsof
this work aresummarizednddiscussed.

2 WASTEWATER DOMAIN AND Al
TECHNIQUES

2.1 Wastewatertreatmentprocess

In this sectiorwe describehegeneratreatmenprocessits possible
variations,and a wastavaterdescriptionfrom a physical,chemical
andbiologicalpointof view.

Wastewater tr eatment process The wastevater treatmentpro-
cessis part of the watercycle and,assuch,it hasa directrelation
with otherwatersystemsor reseroirs. Wastevatertreatmenplants
(WWTPs)receve waterfrom the anthropicsystemof sewers,they
somehaev processt, andfinally they deliver this waterto a natural
resenoir. Thewastavaterprocessings whatwe careabout,but we
cannotforget the two otherclosestcomponentsf the global water
cyclejustmentionedsaevers,andriver or sea).

It is onthe basisof the quantityandquality of waterto betreated
that WWTPsarehbuilt, takinginto accountthe possiblefluctuations
in the inflow. Thesefluctuationscan be very importantwherethe
saveragesystems notvery developedandthereforeit is notableto
dampdown inflow peakstowardsthe plant.

Themainobjectvesin wastavatertreatmentesearctare:

¢ knowing bettertherelevantcharacteristicef thewastevater
¢ refrainingthe contaminatedvaterfrom reachingthe naturalervi-
ronment.

The fact is that continuouslyincreasingeconomicand cultural
pressuresn freshwateresourcesincludingpollution andexcessve
use, are causingthreatswhich are augmentingcostsand multiply-
ing conflictsamongdifferentusersof this stratgic resourceThese
pressuregan also impair the naturalregeneratie functionsof the
ecosystemm thewatercycle. Two of themainchallengesn thearea
of generalwatermanagemerureto protectthe waterbodiesandto
provide high quality waterin sufficient quantityat affordablecosts.
In orderto achievethesegoals multidisciplinaryresearch-éértsand
actionsarenecessanf hevery existenceof WWTPsandtheresearch
for improving themgoesin this directionand constitutesan essen-
tial elementfor an integratedsustainablananagementf waterre-
sourcesThe objectivesof suchsustainablenanagemenareto de-
veloptechnologiedo preventandtreatpollution of water to purify
water to useandre-usat rationally to enhancefficienttreatmenbf
wastevaterandto minimizeenvironmentaimpactsfrom wastevater
treatmen{includingthe preventionof potentialhealthhazards).

2.1.1 Geneanl wastevatercharacterization

Urbanwastavatercanbe characterizeéh accordancevith the pres-
ence of different kinds of dumping, such as domestic,commer
cial or industrial ones.Anotherimportantfeatureis the presence
of pathogenimrganismswhich canprejudicea possiblealternatve
reuseof treatedwater, suchasirrigation.

There are substantiallytwo componentsn wastevater: human
metabolic waste and discardedmaterial. While the first compo-
nentis almostchangelessn nature(asit is dependenbn human
metabolism)the secondonedependon mary parameterssuchas
standardf living, local habitsandcountry

2.1.2 Physicalcomponents

Total solidscanbedistinguishedn suspende¢sedimentabler not),
colloidal anddissohed, and containorganicandinorganicportions.
The size of the solidsthat are presentin wastevaterinfluencesthe
sedimentationadsorptiondiffusion, masstransferandbiochemical
reactions.The tempeature of wastevaterdependson the typology
of dumpingand on the permanencéime in the sewers. Exceptfor
summermonths,it is higherthan ervironmenttemperaturedueto
the presencef warmwaterdumpingfrom kitchensandbathrooms.
The importanceof wastaevatertemperaturés boundto the biolog-
ical actvity of purificationin treatmentplants.At morethan40°C
nitrification halts and temperatureshigher than 50°C block aero-
bic digestion.Temperaturesower than 15°C inhibit the anaerobic
methanogeniprocessyhile at 5°C the nitrificant autotrophicflora
stopsits actiity andat 2°C alsothe heterotrophidlora becomen-
effective. Wastevatercolor is strictly correlatedo its age,its septic
conditionsandto the presencef industrialdumping.Theodoris as-
sociatedo putrescencanddecompositiomegreeof organicmatter
andto thepresencef particularindustrialwastevater
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2.1.3 Chemicalkharacteristics

Here,a brief descriptionof organicandinorganicchemicaldescrip-
tors of wastevateris given.

In generalorganicmatteris rapidly biodegraded put partof it is
notandmoreaweris toxic for mary WWTP microoganismsTo eval-
uatethe contentof organicmatter the biochemicaloxygendemand
andthe chemicaloxygendemand COD) aredetermined.

Themajority of toxic effectson WWTP-microoganisms’growth
areattributableto inorganicmatter, suchasheavymetals andto its
interactionwith otherwastevatermaterials.

The nitrogenfound in wastevateris of five prevalentkinds: or-
ganicnitrogen(in vegetaland animal proteins),ammoniacahitro-
gen, nitrites, nitratesand elementalgaseousitrogen. Ammoniacal
nitrogenis producedduring the decomposition’ hydrolysisof or-
ganicnitrogenandcancomefrom the bacterialreductionof nitrites
or directly from industrialdumping.

