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To the reader

This thesis is a work in computer science and is naturallyesiet:d to computer scientists. Earth sciences
and oil reservoir studies also have a significant place ifdh@ving text since this engineering field is
the one that was chosen as a use case for illustrating thenierapproach developed in the work. For
these reasons, my wish is that the following text be undedshmth by open minded computer scientists
and by open minded geologists.

For being scientific sound, a doctoral work should not be siugplified. Considering the challenge of
making our text understandable to two scientific commusiitieat have little in common, our choice has
been:

e to write the text in an explicit but not simplified way both fiie “computer science” and for the
“geological” parts,

e to explain all technical words by means of footnotes and dbasary.

| apologize in advance for theficulties that the reader will no doubt find when reading thespaf
the work that do not refer to hiser field of expertise. | hope however that most of thesicdities
will be overcome and that the following text will provide ansmon field of reflection both to Computer
scientists and to Exploration geologists.

Laura Mastella






Abstract

This work intends to propose innovative solutions for thpleitation of heterogeneous models in engi-
neering domains. It pays a special attention to a case salagd to one specific engineering domain:
petroleum exploration . Experts deal with many petroleupiaation issues by building and exploiting
three-dimensional representations of underground (t&iéth models). These models rest on a large
amount of heterogeneous data generated every day by sdifeeednt exploration activities such as seis-
mic surveys, well drilling, well log interpretation and maothers. Considering this, end-users wish to
be able to retrieve and re-use at any moment informatiotectta data and interpretations in the various
fields of expertise considered along the earth modelinghchai

Integration approaches for engineering domains needs disbeciated from data sources, formats and
software tools that are constantly evolving. Our solut®based on semantic annotation, a current Web
Semantic technique for adding knowledge to resources bynsnesemantic tags. The “semantics”
attached by means of some annotation is defined by ontolage®sponding to “formal specifications
of some domain conceptualization”. In order to completaresgying model exploitation, it is necessary
to provide model integration. Correspondence between aadéhe ontology level is made possible
thanks to semantic annotation. An architecture, which ntapeepts from local ontologies to some
global ontology, then ensures that users can have an itee€lgaad shared global view of each specific
domain involved in the engineering process.

A prototype was implemented considering the seismic img&gtion activity, which corresponds to the
first step of the earth modeling workflow. The performed expents show that, thanks to our solution,
experts can formulate queries and retrieve relevant assuging their knowledge-level vocabulary.

Keywords : Model integration and interoperability, Ontologies, Qagy-based databases, Meta-modeling,
Semantic annotation, Petroleum reservoir modeling.
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Résumeé étendu

1 Contexte de développement du travail présenté

1.1 Introduction

Commencée en octobre 2006 et soutenue en mars 2010, latpréwse de doctorat a été réalisée dans
le cadre du Doctorat “Informatique Temps Réel, Automatigti®obotique” de I'Ecole des Mines de
Paris. Elle a été dirigée par Michel Perrin, Professeur adl& des Mines de Paris, et co-dirigée par
Yamine Ait-Ameur, Professeur a I'Ecole de Mécanique et dohautiqgue (ENSMA) a Poitiers). Durant
toute la durée de mon travail, j'ai été localisée a I'lnstRwancais du Pétrole (IFP) & Rueil-Malmaison,
ce qui a permis une bonne synergie avec les utilisateursxfi@sioutils que j'ai développés.

Cette thése se propose d’abordexploitation des modéles d’ingénierie hétérogéaegraite, en tant
gu'étude de cas, urapplication au domaine de I'exploration de pétrole

1.2 Les modeles d’ingénierie

Un modéle est une représentation abstraite et simplifiée phitnomeéne ou d'une suite d’'actions ap-
partenant au monde réel. En ingénierie, la constructioa atdnipulation de modéles constituent des
activités essentielles dans la mesure ou l'intérét praice porte des cycles de vie: cycle de vie d'un
logiciel, cycle de vie d’objets ou de pieces mécaniquescgsdl’avions, de voitures), cycle de vie d’'un
réservoir pétrolier et autres. Ces cycles sont appréhemdésvers de modéles relatifs a des domaines
trés variés : génie logiciel, ingénierie des transportéenérou terrestres, matériaux, génie civil, in-
génierie environnementale, ingénierie de pétrole. Lagtuge ces modéles s'appuient par ailleurs sur
des données nombreuses et hétérogenes.

Dans la plupart des cas, les raisonnements qui ont servi@nkstraction d’'un modele demeurent im-
plicites. Ces éléments et la sémantique qui les sous-tatehtgoour ainsi dire cachés derriére le modeéle
lui-méme et sont au mieux accessibles aux seuls auteurs rdedélisation. Une raison a cela tient
au fait que, jusqu’a une période récente, la culture deggigies privilégiait les résultats plutdt que le
capital de connaissances expertes qui les a produits. Catcke$ actes d'interprétation (autrement dit
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Résumé étendu

les “opinions”) au travers desquels les experts exprimeunt $avoir au service de la construction d’'un
modéele n'ont été jusqu’a présent, sauf exceptions, ni tépés ni mémorisés. Le résultat de la mise en
ceuvre d’'un procédé d’ingénierie se trouve ainsi étre tropesat un simple document en langage naturel
envoyé aux divers membres d’'une équipe. Un tel documenggsance ambigu, ne permet généralement
pas que les ingénieurs de culture§étientes rassemblés autour d’'un projet comprennent |dfisegion

des éléments de modéles qu’ils manipulent. Les ingéniaivent donc consacrer des temps de travail
trés importants pour rechercher les informations sur lelggise sont basés les projets passés et pour
traduire “manuellement” les données correspondantesujiesdlia plupart du temps par des outils de
modélisation hétérogénes. Enfin, lorsqu’il s'avére négiessi’échanger des données entre ces outils,
les modules de traduction sont le plus souvent codés en diepiournisseurs de logiciels, au sein de
produits logiciels intégrés. La traduction opérée porbesaseulement sur les formats de données, ce qui
ne permet pas d'assurer I'interopérabilité et la commuitinantre modéles.

Actuellement, les ingénieurs sont placés devant le défi degioaccéder a toutes les informations utiles
dans leur domaine, afin de prendre des décisions adéquiadiesient par conséquent essentiel que les
experts réunis autour d’'un projet, porteurs de connaigsahétérogénes, soient a méme de partager les
diverses “opinions” qu'ils produisent. Par ailleurs, eedipproche d'intégration d’ingénierie doit étre
dissociée aussi bien des sources et formats de donnéesgjogtitle car ceux-ci évoluent constamment.
Pour coopérer, les ingénieurs doivent par conséquentas@ecsur urnvocabulaire commude commu-
nication et ils doivent étre également en mesure de déergighificationdes données et des formats de
données mis en ceuvre dans des modeles. La correspondamcmedéles doit donc étre basée sur des
descriptions signifiantegjui doivent étre isolées de la partie physique des modéles.

1.3 La modélisation géologique pour I'exploration pétrolére

Le domaine qui a été choisi dans ce travail pour illustreptedlématiques qui viennent d’étre exposées
est celui qui s’intéresse atanstruction de modeéles géologiques en vue de I'explargtidroliere Nous
allons donc exposer brievement en quoi il consiste.

Les experts géologues et les ingénieurs en charge de Itatiolo pétroliere élaborent leurs stratégies

de prospection en se basant sur des représentations m&lonaelles du sous-sol appelées modéles
géologiques. Ces modeéles reposent sur un grand nombre déetohétérogénes générées au fur et a
mesure de la conduite de I'exploration par des activitdegejue la prospection sismique, les forages,

l'interprétation des logs de puits.

La chaine de modélisation qui est mise en ceuvre pour la pioduwte modéles géologiques est représen-
tée sur la FigurEl1. Elle a pour objectif final la constructitumn modéle de réservointégré, sur lequel
les utilisateurs finaux pourront s’appuyer pour évalueuiangité de pétrole Aiu de gaz potentiellement
présente dans un réservoir. A fin de construction d’'un teléigdes professionnels dedtérentes dis-
ciplines de l'industrie pétroliere et des géoscienceserabdent leur connaissance en vue d’ interpréter
et de modéliser les données brutes acquises dans les champgers. L'hétérogénéité de ces don-
née, celle des formats sous lesquels elles sont représeatés que I'hétérogénéité des outils logiciels,
du vocabulaire et des domaines d’expertise mis en ceuvrdadadhe d’intégration des connaissances
particuliérement dficile dans ce contexte.



1. Contexte de développement du travail présenté

1.3.1 Cas d'étude concernant l'interprétation sismique

La modélisation géologique commence par la définition ghaspect c’est-a-dire d'un volume géologique
d’'intérét. Les données prises en compte au départ sontijgalament celles acquises au moyen de la
prospection sismique (Figuk@ 1 (1)) et celles qui résultentexploitation des renseignements fournis
par les sondages (Figurk 1 (2)).

s’ |
IE‘ Stratigrapyeshing E|Upscaling

2D13D
Seismic data

= y V]
| | | g / Structural
i | model

Laboratory Facies proportions simulation

data (Geo-statistic simulation )

Figure 1: La chaine de modélisation géologique

La technique de prospection sismique consiste a enragistfaide de nombreux capteurs, les échos
résultant de la réflexion sur des horizons géologiques @smraoustiques artificiellement produites en
mer ou sur la surface terrestre. Suite a des opérations plosoms complexes de traitement du signal,
il est possible d’obtenir unienage sismiqu&D ou 3D, qui permet de visualiser les portions d’horizons
géologiques réflecteury au niveau desquels se sont produites les réflexions emésgis En s’aidant
de moyens informatiques, les géologues et géophysiciemegent ensuite a une interprétation de cette
image sismique. Cette tackénterprétation sismiqueonsiste a identifier des “motifs” correspondant
a divers types de surfaces géologiques (telles que desoherau des failles) ou a des assemblages de
surfaces plus ou moins complexes correspondant a des gBgitaentaires spécifiques (par exemple
des chenaux ou des démes de sel). L'interprétateur déeisegne géologiquen identifiant les ob-
jets qui sont présents ainsi que leurs relations mutuelexi exige de prendre en compte, en sus des
données sismiques, les données fournies par les sondagesntles seules aptes a fournir des infor-
mations exactes sur la localisation spatiale des horizénfogiques détectés. Au cours de leur travail
d’identification d’objets géologiques, les interprétateemploient un vocabulaire spécifique qui est celui
relatif aux divers sous-domaines qui sont pris en condglidéragéologie, sismique, analyse des données
de puits.

La prospection fournit de maniére permanente des donnée®lies, qui sont objets de nouvelles inter-
prétations. Un grand nombre de données hétérogénes ssinpraiduites, que les utilisateurs souhaitent
pouvoir éventuellement rechercher et réutiliser a tout eram
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Résumé étendu

A Tl'aide d’outils logiciels spécifiques (appelégomodeleuds les géologues assemblent les surfaces
géologiques identifiées suite a l'interprétation sismignevue de construire Imodéle structural du
prospect (Figur€ll (4)), qui servira a son tour de base poupfatruction de modéles plus sophis-
tiqués aptes a fournir des informations sur la nature etgartiion spatiale des roches présentes dans
le réservoir odele stratigraphique Figure[l (8)) et sur les propriétés physiques qui en dénbule
(porosité, perméabiliténfodéle de réservoir Figure[d (10)). Ce dernier modele est celui qui est utilisé
par les ingénieurs de réservoir pour simuler le migratianhdalrocarbures fluides au sein du sous-sol et
pour estimer la quantité exploitables de réserves préselates le réservoir et la qualité de ces réserves
(pétrole lourd ou léger, gaz).

1.3.2 Conditions requises pour une modélisation géologiguwpilotée par la connaissance

Compte tenu de I'état de I'art en matiere de modélisatiorlagggue, il existe actuellement de nom-
breuses questions auxquelles il n'est pas facile de répaf@limaniére simple. Les utilisateurs finaux
d’'un modéle déterminé aimeraient par exemple identifiedtemées a partir desquelles le modéle a été
construit et accéder a toutes les informations relativesladalisation géomeétrique des données et aux
modalités de leur interprétation.

Les plaintes les plus fréquentes des modeleurs tiennertitaguie les modeéles courants ne fournissent
aucune représentation explicite des objets et des retagjéalogiques. Les objets géologiques tels que
les horizons ou les failles sont actuellement identifiéguament par I'intermédiaire de leurs représenta-
tions visuelles dans les modeles et il ne leur corresponérgéament aucune représentation symbolique,
pas méme une représentation sous forme de classes adumtér code. Les relations chronologiques

et topologigues entre objets ne sont également accessiblas travers des représentations visuelles
observables a I'écran.

Une approche nouvelle de modélisation géologique pilo&elgconnaissance a été proposeée, il y a
guelgques annélB_Raina.u.d_étlaL(iOOS). Elle considereidaatité des objets et des relations géologiques
doit étre “préservée tout au long de la chaine de modélisatidette approche suppose que les interpré-
tations géologiques (c’est-a-dire I'identification d’ety et de relations par les experts) soient rendues
explicites et soient enregistrées a chaque étape du puscgssnodélisation. Les professionnels souhait-
ent en et pouvoir, a n'importe quelle phase de la chaine de modiélisgoser des questions liées aux
objets géologigues et a la gestion de données. Un interpuétpeut désirer identifier par exemple les
réflecteurs qui sont intersectés par un piitdans le modéle. La réponse a cette question exige que
soient croisées des informations relatives a des objets desdeux activités fierentes: interprétation
sismiqued’une part et la&orrélation entre puitsl’autre part. Actuellement il n’est pas possible de répon-
dre a ce type de question, puisque il n’existe aucun moyemegitant de corréler les données relatives
aux diverses interprétations produites le long de la chaine

En résumé, afin de définir une approche de modélisation ggalgilotée par la connaissance, il est
nécessaire:

e de garder la mémoire des donng@aerprétationgnodéles attachés a un prospect,

e de garder la mémoire du contexte relatif & chaque intetfiwétéopérée par qui ?, quand ?, ou ?,
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1. Contexte de développement du travail présenté

avec quoi ?),

e d’expliciter la corrélation entre les objets dans les divandéles.

1.4 Obijectif du présent travail

L'objectif de ce travail est de proposer une solution pourtdégration et I'exploitation des modéles
d’ingénierie hétérogenes, afin éfor une vue cohérente desfidirents domaines auxquels chacun de ces
modeles est relié et de permettre ainsi I'émergence de Imamzes nouvelles indispensables pour les
ingénieurs. Notre contribution est double.

En premier lieu, nous proposons un cadre général pourdiiatéon des modeles d’'ingénierie. Pour cela:

e nous proposons un modéle d’annotation qui permet d’emriebimodéles d’'ingénierie avec de la
sémantique;

e nous avons développé une opération d’alignement d’onieddgasée sur une relation partielle de
subsomptioris-case-ofqui permet l'intégration de domainggmantiquement indépendagnts

e NOUS avons congu et réalisé un prototype incorporant le lati@nnotation et 'opératioris-
case-of,

e nous démontrons que, dans le cas ou les modeles d’'ingée@reannotées par des experts, il
devient possible de les requéter en utilisant le vocalthirdomaine d’expertise.

Le présent travail se focalise, en second lieu, sur un dandingénierie particulier, la modélisation
géologique, et examine dans ce cas comment la connaissaetfigjue peut étre modélisée et comment
le cadre d'intégration préalablement défini peut étre gpglidans le cas d’étude. Pour cela:

e nous avons défini une étude de cas basée sur une descripticalisge de I'activité de modéli-
sation géologique;

e nous avons construit des ontologies de domaine concerearstekteurs des géosciences liés a
I'étude de cas;

e NOUS avons pProposé une architecture direcaux utilisateurs la possibilité de croiser I'informatio
attachée aux €iérentes données et interprétations prises en compte dadivéeses étapes de la
modélisation et de parfaire ainsi la connaissance gloledd¢ire au réservoir modélisé.

Pour traiter le probleme de I'exploitation sémantique desl@hes d’'ingénierie, le présent travail s’est
attaché a mettre en ceuvre ou a adapt@émintes approche basées surdetologies I'annotation sé-
mantique les techniques dméta-modélisatioet d'intégration d’ontologies

e nous avons employé les ontologies pour formaliser et partiagconnaissance au sujet des do-
maines d’application ;

e |'annotation sémantique a été utilisée pour lier les magjdks outils et les interprétations a la
connaissance globale concernant le domaine ;
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Résumé étendu

¢ l'intégration d'ontologies s’est avérée nécessaire afiprdeluire une vue globale desfidirente
connaissances relatives aux sous-domaines pris en catsdé

e des techniques de méta-modélisation ont finalement étéogéss afin de créer de nouvelles prim-
itives pour les modéles d’ingénierie et 'annotation desléles.

L'articulation de toutes ces stratégies conditionne haecture d’intégration a base d'ontologies que
nous allons décrire a la suite.

2 Apport du présent travail concernant le management de la conais-
sance en ingénierie

2.1 Contexte du développement: OntoDB et OntoQL

Dans le cadre de notre travail, nous avons considéré degragifondamentaux pour déterminer le choix
d’'un systéme de base de données dans lequel développaotapmproposée.

Le systéme choisi doit, en premier lieu, pouvoir contrélernvolume considérable d'information dans
la mesure ou les domaines d’ingénierie font appel a une géamportante de données. Notre choix
s'est donc porté versases de données basées a ontolo(B#3BO) , qui permettent de tirer partie de
représentations basées sur des ontologies tout en conislEvavantages liés aux caractéristiques des
bases de données (telles que I'extensibilité, la séceititd).