The main kinds of phosphors existing in wastevaterare: salts
of orthophosphoriacid,polyphosphateandorganicphosphorusin
urbanwastevater in general,all kinds of phosphorusare present,
while, after a biological treatment,there are generally only or-
thophosphates.

Sulfuris presentin the form of sulfatesor sulfides.Sulfatescan
be reducedo sulfidesby sulfate-reducebacteriain anaerobicon-
ditions. Sulfitesconstitutea culture mediumfor several speciesof
aerobicbacteriaableto createsulfuric acid,which cancausecorro-
sionproblems.

Chlorideshave metabolichumanorigin (asthey arecontainedn
urinein anamountequalto 1%) or aredueto industrial-wateicon-
tribution.

Some heavy metals in wastevater are necessaryin minimum
amountsas microelementsfor WWTP microoganismsand for
aquaticlife, but they arepoisonousn high concentrations.

2.1.4 Biologicalcomponents

A basicknowledgeaboutthe mostcommonnaturalorganismsthat
can be found in wastavateris also necessaryo control the treat-
ment process.Some of theseorganismsare essentialfor certain
pollution-remeal treatmentssuchasactivatedsludge . Themajority
of pathogenimrganismsarepartof humanintestinalbacterialflora
andthey cannotsurvive for a long time in wastevater In general,
mostof the organismsof humanorigin arebanalsaprophytidacte-
ria, thatis organic-mattedemolishersthey arenot pathogenicand
canenterbiologicalprocessewithoutary problem[12].

2.1.5 Wastevatertreatmenplants

In awastavatertreatmenplant(WWTP),themaingoalis to reduce
the level of pollution of the inflow water, thatis to remove, within
certainlimits (dependingon local legislation),abnormabmountsof
pollutantsin the waterprior to its dischage to the naturalenviron-
ment.This canbedonein anumberof differentways,corresponding
to differentkindsof WWTP. The mostwidespreadlasse®f WWTP
are:

¢ plantswith only physical-chemicareatment;

¢ plantswith additionalbiologicalreactor(for betterorganicmatter
remaoval), which canbe of two main sub-type,dependingon the
sortof growth of microoganismg5]:

— suspendedyrowth: with the microoganismsmixed with the
wastavater and dispersedin the form of free cells or of
bioflocks(activatedsludgereactors).

— attachedgrowth: with the microoganismsanchored,in the
form of biofilm, to inert surfacegbiological-filmreactors).

Thework of the paperfocuseson WWTPswith activatedsludge,
whichis now the mostcommoncasein the Europearinion.

2.2 Rule-basedexpert systems

Rule-BasecExpert Systems(RBESs)are advancedcomputerpro-
gramswhich emulate or try to, the humanreasoningand problem-
solvingcapabilitiesusingthe sameknowledgesourceswithin apar
ticulardiscipline[23] [26] [9] . RBESsalwayspossessertainheuris-
tics that form the static knowledge-baseand someinferenceand
searchprocesses heproblemsaddressedith RBESsareverycom-
plex andrelatedto specificdomains,andthey would usuallyneeda
very experthuman(i.e., agreatamountof knowledge)to be solved'.
A few examplesof real-worldgeneralpplicationof RBESsarethe
following ones:

decisionsupportfor naturalresourcesnanagemerjt.8],
datamanagemernih forestry[31].
petrochemical-plantontrol[1],
dynamic-processionitoringanddiagnosiq20],
WWTPtime-seriesanalysig33],

controlof sun-paveredsystemg38].

The main componentof RBESsare: static knowledge-basdor
long-time memory), data base(or working memoryor short-time
memory), inferenceengine,user interface,auto-eplanationmod-
ule, stratgly module, knowledge-enginegnterfaceandon-line sen-
sor/efectorsinterface.

Typically, the knowledge containedin the historical datais en-
codedin the staticknowledge-basén the form of rulesor axioms,
via a knowledge-acquisitioprocessThe rulesallow the systemto
deducenew resultsfrom aninitial setof data(premises)A rule is
basicallyrepresentetly thefollowing code:

IF conditionsTHEN actions

Thereasoningnethod(inferenceengine)may useforwardchain-
ing, backwardchainingor a combinationof both of them.Forward-
chainingreasoninddeduction)startsfrom theinput datatowardsthe
final conclusionsdeducingnew factsfrom previousones Backward-
chainingreasonindinduction)is guidedby the conclusiondowards
theinput data(commonlyprovidedby theuser).

Thanksto their characteristiciRBESshave beenwidely andsuc-
cessfullyappliedto ervironmentmanagemensupervisiorandcon-
trol [11] [36] [30] [14] [41].

2.3 Experiential knowledgeand case-based
reasoning (CBR)

CBRis both a paradigmfor computetbasedproblemsolversanda
modelof humancognition. Thecentralideais thattheproblemsolver
reuseghe solutionfrom somepastcaseto solve a currentproblem.

% The BOD representshe amountof oxygenneededy bacteriato degrade
theorganicmatterandit is functionof theorganicmatterconcentratiorand
of thedegradatiomate.

7 It mayevenhapperthattheRBE Salgorithmic-pavercoulddo somespecial
tasksthatthe humanone(the mind) cannotdo in the greatmajority of the
cases.