En second lieu, il est important de pouvoir faire évoluer é&armodéle qui sous-tend la base de données
choisie, afin d’étre en mesure de représenter éventueltedi@untres méta-modeéles (par exemple un
méta-modele @nnotationy. Comparée a d’autres BDBOSs, I'architecture d’OntoDB esséule qui
accepte d’étre modifiée en augmentant les primitives aigs1 Pour cette raison, nous avons donc
choisi de développer ce travail en utilisant la BDBO OntoiDElﬁ.ains.aH_Zld)?).

2.1.1 Larchitecture d’'OntoDB

L'architecture d’'OntoDB est basée sur le systéme de basenleéds relationnelles PostgreS&LLe
modéle OntoDB comporte quatre parties asso@gsigurel2).

La partie montrée sur la Figufg@ 2 (1) correspond au catalayusysteme et est traditionnellement
disponible dans tout le SGBD, a savoirdatalogue du systémequi contient les tables de systeme
qui sont utiles pour la gestion des données. La pantia-schéma(Figure[2 (2)) contient les prim-
itives du méta-méta-modéle d’'OntoDBENTITY et ATTRIBUTE qui, en termes de base de données,
correspondent a deux tables. Dans OntoDB, ces primitivesgdisées pour construire les langages
d’ontologies dans OntoDB mais aussi éventuellement dalamgages.

!PostgreSQL (ou Postgres) est un systéme de gestion de basendées (SGBD) en source libre et ouverte
(httpy//www.postgresql.org.
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Figure 2: L'architecture d’OntoDB

La troisieme partie présente dans OntoDB est app@téelogie (Figurel2 (3)). C’est le lieu dans lequel
nous décrivons la structure des ontologies de domaind,axtise, les concepts et les relations attachés a
tel ou tel domaine spécifique. En dernier lieu, les instadessontologies considérées sont stockés dans
la partielnstance (Figurel2 (4)). Chaque instance est stockée dans la tablejgdisente sa classe meére.

2.1.2 Lelangage d’exploitation OntoQL

Le langage d’'OntoQL a été proposé b_a.Q_ea.n_leLal_kZOO?) e’'enploiter la BDBO OntoDB. On-
toQL a une syntaxe semblable au langage SQL, et fournit déls pour la définition et la manipula-
tion de données, et aussi pour l'interrogation des donnaes Ig&s trois niveaux d’OntoDB, du niveau
logigue jusgu’au méta-méta-modeleEn conséquence, il est possible d’employer le langage @nto
pour travailler non seulement avec les ontologies de dogneirleurs instances mais également avec
le méta-méta-modele d’OntoDB. OntoQL permet notammerdai@tre le nombre de primitives d’'une
ontologie en utilisant la clausBREATE ENTITY afin de créer des entités supplémentaires.

Par exemple, afin d’ajouter le constructeur de restrictitiLO#AllValuesFromau noyau de OntoDB,
NOUS pPOUVONS CONCEVOIr les expressions suivantes:

CREATE ENTITY #Restriction UNDER #Class (
#onProperty REF(#Property))

CREATE ENTITY #AllValuesFrom UNDER #Restriction (
#allValuesFrom REF (#Class))

La premiére instruction crée une nouvelle entiféestrictionqui hérite de I'entitéClass Cette entité a
I'attribut #onProperty qui fait une référence a I'entitéProperty La deuxieme instruction crée I'entité
#AllValuesFromen tant que sous-entité déestriction L'attribut #allValuesFromindique la classe
(dont le type est une référence a I'entit€las3 dont les instances de la restriction prennent leurs valeur
pour la propriété définie dans I'attribébnProperty

Cette approche permet de représenter des ontologies ddpB Q| que ce soit le méta-modéle qui les
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sous-tend. Elle permet également la création de primigvgig€rement nouvelles.

2.2 Une proposition de modéle d’annotation pour les modélefingénierie

Pour remédier au manque de connaissances explicites dadsmeaines d’ingénierie tels que, par exem-
ple, la prospection pétroliére, nous proposons dans cailtfaxtilisation d’'une approche dnnotation
sémantique Celle-ci vise a assigner des significations explicites @jets qu’un expert identifie dans
les modéles. L'annotation est par ailleurs considérée comneentité de niveau supérieuindépen-
dante du modéle d'ontologie. Cette proposition est spéaifietermes d’'uméta-modéle d'ingénieriet
d’'un méta-modéle d’annotation_es méta-modeéles proposés sont des conceptualisatistraitds qui
peuvent étre implémentées avec n'importe quel langage.

Nous estimons que, pour attacher une information sémangqdes fichiers de données d’'ingénierie,
il convient dextérioriserle modéle dans lequel des données sont organisées. Nousspnspque la
structure de données des fichiers soit capturée (manueifermneautomatiquement) et exprimée dans
un modéle de données réduit, homogéne, et formel qui rassdemsemble des éléments de base qui
donnent acces aux données. Cependant, il n'est pas sdlbaltareprésenter les modeles d’ingénierie
en utilisant des primitives congues pour les ontologiesnfoe owl:Classdans le langage OWL ou
rdfs:Propertydans le langage RDFS) dans la mesure ou les modéles d’'unet pestontologies d’autre
part sont de “nature tférente”. Nous proposons donc que des primitives spécifigliférentes des
primitives d’ontologies, soient employées pour représeles modéles d'ingénierie. La stratégie clas-
sique pour représenterfiiirents modeles consiste a produire un méta-modele supétiawconsidérer
chaque modéle individuel comme une instance du méta-medégiestion. Ainsi, nous proposons que
les primitives utilisées pour représenter les modelegyédinerie soient formalisées sous la forme d’'un
méta-modele d’ingénierie

2.2.1 Le méta-modele d’'ingénierie

Le méta-modéle d’'ingénierie est 'ensemble minimale deaatéristiques nécessaires pour décrire de
facon uniforme les modeles d’ingénierie (nom de fichiemtdieation, principaux objets composeés, et
ainsi de suite.).La Figuifd 3 illustre la structure du métadéie d’'ingénierie proposeé.

L'élémentDataElementst la super-entité abstraite qui regroupe toutes lesssemiteéés du méta-modele.
DataClasses sont les primitives de modélisation des catégories deédonlLes instances deataClass
ont chacune une identité et elles peuvent étre organisémssuti@ hiérarchie de spécialisafigénérali-
sation au moyen du liesubtype_of Les attributs de®ataClasss sont définis grace a I'entif@ataAt-
tribute, qui peut avoir une cardinalité minimale et maximale (cheumin et max) et un champrange
dont le type est défini par I'entit®ataType Les DataAssociatios traduisent des relations binaires
entre desDataClasss. Les instances dBataAssociatiorsont des liens entre des instancesida-
Classqui n'ont pas ni état ni identité DataAssociatiorest reliée a deux entitédBataAssociationEnd
qui spécifient :a quelleBataClasss I'association est reliée, la multiplicité (champ et max) et le
type de I'association (chamgggregationTypea chacun des points d’extrémité. Le type distingue des
associations d’'agrégation et de non-agrégation. Ces étéraent les blocs constitutifs qui permettent
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DataElement
|: narme: Skring
subkype_of %
! Datadttribute
DataClass SCOpE —
min; int
fFormatReader: String | 1 * | max: String
range: DataType
1
bype PRT—] Dat iationEnd
Datafssociation aggregationType: String —
rmin: ink
connection? | mas: Skring

Figure 3: Méta-modéle relatif aux modéles d’ingénierie

représenter n'importe quelle donnée utilisée dans des leodéngénierie.

En formalisant le méta-modéle d’ingénierie, il devientgibe de représenter n'importe quel modéle
d’'ingénierie comme une instance de ce méta-modéele.

2.2.2 Le méta-modeéle d’annotation

Afin de rendre la connaissance explicite dans un modéledhiegie, il est nécessaire de “lier” ce modéle
aux concepts d’'ontologie qui décrivent sa sémantique, cpen étre fait par le biais d’'unannotation
sémantique Nous proposons que I'annotation soit considérée commeenti de niveau supérieur
ayant ses propres attributs, et soit ainsi séparée du modtsogique et de I'entité annotée. Lentité
d’annotation doit étre liée aux concepts des ontologiegiéméral. Un concept d’ontologie doit pouvoir
étre lié a une entité d’annotation, quelle que soit la formesdaquelle il est représentéwl:Classdans

le langage OWL oudfs:Propertydans le langage RDFS.

L'entité d’annotation doit étre définie au méme niveau qeepiémitives d’ontologieowl:Classdans le
langage OWL oWwPLIB:Classde PLIB. La FigurdH illustre la notion de méta-modéle d’aation. Les
primitives des diérents langages de description d’ontologies sont repiésedans la partie gauche de
la figure. Dans la partie droite figurent les primitives dessoairces: documents, vidéos, images, web-
services et celles des modéles d'ingénierie (I'erit#aElement Dans la mesure ou les ressources du
type documents, vidéos ou images disposent déja des fratkewoi permettent leur annotation, nous
sommes plus particulierement concernés dans notre caapplidation duméta-modéle d’annotation
aux modeles d'ingénierie.