2.3.1 CBRasacomputemprogramparadigm

As a paradigmfor computerbasedproblemsolvers,one of the ad-
vantagesf CBR systemsis that they improve their performance,
becomingmore efficient, by recalling old solutionsgiven to simi-
lar problemsandadaptinghemto fit the new problemsin this way
they do not have to solve new problemsfrom scratcli. The memo-
rization of pastproblems/ episodess integratedwith the problem-
solving processwhich thusrequiresthe accesgo pastexperience
to improve the systems performanceAdditionally, case-basecea-
sonersbecomemore competentduring their functioningover time,
sothatthey canderive bettersolutionswhen facedwith equally or
lessfamiliar situationsbecause¢hey do notrepeathe samemistakes
(learningprocess)Thebasicstepsn CBR are:

1. Introducinganew problem(or situation)into the system.

2. Retrieving apastcase(a problemandsolution)thatresembleshe
currentproblem.Pastcasegesidein casememory Casememory
is a databas¢hat containsrich descriptionsof prior casesstored
asunits.Retrieving a pastcasenvolvesdeterminingvhatfeatures
of aproblemshouldbe consideredvhenlooking for similar cases
andhow to measuralegreesof similarity. Thesearereferredto as
the Indexing Problemandthe Similarity Assessmerfroblem.

3. Adaptingthe pastsolutionto the currentsituation.Althoughthe
pastcaseis similar to the currentone, it may not be identical. If
not, the pastsolutionmay have to be adjustedslightly to account
for differencedetweerthetwo problemsThis stepis calledCase
Adaptation.

4. Applying theadaptedsolutionandevaluatingthe results.

5. Updatingcasememory If theadaptedsolutionworks,a new case
(composedf the problemjust solved andthe solutionused)can
be formed (direct learning).If the solution at first fails, but can
berepairedsothefailureis avoided,the new caseis composef
the problemjust solved andthe repairedsolution. This new case
is storedin casememorysothatthenew solutionwill beavailable
for retrieval duringfutureproblemsolving.In thisway, the system
becomesmore competentasit gainsexperience Updatingcase
memoryincludesdeletingcasegforgetting),too. This stepis also
partof theIndexing Problem.

Not all case-basegroblemsolversuseall of the steps.In some,
thereis no adaptatiorstep;the retrieved solutionis alreadyknown
to be good enoughwithout adaptationln others,thereis no mem-
ory updatestep;the casememoryis matureand provides adequate
coveragefor problemsn thedomain.

2.3.2 CBRandwastevaterervironment

In the WWTP domain,CBR hasheenusedfor designingmoresuit-
ableoperationgo treatasetof inputcontaminant§29] andfor super
vision [36] [37]. In this context, the casesstoredin the caselibrary
are real WWTP operatingstateswhich are learnedin sucha way
thatit is possibleto reemploythemto solve futuretasks.A casein-
corporateghe following setof features:an identifier, the situation
description,the situationdiagnosisthe action plan, the derivation
(from wherethe casehasbeentaken/ adapted)the solutionresult
(success failure), a utility measureadistance similarity value.

2.3.3 CBRS5problems

In general, case-basedeasoningproved to be a good choice
for experiential-knavledge (specific-knavledge) managementBut

8 Non-blindproblem-solvingstrategy

CBR hasthe basicproblemthatit cannotwork aloneif thereis no
available experience suchasin the caseof the initial running pe-
riod of atreatmentplant. It hasto be combined for instancewith

arule-basedr anontology-basedystem(general-knavledgeman-
agers)so thatit canwork asa reasoningcomponenin the overall
control and supervisionof WWTPs.An integration of differentAl

methodsis neededthatincludesthe managemenof qualitative in-
formation(e.g.microbiologicaldescriptorsin thecaseof wastevater
treatment) experts’intelligenceandexperientialknowledge.

2.4 Ontologies
2.4.1 Al definitions

Al literatureis full of differentdefinitionsof thetermontology Each
community seemsto adoptits own interpretationaccordingto the
useandpurposeshattheontologiesareintendedo senewithin that
community

¢ Oneof theearlydefinitions:’An ontologydefineshebasicterms
andrelationscomprisingthe vocahulary of atopic areaaswell as
therulesfor combiningtermsandrelationsto defineextensiongo
thevocahulary. [32]

o A widely useddefinition (Gruber):’An ontology is an explicit
specificatiorof aconceptualizatioh[24]

e An elaboratiorof Grubers definition: 'Ontologiesare definedas
aformal specificatiorof a sharectonceptualizatioh[6]

2.4.2 Ontologicalknowledge-bases

Knowledgebases(KBs) run througha spectrumfrom simple col-

lectionsof frequently-askedjuestiong(FAQs) to complex systems
poweredby Al enginesHistorically, thetermknowledgébaserefers
to a baseof expertinformationand answergo commonquestions.
By processingts knowledgebaseusing rules called heuristics,an

expertsystemcanrespondo a seriesof questionsandchoices,and
solve aproblemasthoughthe userweredealingwith a humanexpert
in a particularfield. Today the term knowledgebasehasdeveloped
atleasttwo secondmeanings:

¢ Oneinthecontet of theworldwideweh In thisdomain,aknowl-
edgebaseis simply a baseof technicalinformationor answergo
commonproblemspftenrelatedto a particularsystenmor product.
Theseweb knowledge-basef/NKBs) may be provided asa cus-
tomerserviceon a corporateweb site, or they may be developed
by knowledgeengineersor knowledgeworkerswithin aninstitu-
tion or compary. While someof theseknowledgebasesareused
by expertsystem®r otherAl systemgo solve problemsmostare
just part of simplersearchenginesike thosegenerallyusedto
searchtheWeh

e Onein thecontet of Al. In this papemwe referto KBs only as:

— ontological knowledge-baass (OKBs): in the domainof Al-
ontologiesa KB is thecomputefreadabldranslatiorof anon-
tology;theseOKBsaresometimepartof amoregenerakxpert
system;

— knowledge bases of rule-based expert systemsor static
knowledge-basd$SKBs);

— knowledge bases of case-basedreasonersor dynamic
knowledge-basd®KBs).

In Al, KBs were bornto helpin knowledgereuseand sharing:
‘reuse’meansbuilding new applicationsassemblingcomponents



alreatlybuilt, while "sharing’ occurswhendifferentapplications
usethe sameresourcesReuseandsharingpresenthe following
adwantageneedfor lessmongy, lesstime andlessresources.

2.4.3 Knowledgesharingandreuse

Whensharingknowledge,it is possibleto comeacrosgproblemsel-
ative to:

o theconceptualizatiomethod22],

o thesharedvocalulary (e.g. librariesof ontologies),

¢ theformatto exchangeknowledge(e.g.,KIF (Knowledgelnter
changdg~ormat)),and

¢ the specificcommunicationprotocol (e.g., KQML (Knowledge
QueryManipulationLanguagekxternalinterface).

Whenreusingknowledge the mostcommonproblemsconcern:

o theheterogeneitpf knowledge-representatidormalismsandof
theimplementationanguagegworkedout by translators),

o thelexicon,

¢ thesemantics,

¢ synoryms and hiddenassumptiongworked out by the very on-
tologies),and

¢ thelossof common-sensknowledge(addressetly anintegration
of variousAl paradigmssuchasontologiesnaturallanguagero-
cessingandmachindearning,with cognitive science)21].

2.4.4 Ontologydevelopmentfromart to understood
engineeringorocess

Evenif it is now widely recognizedhat constructingontologies or
domainmodels,is an importantstepin the developmentof KBSs,
whatis lackingis a clearunderstandingf howto build ontologies.
However, thereexistsa smallbut growing numberof methodologies
that specificallyaddresghe issueof the developmentand mainte-
nanceof ontologies.In this sectionwe presentamongthe projects
which goin the directionof providing thesemethodologiesthe one
which is mostrelatedto the ontology of the DAI-DEPUR+ system:
the OntolinguaProject. For a comprehensie suney of the work
which hasbeendonesofar, see[27].

Ontolingua The guidesfor the use of the OntolinguaOntology
Sener [15] [16] [19] containadviceon developing,browsing,main-
taining and sharingontologiesthroughthe Sener. The Ontolingua
languagés basedon the syntaxand semanticof KIF. One of the
mainbenefitsn usingthe Ontolinguaseneris theaccesst provides
to alibrary of previously definedontologies.This library extendsas
developersaddnew ontologiesto therepository

Ontologyconstructionin Ontolinguais basedon the principle of
modulardevelopmentOntologiesirom thelibrary canbere-usedn
four differentways:

1. inclusion:ontologyA is explicitly includedin ontologyB. Thevo-
calulary of ontologyA is translatednto the vocahulary of ontol-
ogyB. Thistranslationis appliedto theaxiomsof ontologyA, too,
andthetranslatedaxiomsareaddedto ontologyB [16]. Multiple
inclusionis supported.

2. polymorphicrefinementadefinitionfrom anontologyis included
in anotherontology and refined. For example, the Biological-
Living-Objectclass,definedin UpperCycontology canbe in-
cludedin WaWO ontology and extendedto admit Bacteria,and
includedin ontologyB andextendedo admitaliens.

3. restriction:arestricted(by axioms)versionof oneontologyis in-
cludedin another

4. cyclicinclusion:asontologyinclusionis transitve, situationssuch
asthefollowing areallowed, evenif not recommendedntology
Alis includedin ontologyB, ontologyB is includedin ontologyC
andontologyC is includedin ontologyA.

Thesedistinctionsare very usefulin the re-useof ontologies but
the specificationof the relationshipsamongontologiesis probably
notcomplete[27]. Ontolinguais the defacto standardneansof im-
plementingontologiesalthougha morecomprehensie methodology
needgo beusedin conjunctionwith the Sener.

One of the main efforts of the Ontolinguaproject concernghe
representationf uncertainknowledgewithin anontology The On-
tolingua represantation languageresultingfrom this work enables
ontologiesto containrichly textureddescriptionghatincludeuncer
tainty, are structuredinto multiple views and abstractionsand are
expressedn a genericrepresentatioformalismoptimizedfor reuse.
The Ontolingualanguageusesthe Knowledge Interchange~ormat
(KIF) asacore.lt is a computetinterpretabledescriptionlanguage
and enableseasyon-line collaboratve constructionof ontologies
[24]. (http://ontolingua.stanford.edu/)

With respecto ontology editors,thereare a numberof moreor
lessgenericeditorsto createand manageontologies.The Stanford
OntolinguaOntology Editor (StanfordKSL Network Service$) is
themoststandardeditorto createontologies.