Dans ce cas, I'entiténnotationcrée un lien entre la primitive des concepts d’ontologieagirimitive
DataElementuu moyen des relatioremnotategt isAnnotatedBy Ces relations ont une cardinalité mul-
tiple, ce qui signifie qu’'un élément d’annotation peut aenales entités de modeéles d’'ingénierie mul-
tiples avec un méme concept d’'ontologie, ou employer detiptad concepts d’ontologie pour annoter
un méme élément de modéle, ou encore que ces deux cas de Bguempse produire simultanément.
L'entité AnnotationPropertest la primitive qui crée les propriétés d’'un élément d’dafion, au moyen
du champproperty Au moyen de la primitiveAnnotationPropertyl est possible de définir autant de
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ClassConstruct | is4nnatatedBy | Annotation annotates ResourceConstruct
narne: Skring 1,.# 1, % | name: String | 1,.% 1. # | name: Skring
properky
D. .*
|PLIB:EIass damiClass AnnotationProperty ‘ ImageResource | | ¥ideoResource
label: Skring ,u'r |
range: DataType |DocumentResuurce ‘ ‘ DataEIement‘

process:AtomicProcess

Figure 4: Méta-modéle pour I'annotation des modeles diigyée

propriétés que nécessaire pour un type donné d’annotgt@rexemple, des propriétés permettant de
stocker une version d’annotation donnée ainsi que sontstaittivité dans laquelle cette annotation a
été produite, les outils employés dans I'activité corresiamte, etc.

2.3 Proposition pour I'annotation de modéles dans OntoDB

Le méta-schéma du systeme d’OntoDB a été augmenté a I'agdprihaitives proposées dans le Méta-
modéle d’Ingénierie et dans le Méta-modéle d’AnnotatiourRcette opération, nous avons employé
le langage d’exploitation OntoQL, qui permet de manipulendemble de primitives définies dans le
méta-schéma d’OntoDB. Les expressions d’'OntoQL utiliseentauseCREATE ENTITY pour créer les
primitives du Méta-modéle d’'Ingénierie dans le méta-schéiontoDB.

Dans le détail, la premiere étape consiste a modifier le s@tama d’OntoDB afin d’ajouter les entités
du Méta-modele d’'Ingénierie, comme cela a été illustréafidurdB). L'entité#DataElementest créée
indépendamment de I'entité d'ontologiClass ayant un attribu#namedu type chaine de caractéres.
L'entité #DataClassest créée en tant qu’entité-fille déDataElementet hérite ainsi I'attribut#name
L'attribut #subtype_offait référence a une autre ent#®ataClassLes autres entités du Méta-modeéle
ont été créées de la méme maniére.

CREATE ENTITY #DataElement (
#name STRING )

CREATE ENTITY #DataClass UNDER #DataElement (
#subtype_of REF (#DataClass)),
#formatReader STRING

L'étape suivante consiste a modifier le méta-schéma d’OBtafin d’ajouter les primitives du Méta-
modeéle d’Annotation, comme illustré sur la Figlle 4. L'édiAnnotation est créée indépendamment de
I'entité d’ontologie#Class ayant un attribut‘-namedu type chaine de caractéres. L'attrildtannotates
fait référence a l'entité¢/DataElementu Méta-modele d’'Ingénierie, et I'attribdtisAnnotatedByfait
référence a I'entité d'ontologigClass Ceci établit le lien entre une entité du méta-modéle dimgyée

et une entité du méta-modéle de I'ontologie. Lattrilfipropertyfait référence a I'entitétAnnotation-
Property ce qui permet d’ajouter des informations plus contexéisedl 'annotation. L'entitéAnnota-
tionProperty est créée ayant un attribthamedu type chaine de caractéres.
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CREATE ENTITY #Annotation (
#name STRING,
#annotates REF (#DataElement),
#isAnnotatedBy REF (#Class),
#property REF (#AnnotationProperty))

CREATE ENTITY #AnnotationProperty (
#label STRING,
#range REF(#PrimitiveType))

La Figure[® illustre I'architecture d’OntoDB aprés extamside son méta-schéma avec les nouvelles
primitives.

<~ _  ontDB

(2) Meta-scheme System (1)
ENTITY] catalog
b#CIaéél:##Annétationl—#ﬁDéié_Element\ %

Models Il'lStances
4% (individuals)

Domain Typed Engineering %
(3) ontologies  Annotations ~ Models

(4)

Figure 5: Architecture d’'OntoDB augmentée par I'ajout desjiives des méta-modeéles d’'ingénierie et
d’annotation

Une fois exécutés, les scripts en OntoQL modifient le métémea d’'OntoDB (partie 2 de la Fig-
ure[3) en ajoutant de nouvelles entités et attributs, sejiaetivement des instances #ENTITY et
#ATTRIBUTE. Dans la partie 3 de la Figufé 5 les primitives du Méta-modBlegénierie permet-
tent de définir lesnodélesgui ne sont pas des ontologies. Par ailleurs, les primitike®éta-modele
d’Annotation permettent de définir dasnotationsqui font le lien entre les modéles d’ingénierie et les
ontologies de domaine. Grace aux nouvelles entités apuiémn méta-schéma, OntoDB peut donc
stocker dans une seule et méme base de données, les donméedédies d’ingénierie et leurs annota-
tions a base ontologique. Ce méta-schéma sera utilisé péer les modeéles et les annotations utiles
pour I'étude de cas considéré dans cette thése.

2.4 Intégration des modeéles d’ingénierie

Les domaines d'ingénierie dépendent de disciplines tréersis, qu'il n'est pas facile d’intégrer. Le
présent travail n'a pas pour but d’intégrer divers schémaagportant a des entités du monde similaires
(ce que ferait, par exemple, une ontologie d'informationdes livres), mais divers domaines a priori
indépendants les uns des autres (comme la mécanique etrbéligue, ou la modélisation 3D et la
géologie) chacun de ces domaines étant décrit par sa profwlegie.
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2.4.1 Architecture pour l'intégration des modeéles d’'ingérerie

Nous allons décrire ici unarchitecture pour intégration des modeéles d’ingénierieaséd ontologique
Dans cette architecture les modéles d’ingénierie sontct@isés comme desources de données lo-
cales leur représentation comme instances du Méta-modeéleéliirge sont appeléesies localesles
domaines d’expertise sont décrits par desologies localet le domaine fédérateur par uostologie
globale la connexion des vues avec leur signification ontologigstef@irnie par lesannotations la
correspondance entre les ontologies locales et I'ontelglgibale sont désignés comme dégnements
local-global Par ailleurs, des requétes peuvent étre définies ausssinidées ontologies locales que sur
I'ontologie globale. L'architecture, illustrée sur la Big[8, peut étre décrite comme suit.

fozalio-giabal
alignments

e e A A [
* annc(a(es*
[ v L v, [ % |

R gy
v Mgy,
N

Wrapper e H 1]

it
N eV

- R = [ eu—

Figure 6: L'architecture pour l'intégration des modelesaaébontologique

Meta-model for

Engineering Made| it

Les sources de données localBs)(sontenveloppéedans un langage unifié, fourni par le Méta-modéle
d’ingénierie. Le résultat (les représentations formetles modéles d’ingénierie) sont les vues locales
(V). Lesontologies locale$l. O,) sont définies. Chaque LO décrit le vocabulaire utilisé damdomaine
spécialisé. Les sources locales sont reliées a leur LOgtispe moyen dannotations sémantiquéa,).
L'annotation peut étre manuelle ou semi-automatique. bescgs locales et les ontologies locales ne
sont pas modifiées dans ce processus. Une ontologie gldb&leest définie. Le vocabulaire décrit
dans la GO est partagé par les divers domaines locaux. Umetesele liens de correspondance est
défini entre les concepts de la GO et les concepts des LO (LD-BGOprocessus d’'alignement des
ontologies doit étre manuel, puisque les diverses ontedoge se rapportent pas au méme domaine de
spécialisation. Les structures des LO et de la GO ne sont pdfiées dans ce processus. Quand une
nouvelle source de données locale doit étre intégrée, fidsatites étapes précédentes sont répétées. Les
nouvelles annotations (liens entre les données et lesogigs)) et les alignements LO-GO sont ajoutés
a la base de connaissance sans que la structure originademiases et des ontologies soit changée.

Quand un utilisateur formule des requétes en termes despizme la GOQg), la question est propagée
aux ontologies locales en appliquant les alignements LO{G@lisateur peut également formuler des
requétes en termes des concepts desQQ).(Les résultats des requétes sont intégrés par le systeme et
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présentés a Il'utilisateur.

2.4.2 Relations de correspondance entre les LO et la GO

Pour créer une correspondance entre les domaines locaexdemiaine global, il nous est apparu
préférable de définir un ensemble é¢ations de subsomptiotles concepts des LOs vers des concepts
de la GO, plutét que de définir deddations d’équivalenceCeci tient compte de la nature des ontologies
impliquées, qui décrivent généralemerftélientes perspectives relativement & des domaines qurésnt t
semblables.