2.4.5 Ontologiesandtheenvironment

Environmentalontologiesare just instantiationsof the generalon-
tology conceptwhich assistin understanding domainrelatedto
the naturalervironmentandin modelingthe processeswvolved.No
ontology applicationexists yet in the field of WWTPsand no on-
tology modelingthe evolution of microbiologicalsystemshasbeen
defined.We think thatthe representationgdower of ontologiescan
be exploited to deeperthe knowledgeaboutthe microoiganismsof
WWTP activated-sludg@ndthe wastevaterdomainin generaland
canbeintegratedtogethemith otherreasoningnethodgo betterthe
whole supervisiorof WWTPs.

2.5 Environmental decision support systems
(EDSSSs)

Whendealingwith problemswhich have a negative impacton the
ervironmenttherearequestionghatmanagersn the public or pri-

vatedomainhave notthetime or theinclinationto considerand,fur-

thermore they may not have sufficient knowledgeof ervironmental
issuegto carry out an assessmerih arything otherthanan entirely
"ad hoc’ mannerThus,EDSSsarecalledfor.

An EDSSis anintegratedKBS, appliedto anernvironmentaissue,
thatreduceghetime in which decisionsare madeandimprovesthe
consisteng and quality of thosedecisiong25]. In this section,we
discusawhichfeaturesanEDSSshouldinclude.

An EDSSshouldincludethefollowing features:

e Theability to assistthe userduring problemformulation,thatis,
decidingwhich objectivesneedto bereachedandwhenandhow
the differentavailabletoolshave to be applied.

o A structuredramevork, which draws informationfrom the user
and the ervironmentalsystemaboutdomain-characteristicand

9 http:/iwww-ksl-svc.stanford.edu:59/M8servicesframe-edtor
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processed alogical mannerThis framevork, besidesacquiring
thedomainknowledge hasto beableto organizeandrepresenit.

e Specificknowledge-basepertinentto the type of domainbeing
considerecr to the processheingcarriedout at the site. These
knowledgebasescontaindataon ervironmentalparametersand
processethatarerelevantto the domain(e.g.whatprocesseare
requiredto manufacture particularproduct;whattoxic materials
areusedin the processesyhich kinds of physical,chemicaland
biological samplesieedto be collected;which is the relative im-
portanceof thefeaturesn play; which aretherequirementsf the
locallegislation).

¢ A generalervironmentalknowledgewhich is usedto deducethe
relative significanceof differentervironmentalimpactsgiven ap-
propriatedataaboutthe specificdomainandprocesses.

e A moduleto presenthe analysis’resultsin a usetfriendly man-
ner.

¢ Theability to assistheuserduringtheinterpretatiorof theresults
andthe selectionof the solution. This canbe doneby identifying
thesignificantfeatureof theanalysis'resultsandevaluatingtheir
impactwith respecto thetaskbeingperformed.

3 THE DAI-DEPUR+ ENVIR ONMENTAL
DECISION-SUPPORT SYSTEM

In this section we describe the DAI-DEPUR+ ervironmental
decision-supporsystem(EDSS) for wastavater treatmentplants.
The DAI-DEPUR+ system,as explainedin detail below, includes
an ontology which helpsto model the wastavater treatmentpro-
cesspayinga specialattentionto the managemenif the qualitative
knowledge thatis the ervironmentainformationon microoganism
presenceAs well ashelpingto modelthedomain the ontologyadds
new capabilitiesto the EDSS,suchas supportof causalreasoning,
prediction,andsemi-automatigeneratiorof a statickB.

The DAI-DEPUR+ systemhasan architecturein which several
artificial intelligencetechniquesntegrate and operatein real time.
Of particularinterestis the integration of the ontologyfor the rep-
resentatiorof the wastevatertreatmenfprocessThe DAI-DEPUR+
systemis built to managespecificWWTPs,but the ontologicalrep-
resentatiorof the domainwill makeeasierits portability towards
other WWTPs and other domains.The DAI-DEPUR+ systemde-
rivesfrom theDAI-DEPUR system[36]. It is its directevolutionand
is constantlyunderdevelopmentn relationwith the researctof the
Knowledge Engineeringand Machine Learning (KEML) group at
UPC.Indeedthe DAI-DEPUR+ systemaimsto go a stepfurtherin
completingthe comprehensionf WWTP-microoganismsthrough
theuseof theontologyandexploiting the dataon activatedsludge.

In this sectionwe explain the architectureof DAI-DEPUR+ and
its 3 layers:perceptiondiagnosisanddecisionsupport.

3.1 Architecture

The architectureof the systemhasa modulardesign,to improve
modifiability, understandabilitandreliability. It basicallyfollows a
standardvertical decompositiorapproach® a division is madeinto
mary specializedsubsystemssuchasperceptiondiagnosismodel-
ing, planning,executionandeffectorcontrolmodules.