Larelation typique de subsomption est la relati®m, qui implique la transmission totale des propriétés
de la classe mére vers la classe fille. A l'inverse, la rafaisecase-ofest une relation de subsomption
qui n'est pas associée a un mécanisme d’héritage de pegridiette relation est proposée comme
une relation de subsomption explicite dansriedele d’ontologie PLI ,m4). Si une classe B
donnée est déclarée comme étamicas dune classe A, il est nécessaire d'importer explicitemeri de
les propriétés dont on souhaite que B hérite. Ceci permesipdiiter des propriétés sans devoir faire des
doublons des classes ou des propriétés. On peut assurienraithsgré d’'indépendance plus élevé des
ontologies issues defiitrentes sources, ayant éventuellement des cycles defféeedis. La relation
is-case-ofentre deux concepts, comniB is-case-of A) exprime la situation ou I'expert interpréte le
conceptB comme étant un cas spécifique du coneepCela signifie que des instances du condgpbnt
également considérés comme étant des instances du céhoeydime si ces deux concepts ne partagent
pas les mémes propriétés.

Il apparait ainsi opportun de définir en plus des relatidassiquesd’alignement entre les concepts de
différents ontologies, des alignements basés suralasons de subsomptigret plus spécifiguement,

la relationis-case-of, qui permet de préserver I'indépendance entre les ontsogjissi bien que leur

interdépendance.

Par ailleurs, la relations-case-ofpermet que I'établissement de correspondances entre tee[uts
des ontologies soitfiectué selon un moda posteriori, c’est-a-dire une fois que les ontologies ont
déja été définies. Cette approche qui travaille a partirtdlogies déja existantes s’oppose au made

priori dB_eLIa.LLe_Qh_e_euhLmM) dans lequel les correspondasmasdéfinies durant leonception des
ontologieselles mémes et soimcluses dan$a définition de ces mémes ontologies.

2.5 Approche proposée pour I'intégration de modéles dans QaDB

Considérons un concept qui est cas d’'un autre concept, rémigngrons le premier comnoencept
englobéet le second commeoncept englobantUtilisant ces définitions, nous proposons deux types
d’opérationsis-case-ofpour OntoQL.: lea prion case-of et le a posternion case-of. La grammaire et la
sémantique du langage de définition de données d’OntoQLtémédifiées pour prendre en considéra-
tion la hiérarchie des concepiscase-oflors d’'une requéte.
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2.5.1 A priori case-of

L'opérateura priori case-oest prévu pour étre employé au moment de la création d’urepbiaidontologie.
Dans ce cas, le concept englobé définit explicitement legrigtés a importer du concept englobant.
Considérons par exemple que les conceptst B existent déja, avec leurs propriétés respectakst
b1, comme illustré sur la Figufd 7. On peut alors créer le can€apomme cas des deux conceptset

B important respectivement les propriéeékde A et b1de B.

B B
al b1
az bz
f‘: =ApHOH ::f
= =is-casa-of= =
CimportsAE e
A.al :
B.b1 properties
C
cl: String
c2: Ink

Figure 7: Exemple da priori case-of

Dans ce cas, I'expression valide d’OntoQL pour créer le eph€ comme cas dé et deB sera:

CREATE #Class C ISCASEOF (A, B) (
IMPORTS(A.al, B.bl)
PROPERTIES (cl STRING, c2 INT))

Cette expression crée un concéptjui est un cas des concepiset deB, et importe la propriété@lde
A et la propriétéh1 de B. Le conceptC spécifie aussi ses propres propriétéet c2.

2.5.2 A posteriori case-of

La relationa posteriori case-a un comportement particulier dans la mesure ou elle est apgrésque
les concepts de l'ontologie aient été définis. Dans ce cadefiaition originale des concepts utilisés
ne peut pas étre changée. Le concept englobé ne peut donmpader des propriétés du concept
englobant.

Pour illustrer ceci, considérons le cas ou les concépt® et C existent déja, avec leurs propriétés
respectives, comme cela est montré sur la Fiure 8.

Dans ce cas, une expression OntoQL valide pour la créatiomed’elationa posteriori case-oéntre le
conceptC et les concept# et B pourra étre:
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A B
al b1
a2 b2
= apostetiof= =
= =is-casa-of= =
_-——
CmapshAB !
clial .
& b2 properties
C
cl: String
c2: Ink

Figure 8: Exemple da posteriori case-of

CREATE #AposterioriCaseOf C CASEOF (A, B)
WITH (C.cl MAP A.al, C.c2 MAP B.bl)

Cette expression crée une instance de I'etA@osterioriCaseOfjui lie le conceptC aux conceptA
etB. Elle relie la propriétéelde C a la propriétéalde A et également la proprié® de C a la propriété
bldeB.

A l'origine, une requéte OntoQL prend seulement en conatiér la hiérarchie de classes classique
(c.-a.-d., la relatioris-a). La clauseSELECTa di étre modifiée afin d'inclure également la hiérarchie
de classess-case-of. Nous avons décidé de proposer deux opérateurs qui pentnattetilisateur de
requéter explicitement les classescase-of. Ces opérateurs, une fois ajoutés a une requéte OntoQL,
modifient 'opérationSELECTcomme suit.

e WITH APRIORYI: active la recherche pour des clasagwriori case-of.

e WITH APOSTERIORI: active la recherche pour des clasagsosteriori case-of

Nous pouvons illustrer la modification de la clauSELECT d’OntoQL comme suit. Considérons la
configuration de la base de données ci-dessous, dans &atmelasseStudentest un cas de la classe
Person

CREATE #Class Person (
PROPERTIES (name STRING, age INTEGER, profession STRING, email STRING))

CREATE #Class Student ISCASEOF Person (
IMPORTS (name, age)
PROPERTIES (registrationID INTEGER))

La requéte OntoQL ci-aprées se sert du quantifica®lifH APRIORI pour choisir des instances de la
classePersondes sous-classes &ersoret des classes qui sont de casRizson

SELECT name, profession FROM Person WITH APRIORI
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Le résultat renverra des instances des claBeesoret Student La propriéténamesera évaluée pour les
instances des deux classes, mais la proppétéessiornva résultefNULL pour les instances d&tudent
puisque cette propriété n'est pas définie d8hglentet n’est pas importée par la clasStident

Gréace a la relatioris-case-of, il est possible d’adresser, dans une méme requéte, desptergui
n'avaient pas été originalement définis dans une méme biéearLa relation's-case-ofpermet égale-
ment de définir des concepts sans se servindlii-héritage Un concept peut hériter d'un super-concept
et étre aussi un cas de plusieurs autres concepts. Cesilitéssiimt une grande importance lorsqu’on a
affaire a des ontologies “fortement typées”, telles que cejiésont mises en places dans les bases de
données relationnelles.

3 FEtude de cas concernant l'interprétation sismique pour lexploration
pétroliere

3.1 Définition d’'ontologies

Une partie significative de cette thése a été consacrée findidé d’ontologies pour décrire les connais-
sances liées aux disciplines relatives a I'étude de casalagt@risation des réservoirs de gaz et de pétrole
est basée sur I'expertise des professionnels de diversgpldies reliées aux géosciences. Pour que ces
experts puissent échanger entre eux au travers d’outilsailmation informatisés, il est nécessaire
gu’ils s'accordent une représentation commune de la cesaace concernant lebjets géologiques
modélisés. Au vu de ce besoin et de 'état de I'art dans le dmmaous avons été amenés a proposer
une ontologie globale, dntologie de la géologie de basgui se rapporte aux objets géologiques utilisés
dans les modéles géologiques. Nous proposons par aillewtétdiller cette ontologie de la géologie de
base en diversesous-ontologiesen vue de décrire et de relier les unes aux autres I'ensaieblentités
géologiques qui doivent étre prises en considération @onrddélisation géologique.

L'ontologie de la géologie de base est centrée sur le conlespeologicalObjectjui peut étre trés diver-
sifié (une unité sédimentaire stratifiée, un récif, un djapie faille, sont autant de GeologicalObjects.).
La partie centrale de I'ontologie de la géologie de base esiti@e sur la Figurg] 9. Cette ontologie est
par ailleurs détaillée dam 008)).

La prise en compte des modalités complexes de descriptidandps géologique est un autre élément
essentiel pour la représentation des connaissancesaitdenodélisation. Pour cette raison, nous avons
été amenés a proposer des modéles d’ontologies pour décteenps géologique et ses relations de
datation avec les objets géologiques.

3.1.1 Ontologie du temps géologique

La hiérarchie des périodes géologiques est décrite darécleslles de temps stratigraphiques. Pour
représenter ces échelles, nous avons défini une ontologenths géologique. Celle-ci est centrée sur
deux concepts principawGeochronologicUnit qui représente lemtervallesde temps géologique, et
GeochronologicBoundaryjui représente ldgnitesentre ces intervalles. Les deux concepts s’opposent
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Figure 9: L'ontologie de la géologie de base

puisque les GeochronologicUnitcorrespondent a des intervalles de temps de durée significandis
que les GeochronologicBoundarye sont que daastantsn’ayant aucune durée temporelle. L'ontologie
de temps géologique est représentée sur la Figiire 10.

3.1.2 Ontologie de datation géologique

Le processus déatation géologiqueonsiste afiecter un “age” a tout objet géologique.oitologie de
datation géologiqueue nous proposons et qui est illustrée sur la Figure 11,idééis concepts abstraits
qui permettent de faire le lien entre les concepts dettlogie du temps géologiqet de l'ontologie de
la géologie de basd_es concepts importés de I'ontologie du temps géologiqudeopréfixeGeoTime
et ceux importés de I'ontologie de la géologie de base, lixarBasicGeo

3.1.3 Ontologies décrivant des modeéles d’activités géoiqges

Les professionnels engagés dans la modélisation géokgiguhaitent avoir acces a la totalité de la
connaissance attachée aux objets qu’ils modélisent uglitémites stratigraphiques, failles individuelles
et réseaux de failles, etc.). Pour répondre a ce besoin, avauns été amenés a définir des ontologies
locales représentant les concepts attachés aux actipiééffigues développées le long de la chaine de
modélisation géologique, telledrterprétation sismique, ou ladescription des puits Les concepts

de I'ontologie de la sismique (FiguteZ12a) ont été définissdariravail de doctorat de Philippe Verney
(Verney 2009). L'ontologie des puits (Figure12b) a étérdéfen se reprenant un ensemble de concepts
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StratigraphicReferenceSystem| ‘Eeaaﬁroﬂo qictfement is¥ounger Than/isOlder Than/is ContemporaneousTo
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Figure 10: L'ontologie du temps géologique

géologiques détaillés dans la norme WITSE’IteIative aux forages pétroliers.

Au total, 5 ontologies de domaine ont été définies relativeraax disciplines des géosciences consid-
érées dans ce travail. Ces ontologies détaillent 151 ctsmeedi37 propriétés. L'entrepdt utilisé pour le
stockage de ces ontologies est la version étendue de la @asmnées a base ontologique OntoDB.

4 Validation du travail réalisé

4.1 Définition du use case considéré

Afin de valider les propositions de ce travail, nous avongstiae considérer les activités relatives a
l'interprétation sismique, qui correspondent a la premrase de la chaine de modélisation géologique.
Nous considérerons ici les données obtenues par l'intritg sismigue du bloc Alwyn, qui correspond

a des données relatives a un champ situé dans la Mer du Nardesypar Total UK.

Pour interpréter ces données, I'expert géologue émet tamiceombre d’hypothéses, qui lui permettent
d’identifier puis d’assembler les objets géologiques qtiezant dans le modéle qu'il construit. Toute-
fois, ces interprétations ne sont pas stockés dans le magadgii a pour conséquence de rendf@dilie

la vérification des connaissances introduites dans le raod@bur préciser les choses dans notre cas
d’utilisation, nous avons rassemblé quelques questionslpequelles les experts souhaitent obtenir des
réponses. Nous en donnons ci-dessous une liste abrégée.

Q1 - Quels horizons sont plus jeunes que Lias, et plus anciem€qgttacé ?

2WITSML (Wellsite Information Transfer Standard Markup Languagst une norme XML, développée par Energistics,
pour I'’échange de données entre les organismes dans kirepsétroliére (voir http/www.witsml.org).
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is0lderThan/isYounger ThanfisContemparaneousTo
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BasicGeo: GeuluglcaIUnlt

beginsOn/endson

BasicGeo:GeologicalBoundary BasicGeo:GeologicalEvent

BasicGeo: Geulugicalﬂhject

Figure 11: Ontologie de datation géologique

Q2 - De quelle image sismique provient I'horizon BCU ?

Q3 - Quels horizons sont plus jeunes (ou plus anciens) que TofirD2

Pour étre en mesure de répondre a ces questions, nous apofseraé les interprétations concernant
les objets géologiques comme dmsnotations sémantiqued.es questions ci-dessus deviennent des
guestions sémantiques relatives a ces annotations.

4.2 Approche mise en ceuvre

La premiere étape de I'approche que nous proposons daresved rasée sur des annotations relatives
a l'interprétation sismique, consiste a représenter teasfdrmats de données utilisés dans l'activité
d’interprétation sismiques comme dastances du méta-modéle d’ingénierigétude de cas considérée
fait appel a des fichiers dans les formats LAS (pour les dandéepuits), DAT (pour les marqueurs),
SEG-Y (pour les blocs sismiques) et PLO (pour les surfackss modeéles sismiques ont été codés
dans OntoDB utilisant les primitives du méta-modele d’imigée ajoutées dans OntoDB. Les types de
modéles (comme par exemple, le tyPEOFile, ont été créés avec I'enti#@DataClass Les fichiers de
données réelles produits par I'interprétation sismique sgprésentés a la suite comme phesancegles
modeéles de données sismiques (par exeripfe Dunlin.plg.

Les interprétations sont ensuite stockées commeadastationsutilisant les concepts des ontologies
locales (ontologie de la sismique et ontologie des puits)miodele dannotation sismique été codé en
utilisant la primitive du méta-modéle d’annotation ajautians OntoDB #Annotation L'annotation sis-
migue définit les propriétésuthor, date amplitude Thresholat les propriétésiame isAnnotatedByet
annotateslLes instances d’annotation fontlien entre les modéles d’'ingénierie et les objets géologiques
interprétés (concepts des ontologies).
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(b) Ontologie des puits

Figure 12: Ontologies locales pour la modélisation géajogi

Les liens d’annotation sont codés dans OntoDB sous formstdiices du modele d’annotation sismique.
La FigurelIB illustre la structure finale des modeéles d'inggé®, des ontologies et des annotations rela-

tives a I'étude de cas.

4.2.1 Exemple de requéte et de résultats

Les données et les interprétations relatives a I'étude slayant été stockées dans la méme base de don-
nées que les ontologies locales et globales, nous pouvangement fournir des réponses a I'utilisateur
concernant les questions formulées. A titre d’exemplesmésentons a la suite la requéte OntoQL

correspondant a la questiory @insi que les résultats obtenus.

Si I'on analyse la question posée, on constate qu'elle ebigu@ car le termdop_Dunlin désigne a
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Figure 13: Etude de cas en interprétation sismique

Table 1: Q: Quels horizons sont plus jeunes (ou plus anciens) que TofirDR

SELECT DISTINCT upper.name, lower.name

FROM Horizon AS upper, Horizon AS lower, unnest(upper.isUpperThan) as h
WHERE lower.oid IN (h.oid)

AND lower.name = ‘Top_Dunlin’

OntoQL WorkBench [Modified]

O B ==

SELECT DISTIHCT upper.name, lower.name =~
FROM Horizon AS upper, Horizon AS lower,

unnest (upper.isUpperThan) as h

WHERE lower.oid IH [(h.oid)

AND lower.name = 'Top Dunlin'

Session Command History |select distinct upper.name, lower.name fro... | - H Clear

L
narme harme

B Top_Dunlin

op_Brent Top_Dunlin

op_Etive Top_Dunlin

op_Messl Top_Dunlin

harizon_12 Top_Dunlin

harizon_121 Top_Dunlin

harizon_122 Top_Dunlin =

22 rows returned in 1593.0 milliseconds
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la fois une instance Horizon géologiquest une instance dorizon sismiquél’horizon sismique qui a
été interprété comme correspondant a I'’horizon géologitpe Dunlin). On peut donc envisager de
répondre a la question en recherchant les noms des horigpaedant a la question dans l'univers de
la géologie en considérant I'ontologie de la géologie de l§&D) et ses liaisons avec I'ontologie de la
sismique (LO) ou bien, plus simplement, en limitant la reche au domaine de la sismique (LO). Nous
examinerons successivement ces deux éventualités en cgramear la seconde.

Le libellé de la question posé fait référence aux relatis@derTharis YoungerTharmui sont définies
dans la seule ontologie de la géologie de base. Pour pouxeiréitée dans le cadre de la seule ontologie
de la sismique (LO), la question doit donc au préalable éucuite dans un “vocabulaire” qui soit celui
de cette ontologie. Cette traduction devra étre faite pailiSateur qui pourra poser que les relations
isLowerThartisUpperThanappartenant a la LO peuvent étre considérées comme desléqisvdes
relationsisOlderTharfis YoungerThardéfinies dans la GO.