Fig.1 containsa block diagramof the top-level decompositiorof
this architectureThe systemrecevesrav datafrom the sensorand
thelaboratoryandemitscommandso thesensorsindeffectors.The

10 Forthedefinitionandapplicationof horizontalandverticaldecomposition,
seg[8] and[28].

Extertial etivrit orn etit

Setimors atd
effectors
cotmatids

—+Percepﬁm #

DAI-DEFURY system

Arction -

Figurel. Top-level decompositiorof DAI-DEPUR+.

actioncomponentakesthe outputof the perceptioncomponents
input andit is the onewhich generateeommandsgo boththe sen-
sorsand effectors. This differs from mary othersystemsjn which
the controlof thesensorss theresponsibilityof the perceptiorcom-
ponent.

Excepting casesof failure, thereis a continuoussensorydata
streanmfrom all sensorswhich goeddirectlyinto theperceptiorcom-
ponent,alongwith the resultsof laboratoryanalysesandthe com-
mandsthatwerelastsentto the effectors.

Thedetailedarchitecturef DAI-DEPUR+is schematizeth Fig.2
andits actionmodelis thefollowing one:

e perceptiondatagatheringandknowledgeacquisition,

¢ diagnosisreasoning,

e decisionsupport:prediction,evaluationof alternatve scenarios,
advising,actuatiorandsupervision.

3.2 Perceptionlayer

The DAI-DEPUR+ systemoperatedn a domainwhich physically
consistf a wastevatertreatmenplant. In particular all the physi-
cal,chemicalandbiologicalmeasurementsregatheredn treatment
plantslocatedin Catalutya. Someparametersire measuredn-line
by sensorswhile otheronesaremeasureaff-line in laboratories.

3.2.1 Awareness

Thetime scalesof thetreatmenprocessearelong, sothatthe per
ceptionand the supervisiondecisionseasily fit betweensampling
points.

Many decisionsupportsystemssimply "closetheir eyes” while a
time-consumingsubsystemsuchasa planneror a reasoneris in-
vokedandthe penaltyfor suchunavarenesss thatperceptualnputs
areeitherlost or stackedup for laterprocessingThisis notthe case
in DAI-DEPUR+ becausehe WWTP ervironmentis very slowly
evolving comparedo the speedf thereasoningf thedecisionsup-
port system:even if a WWTP is a truly dynamicdomain,it never
changego suchextentthatthe resultsof relatively long calculation
would no longerbe useful.If somethinghappenghatrequires’im-
mediate”actionon the partof the system DAI-DEPUR+ s always
awareof it.
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Figure2. A view of DAI-DEPUR+architecture.

3.2.2 Tempoal integration

In a WWTR, sampleintenals rangefrom a few secondgo a few
days.Our approacho the temporalintegrationof a numberof pro-
cesseshatwork at differentratesis to definea constantminimum-
cycle time for the entiresystem.This time is equalto 1 hourandat
eachtick of this time the inputsarereador calculated somecom-
putationis doneandthe outputsareset(by the actioncomponenbf
DAI-DEPURH+). If a processsuchasa laboratoryanalysis,cannot
complete(or even cannotbe started)by the tick of the time, either
becauséts schedulings non-constanbr becauséts samplinginter-
val is longerthanl hour or becausehereis failure, its outputsare
inferred,if possiblejn analternatve way (oftenjustreproducinghe
outputsof the previous hour) andits executionis re-plannedor the
following tick.

Onceobtained the dataarearrangedaccordingto differentcrite-
ria: separationgre madebetweenphysical-chemicahndmicrobio-
logical featuresandbetweemuantitatve andqualitative oneg[10].

3.2.3 Physicalandchemicalfeatues

Among the available physicaland chemicalfeaturesthe mostrel-
evant onesusedby the DAI-DEPUR+ systemare selectedon the
basisof humanexperiencetraditionandutility measuresThesefea-
turesare not problematicand their modelingand applicationboth
in chemicalengineeringand artificial-intelligencesystemsare well
documentedh bibliography

3.2.4 Microbiologicalfeatures

The modelingof microbiologicalfeaturesexists in the scopeof bi-
ological disciplines,but it hasnot yet beenintegratedinto a deci-
sion supportsystemdedicatedo environmentalissuessuchasthe
DAI-DEPUR+system.n this sectionwe describethe methodology
followedin theknowledgeacquisitionrelatedto DAI-DEPUR+[10].

In a WWTP, the identificationof the microoganismsexisting in
the activatedsludgeis generallycarried out in the laboratoriesof
the plant and generategjualitatve off-line data(e.qg., presenceof
Parameciaspeciesr diversity of Ciliate). Usinganautomaticquan-
titative analysisof digitalimagesfor microoiganismrecognitionand
countingis a possibilityfor thefuture.

After the identification,a comparatie study of microoganism
communitiesof different treatment-plantss accomplishedfo un-
derstandvhat canbe the influenceof biological variability at a ge-
ographicallevel. A setof microbiologicalfeaturesis thenselected
to be usedby the system.For a high performanceo be maintained
throughouthe domain(thedifferentWWTPs),this featuresetneeds
to be widespreacenoughto have a representationalata-baseavith
a relatively abundantnumberof instancesReferringto portability,
the parametersvailableonly in the minority of the treatmenplants
arenotvery usefulin the developmenbf the mainknowledge-bases
of the system,but they canbe usedas specific-domairknowledge
by speciallydevelopedmodules.Missing and incompleteinforma-
tion doesnot represent problemin principle, but only a factor of
increasinguncertainty

3.3 Diagnosislayer

Onceall datahave beeninterpretedtheuseof diagnostiknowledge-
basedegins.Diagnosiss basicin thedecisionrmakingof wastavater
treatment.And the diagnosislayer is the one with mostresources
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allocateld Theknowledgebasesnodelthe particularkind of WWTP
from which the dataarecoming.The diagnosiss basedn different
reasoningnodelsandthe ontology

3.3.1 Knowledge-baseparadigm

In the DAI-DEPUR+ systemthereare a numericalcontrol module
andtwo Al knowledge-basswhich:

¢ detectwhentheplantis in anormalstateor in a standad abnor
mal state suchasbulking, stormor foamingstatesand

e contritute to managethe generalwastevatertreatmenioperation
in thesecases.

Thisroutinemanagemerns carriedoutthroughautomatic-control
algorithms, case-basedeasoningand rule-basedreasoning.Case-
basedeasonings oftenableto modelalsospecificfeaturesandpar
ticular statesof the treatmentplant (nonstandad abnormalstates),
andto learnfrom pastsituationsoccurringin the treatmenfplantit-
self. This would accountfor the potentialdifferencein individual
treatment-plantdueto deviationsin parametersuchasinflow, me-
teorology neighboringndustriesandlocal life-style.

3.3.2 Ontology

An ontologyis integratedwith theKBSsmentionedn sectionabove.
With this ontologyit is possibleto capture understan@gnddescribe
theknowledgeaboutthewhole physical,chemicalandmicrobiolog-
ical ervironmentof aWWTP.

The goal of the integration of the ontologyis to createa model
that:

1. provides a sharedterminology for the wastavater domain that
eachagentcanjointly understandanduse;e.g.,the sharedterm
descriptorunifies the termsvariable, feature, attribute and pa-
rameter which are usedby differentagentsto referto the same
concept;

2. definesthe meaningof eachterm(partof thesemantics)n apre-
ciseandas unambiguousnanneraspossible;e.g.,’the term de-
scriptor refersto attributeswhich describeervironmentalcondi-
tions, suchasthe appearancef microoganismflocks or of the
watersurfaceof theclarifier’;

3. encodesn anenvironmentaldecision-supporystemfor thefirst
time,adeepmicrobiologicaknowledge;e.g.,thetaxonomyof the
microoganismswhichlive in WWTPs;

4. links conceptswith taxonomic/ hierarchicalrelations;e.g.,’No-
cardiais a Actinomycetes’;

5. implementghe semanticsn a setof axiomsthatwill enablethe
ontologyto automaticallydeducethe answerto mary questions
aboutthewastavaterdomain,suchascause-gectquestionse.g.,
theaxiom’Actinomycetess causeof Foamingsludge’;

. hasaxiomswhich permitdiagnosis-impasssolving;

7. usesthe Ontolingua environment for depicting conceptsin a

graphicalcontext;

8. will integratewith sometemporalreasoningpasedon transition
networks,to obtain a qualitatve simulationof the evolution of
WWTP states.

(e}

Axioms We approactgoals5 and6 by defininga setof axioms(or
rules)thatdescribewastevaterprocessesAxiom deductionshould
bedeterminedy asetof questionsusedto decidethecompetencef
the ontology’s representationSincetheredoesnot exist a standard

for determiningthe competencef a model,we will definea setof
questionsboutwastavaterprocesseandtheaxiomsusedto answer
them.

Basicentities Thebasicentitiesin theontologyarerepresenteds
objectswith specificpropertiesandrelations.Objectsarestructured
into a taxonomyand the definitionsof objects,attributesandrela-
tions arespecifiedaccordingto the Ontolinguaversionof theframe
ontology

Thehierarchicaktructureandtheaxiomsof theontologycanhelp
to diagnosehesituationin caseof impasseof the otherKBSs.

The ontologyis normally static. It activatesits inferencemecha-
nisms(axioms)only underspecificpetitionsfrom thediagnosisnte-
grator(seenext section).Theresultof theinferenceof the ontology
IS:

e anansweraboutthe diagnosismpass€e.g.:"We have afoaming
situation’or’l do nothave informationto solvetheimpasse’),

¢ anexplanationof theanswer(e.g.:'l recevedinformationrelated
to the answerfrom the activation of the following axioms..! or
'The answemwasobtainedsearchinghefollowing classes.’).

Theactiationof the ontologyalwaysmeanghattherewasanim-
passen KBS diagnosislf theanswernf the ontologyto the petition
is’l do not have informationto solve the impasse’thena primary
alarmis activated.

3.3.3 Diagnosisintegration

Therule-basedxpertsystem(RBES)andthe case-baserkasoning
system(CBRS)work in parallelandthey both produceasoutputa

diagnosison the stateof the plant. This outputis passedo the diag-

nosisintegrator a subsystenbetweerthe diagnosisandthe decision
supportlayers.