Dans le cas inverse, ou I'on décide de travailler non pasché¢lie de la seule LO mais dans un univers
global impliquant a la fois I'ontologie de la géologie etleetle la sismique, il devient possible de
conserver la question posée sous sa forme initiale. Cesigilplité est intéressante car les utilisateurs
souhaitent de préférence formuler leur requéte en utilisawocabulaire “géologique” faisant référence
aux relationgsOlderThaiiis YoungerThan Dans ce cas, pour répondre a la question posée, nous devons
en premier lieu établir des relatiorscase-ofentre les concepts de I'ontologie locale et les concepts de
I'ontologie globale. Ainsi les concepteismic:Horizoret seismic:Reflectosont desa posteriori case-

of du conceptgeo:StratigraphicBoundaryles propriétégsLowerThanet isUpperTharnrelatives aux
conceptsseismic:Horizoret seismic:Reflectoseront respectivement reliées aux proprié&sédderThan

et isYoungerTharrelatives au concemeo:StratigraphicBoundarges paires de propriétés renseignant
les unes comme les autresiire d'apparition des objets. Au moyen de la relatiasrcase-of, les
exemples des concepseismic:Horizonet seismic:Reflectoseront également considérés comme des
instances du conceg@tratigraphicBoundaryutilisateur sera ainsi en mesure de retrouver les objets
qui sont un cas d&tratigraphicBoundarydans les divers sous-domaines auxquels la modélisatibn fai
appel et notamment, en considérant notre exemple, dansrlaide de I'interprétation sismique.

Dans ces conditions, la question posée devient maintertaeptable sous sa forme initiale qui fait
appel au vocabulaire “géologique” de l'utilisateur. Lawétgp OntoQL donne comme résultat toutes les
instances détratigraphicBoundarplus les instances des concepts qui sonayiosteriori case-ofle
StratigraphicBoundaryet qui sont plus jeunes que I’horizon Top Dunlin.

Les tableauX]l dfl2 montrent les résultats obtenus en megispectivement en ceuvre I'une ou l'autre
des deux démarches décrites ci-dessus. La question pas¢emsubstance la méme dans les deux cas,
les résultats obtenus sont bien entendu identiques (pomdant & un méme ensemble de 22 horizons
identifiés). Toutefois, la seconde démarche qui recherdadds dans deux ontologies en faisant ap-
pel & des relationa posteriori case-o$’avére plus colteuse en temps (temps d’exécution de plds de
millisecondes contre 1,6 millisecondes dans le cas de laipre démarche). CetteftBrence dans les
temps d’exécution est le prix a payer pour permettre aiatieur d’obtenir de maniére automatique les
réponses qu'il attend en ayant formulé sa requéte dans sgade, celui de la géologie. Toutefois, dans
le cas particulier considéré, cette automatisation pdse@@me question du point de vue de Il'utilisateur.

Il peut en dfet exister des cas ou tappingisOlderThan— isLowerThanet isYoungerThan— isUp-
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Table 2: @Q: Quels horizons sont plus jeunes (ou plus anciens) que TofirDR

SELECT DISTINCT younger.name, older.name

FROM StratigraphicBoundary AS younger,
StratigraphicBoundary AS older,
unnest(younger.isYoungerThan) as h

WHERE older.oid IN (h.oid) AND older.name = ‘Top_Dunlin’

WITH APOSTERIORI

| £ ontoaL WorkBench [Modified]
ALIEREE

SELECT DISTIHCT wyounger.hname, older.name
FROM ZtratigraphicBoundary AS younger,

[ »

FtratigraphicBoundary AS older,
unnest | younger.isYoungerThan) as h
WHERE older.oid IN (h.oid)

AND older.nsmwe = 'Top Dunlin'

WITH APOSTERICRI

harme narme

BCL Top_Dunlin

op_Brent Top_Dunlin

op_Etive Top_Dunlin

op_Mess1 Top_Dunlin
horizan_12 Top_Dunlin
horizon_121 Top_Dunlin
horizon_122 Top_Dunlin =

22 rows returned in 4359.0 milliseconds

perThandevra étre remplacé par teappinginverseisOlderThan— isUpperTharet isYoungerThan—
isLowerThan Ce sera le cas notamment lorsque les strates géologiqued até retournées sousflet

de la tectonique. Pour cette raison, il semble judiciewadsér a I'utilisateur le choix au cas par cas du
type demappinga réaliser. Il est prévu que cette éventualité soit étudigede travaux ultérieurs.

5 Conclusion

Ce travail propose des solutions innovantes en vue de bégfibn des modéles d’'ingénierie hétérogénes.
Parmi les multiples problémes liées a la gestion des modélagenierie, nous avons plus particuliere-
ment examiné les questions suivantes:

e Annotation sémantique des modeéles d’'ingénierie Le modéle d’annotation proposé permet
d’expliciter les interprétations qui concerneritiéntificationdes objets dans lesftiérents sous-
domaines relatifs a un modéle d’'ingénierie donné.

e Intégration d'ontologies: Selon leur niveau d’expertise, les experts peuvent iflentel ou tel
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objet commeayénéral(c’est-a-dire relatif a un domaine d’intérét général peunbdéle d’'ingénierie
considéré) ou commspécifiquea un sous-domaine déterminé. Compte tenu de cette dullité, i
a été nécessaire de proposer des solutions permettamgn@’aliles ontologies sémantiguement
indépendantes.

e Représentation et persistanceGrace a des techniques de méta-modélisation, il a étébpmssi
de produire une représentation uniforme des ontologiesddenées et des annotations. Toutes
ces représentations ont été stockées dans une base de slanbése ontologique, qui assure
I'extensibilité de la proposition.

e Requétes Des solutions ont été proposées qui permettent que dedesaddnotés par des experts
en référence a des ontologies de domaine, puissent étrétésquar des utilisateurs en utilisant
les concepts de ces mémes ontologies, c’est a dire en empleyacabulaire de leurs domaines
d’expertise.

e Application au domaine de la prospection pétroliere Les approches proposées dans ce tra-
vail ont été appliquées a un cas d'utilisation réel, qui eone l'interprétation de données sis-
migues relatives a la prospection pétroliére. Les expériat®ns réalisées prouvent que, grace a
I'approche proposée, les experts peuvent, en utilisamtdalwlaire de leur domaine d’expertise,
formuler des questions et obtenir des réponses appropriées

Le travail actuel doit étre considéré un cadre qui fourng slelutions pour la gestion de connaissance
en ingénierie a un “premier niveau” en assurant la conservale l'identité des objets du domaine. Le
travail ofre diverses perspectives pour de travaux futurs ouvrantiaau développement de solutions
plus ambitieuses. Ces travaux a venir pourront concerresi dien I'ajout de nouvelles connaissances
dans les ontologies définies que le perfectionnement dotgpa développé. Par ailleurs, les approches
proposées dans ce travail sont potentiellement applisabld@autres domaines, dont les activités sont
basées sur des modeles d’ingénierie.
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Chapter

Introduction

1 Integration of heterogeneous models in engineering donvas

Building and manipulating models constitute the bulk ofiargring activities. Generally speaking, a

model is an abstract, simplified representation of the ¢isdéemf a real world phenomenon. Models

(cf. SectionL1l) are the means by which engineers organize angecommunicate knowledge about

products (their structure, their manufacture, their nmiahce)[(QIs_en_etJaL_]_éQS) or also about real-
world domains (their objects, their behavior).

In many fields, methodologies for developing models weraldished long ago. Consequently, when
there was no need to integrate models, professionals hadedeo use dierent terminology and in-
compatible data formats for building models. As a resultnyniaeterogeneous models were originated
from various engineering tools, with no integrating franoekvbeneath and no explicit correspondence
between the model elements.

Today, models are specified by means of various modelingikeges which each have their own syntax.
They are manipulated by various engineering tools, whietuaually proprietary and do not interoperate
(]Iu_d_QLa.c;HeLZQ_d)S). Engineers spend much of their workimg tin search of knowledge used in past
projects and in manually translating the various modelsipced by diferent tools. When there is the

need of data exchange between tools, it is often hard-coslédil-in translators by the vendors. But
mere format translation does not enable interoperatiorcamimunication between models.

Many aspects of the rationale behind a model remain impl@itly the engineers, who actually built it,
understand the hidden semantics of the model. One reasadhigas that, until now, companies hardly
saw knowledge as an important asset. As a consequence,dmekige underlying decisions made by
professionals was not well organized or not kept at all. Tlénnoutput of an engineering procedure
is often a piece of paper that is mailed or faxed to the otmntmemberml 92). The
consequence is that currently engineers froffedint domains often do not understand the meaning of
model elements.

At present, engineers are faced with the challenge of hagogss to all information about their domain,
in order to make well-informed decisions. Modelers frofiatient disciplines must be able to share their
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diverse views of the world. However, they face problems thake integration dficult to support.
When dealing with information integration, the typical @in is to provide a uniform interface to a
collection of heterogeneous information sources, giviggrsi the illusion that there is a centralized and
homogeneous information system. This approach works wedidtivities in which the sources are static,
but it has clear limitations in engineering domains_(QLﬂﬂeLL%JS). New tools and new ways of using
them constantly come out so that users will ask for infororaixchange that was not anticipated by the
tool integrators.

The integration approach for engineering domains needs tlidsociated from data sources and formats
and from tools, which are constantly evolving. For cooperatengineers need to agree upotoaimon
vocabularyfor communicating and also need to describertteaningof data and data formats within
models. Correspondence among models should be operateddnsmimeaningful descriptionsvhich
should be detached from the physical part of the models.