Generalintegration schema |If thediagnosisof thetwo KB sys-
temsis the same,it is passedo the decisionsupportlayer. If the
diagnosesxist andaredifferent,the systenyprioritizesasfollow:

¢ If thecasdibrary containsa predefinedninimumbhistoricalseries
andthe casesimilarity is higherthanapredefined/alue,the case-
basedeasones diagnosigrevails.

o Otherwisetherule-basedxpertsystemsdiagnosigprevails.

In caseof impassdno diagnosis)DAI-DEPUR+turnsfirst to the
ontologyandthen,if it fails, to theplantmanagerdemandingnoff-
line diagnosishasedon their microbiologicaldeepknowledge.This
externalsolutionis learned.

Detailedintegration schema

1. ¢ CBRSdiagnosisand¢ RBESdiagnosisimpassethediagnosis
integratorturnsto the ontology
2. ¢ CBRSdiagnosisande RBESdiagnosis:
¢ RBESdiagnosis-certainty> a: RBESdiagnosispassedo de-
cisionsupportayer.
o RBESdiagnosis-certainty. a: impassethe diagnosigntegra-
tor turnsto the ontology

3. € CBRSdiagnosisand¢ RBESdiagnosis:

¢ CBRScase-similarity> b: CBRSdiagnosigassedo decision
supportlayer.
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¢ CBRS case-similarity< b: impassethe diagnosisintegrator
turnsto theontology

4. € CBRSdiagnosisande RBESdiagnosis:

¢ CBRScase-similarity> b: CBRSdiagnosigassedo decision
supportlayer.

¢ CBRScase-similarity< b:

— RBESdiagnosis-certainty a: RBESdiagnosigassedo de-
cisionsupportayer.

— RBESdiagnosis-certaintyx. a: impassethe diagnosisinte-
gratorturnsto theontology

Example (casel) We have acertainperceptiorstateA. Thecase-
basedreasoningsystem(CBRS) and the rule-basedexpert system
(RBES)actiate.

The CBRSfinds a casesimilar to stateA. The similarity valueis
0.1 andit is lessthanthe minimum acceptableralueb (e.g.b=0.2).
Thereforethereis no diagnosisoutputfrom the CBRS.

TheRBESfindsnorulesleadingto adiagnosisstartingfrom state
A. Thereforethereis no diagnosiutputfrom the RBES.

Thediagnosisntegratoracknavledgesa caseof missingdiagnosis
from the KBSs andsenda petitionto the ontologywith the descrip-
tion of stateA.

Theoutputof theontologyis: Answer="We have afoamingsitu-
ation’, Explanation= "l receved informationrelatedto the answer
from the activation of the following relation (Nocardiais a Acti-
nomycetes)and the following axioms (Actinomycetesis causeof
Foamingsludge)'.

CommentStateA is characterizethy a strongpresencef Nocar
dia bacterium put this bacteriumhasno directrelation(in the static
knowledge-basef the RBES)to ary stateof theWWTR Evenin the
ontologythe Nocardiaclasshasno link to ary stateof the WWTP,
butits parentlasgActinomyceteshasacause-dectlink tothegen-
eralstateof the WWTP 'Foamingsludge’.Onereasorfor this could
be that Nocardiais not causingfoaming, but another(not detected)
bacteriumof the sametaxonomicclassis.

Thediagnosisntegratorrecevesthediagnosisrom the ontology
andpasst to thedecisionsupportayer.

3.4 Decisionsupport layer

Eventually we describethe supervisorylevel of the DAI-DEPUR+
ervironmentaldecision-supporsystem.Oncethe diagnosef the
reasonergcase-basedndrule-basedpndpossiblyof the ontology
for the managemenof the wastevater treatmenthave beeninte-
grated,it selectsanactuation.

Real time This layer runsalwaysin real time andit is very ro-
bustin this sensesimply becausef thefact thatthe entiresystems
minimum-g/cle time is very long with respectto the calculations
doneby the decisionsupportayer.

3.4.1 Prediction

The result of diagnosisintegration (carried out amongcase-based

reasoningrule-basedeasoningndtheontology)senesasinputfor
thepredictionphaseA subsystembasedntransitionnetworkspre-
dictsvariousalternatve evolutionsof the stateof the WWTP. A sec-
ondsubsystenevaluateghesealternatves. Theresultis passe@nto
theactuationselector

Actuation selection Actionsto becarriedoutareselectedOften,
actionschemasirealreadyincludedin the diagnosigesult.

4 CONCLUSIONS AND FUTURE WORK

In this paperwe presentedhe DAI-DEPUR+ decisionsupportsys-
tem, integrating a rule-basedexpert system,a case-basedeasoner
and an ontologicalknowledge-baseThis systemis ableto model
theinformationabouta wastevatertreatmenprocessThemainim-
provementf DAI-DEPUR+systemwith respecto existentsystem
are:

¢ Impassesituationsn existentsystemsaresolved by theontology

e While in existentsystemshereis no modelingof wastevatermi-
crobiology in this new systemthe microbiologicalcomponenis
modeledby theontology

¢ DAI-DEPUR+presents novelintegrationbetweerKBSsandon-

tologiesin arealworld application.

DAI-DEPUR+facilitatesits own portability.

DAI-DEPUR+incorporatesause-dectreasoning.

DAI-DEPUR+will incorporatepredictive skills.

It will bepossiblea semi-automatigeneratiorof a statickKB.
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