1.1 Definitions of a model

There is generally little agreement about what a model &x@stand what it is not. A consensual

definition seems to be that given |b;LR.olh.enH=.|:g_(|1989):

“Modeling, in the broadest sense, is the cd$e&ive use of something in place of something
else for some cognitive purpose. It allows us to use sonmgtthiat is simpler, safer or
cheaper than reality instead of reality for some purpose.ofighrepresents reality for the
given purpose; the model is an abstraction of reality in #ese that it cannot represent all
aspects of reality. This allows us to deal with the world inmagified manner, avoiding the
complexity, danger and irreversibility of reality.”

According to their characteristics, models can be clask#i®deterministicvs. stochastic static vs.
dynami¢ model forsimulationvs. model foroptimization models ofphenomenass. models ofdatg,
and so on. Some classification that is of interest for enginge&omains consists in dividing infoonic,

analogicalandsymbolicmodels MMM.

e Iconic modelsare faithful representations of reality, generally iniiptya change of scale (down
or up). lconic models may be represented in 2D (e.g. photasyidgs) or 3D (e.g. miniaturized
model of a building). A common examplepéysical mock-upsvhich have the same appearance
as the original to be studied. Figurell.1 shows a full-scalgineering mock-up of an aircraft
featured for wind tunnel tests (NASA's Langley Researcht€gh

¢ Analogical modelsimitate the real system by analogy rather than by replioat&s in the iconic
model) and have only certain properties similar to the ogagi They can be built through visual-
ization (e.g. the color coding of a geographical map, diag)eor simulations (e.g. a wind tunnel
build to observe the aerodynamics properties of vehicles).

Shttpy/oea.larc.nasa.giRAIS/Partners
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Figure 1.1: Full-scale mock-up of an aircraft

e Symbolic modelsrepresent the real world using a language made up of syminatsters, words,
variables, mathematical or logical symbol8)athematical modelare often employed for engi-
neering analysis. They are used in place of real-world éxpans (e.g. equations that represent
the working model of a falling rock) but might require someayieie to produce understandable
results (e.g. a simulation program on a computer).

1.2 Examples of engineering domains and models

Engineering domains are domains whose main interest isféheycle of something: the life cycle of a
software product, the life cycle of mechanical artifactg(gplanes, cars), the life cycle of a petroleum
reservoir, and so on. These domains often rely on variouseegng models to handle thefidirent
aspects of the life cycle of the object of interest.

Engineering domains rely amodelswhich are indispensable tools for studying real-world giveana
and also for creating and enhancing technologies. Somep&amf engineering domains are: civil engi-
neering, aerospace engineering, automotive industrysa@maental engineering, material research, drug
design, manufacturing, petroleum engineering, biomédingineering. In its second part, the present
work will take special consideration for the domainpaftroleum engineeringnd in particular for the
field of characterization of oil and gas reservoir§he main objective is building an integratexservoir
mode] which is the support for quantifying the amount of oil fordgas present in a petroleum reser-
voir. For this, professionals fromftierent disciplines of petroleum industry and geosciencéseg#heir
knowledge for interpreting and modeling the data acquirethfthe petroleum field. The heterogeneity
of the various types of data models, software tools, voeaipend expertise makes integration fidult
task in this context. The activity of reservoir modeling ¢ detailed in Chaptél 6.

All these activities and domains are the subjects of a hugeuatrof heterogeneous models and data.
These domains have been called_b;u_u_das_c;h_el ét_a.LJ(mmplex multiple-world scenariohese are
domains in which knowledge from veryftirent fields of expertise is required to articulate meaningf
queries across disciplines (or withirfidirent micro-worlds of a single discipline). “bomplex multiple-
worlds scenarios there are often latent links and connectionsdegtwlisparate data sources. Through
these implicit knowledge structures, the various piecemfofmation can be "glued" together to help
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answer scientific questions. Making explicit these knog&edtructures is therefore a prerequisite for
connecting the underlying datalL(.l_u_das_Qh_edﬂ_a.L__bOOQ.

Engineering data can be expressed in various types of modd&d. schemas, database tables, pro-
gramming units (such as classesJafva or C programming languages), numerical models, graphical
visualizations of multiple data sets. In this work, the termmadelmake reference to the “amalgam” of
data that is generated by some software tool, and that istoeseth simulations about the domain in
study or perform verification and validation.

1.3 Handling and making semantics of models explicit

At present, there is an overall consensus that activitesréty on strategic knowledge, such as engineer-
ing modeling, must include knowledge engineering as a niglelctivity. |_S.L_e_ti.|< 6) proposed the
paradigm ofknowledge mediupmeaning that knowledge, when explicitly represented)ccbe used

as a communication medium among people and their progranmseder, many previous researches
about information sharing in engineering systems adofteddea ofknowledge medithat consists in
considering an explicit representation of the knowleddgted to a given domain.

The SHADE project[(Q_Lu_b_aLetJdL__].EBQZ) proposes to sharmeegng knowledge through the internet
using a variety of technologies such as agents, subsaripfistems and naotification systems. Each agent
has a diferent problem-solving-knowledge, while they are all iratieln with a shared knowledge-base
between the dierent tools. The SHARE projeit_(ﬂ@_e[ b.L._;I]993) employsdewange of information
exchange technologies (such as electronic mail servicdilenskervers) in order to help engineers and
designers to achieve a “shared understanding” of the mesiatesign process. PACMMK al.,
3) is a concurrent engineering infrastructure that malse of agent-based technology to integrate
existing multi-tool systems.

Some of the above cited frameworks do try to make knowledgéicix but in fact knowledge is only
shared in thdevel of tools The languages employed for homogenizing data represaniatd agents,
are also those that are set up for searching for informatiodyzed by the various technologies. More-
over, these frameworks do not enable users to query sounmes,of information retrieval being made
on-demandby subscription to a notification service). Finally, adgliyet other tools that encapsulate
data in their own format increases heterogeneity in the doofanterest.

In the case of engineering models, the current issue is abtofhsharingdata, but of sharingunder-
standingabout data. Engineering models contain significant inféionaabout the expertise domains to
which they are related, but this information remains hidded cannot be recovered. This is due to the
fact that the way in which data are organized does not follmswvunderstanding of domain experts. For
these reasons, it appears to us that the problem of hetaibgenengineering domains still subsists.

We believe that the solution for this issue can be found at lfiysadding a level osemanticsover

the engineering models. The last decade has seen the eweagydalogiesas tools for providing an
explicit and formal definitions of specific domai@@). Since ontologies can be developed
for formalizing semantics in engineering domains, it beesrpossible to access engineering models
through ontology concepts, i.e. at tkeowledge-level The issue is then to attach ontologies concepts
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to the engineering models. For this end, we propose tosasgantic annotatignwhich is a current
Web Semantic technique for adding knowledge to resourcesiégns of semantic tags. Thanks to
model-based semantic annotatipmge intend to make explicit the expert knowledge which igeuntly
enclosed in the model. There is no current technique for ¢etimg models by formal comments or
explanations, or for attaching more semantics to the teahdata produced by modeling tools. We thus
consider the approach ofodel-based semantic annotatidoshe a contribution of this work.

A second step for complete exploitation of engineering ndensists in providingnodel integration
Correspondence between models should be ensured amtbkgy levelin order to be dissociated from
data sources, formats, languages and tools. An archigetiiat maps concepts frolacal ontologies
to aglobal ontologyguarantees that the users will have an integrated and sgaredl view of each
specific domain involved in the engineering process. Thepingprelation used for creating a corre-
spondence between global and local ontologies isstoase-ofrelation. In contrast with the classical
subsumption relationship (thig-arelationship), which creates hierarchies (the is-a m@hfithe is-case-
of relation only createpartial inheritancehierarchies between concepts (not all properties are itgor
only those explicitly chosen). This “light” subsumptionaton is appropriate to be used for creating
correspondences between concepts fiédint ontologies, without having to actually merge them.

The case study which is considered in this work concerns ¢he éf petroleum reservoir engineering,
and, in particular, the activity of 3D seismic images intetgtion. A 3D seismic image provides a visual
representation of earth subsurface based on seismic i@fleztta. Interpreting a seismic image consists
in building a description of a “geological scene” by ideyitifg the objects that are present and how
they are related each with the others. This object identifinaask is performed by experts, who use a
specific vocabulary associating terms issued from variabg@mains: geology, seismics, well drilling.
Prospection permanently provides new data, which are shpdmew interpretations. A large amount of
heterogeneous data is generated by the seismic inteipregativity and by many others in the field of
petroleum reservoir engineering, which end-users wistetalide to retrieve and re-use at any moment.

In this work, the main concepts and relationships relatatiedechnical of the specific domains related
to seismic interpretation were formalized as ontologieBdsic Geology ontology, a Seismics ontology
a Well ontology). These ontologies were designed in the ¢RIIF language, and persisted in the
OntoDB ontology-based database, in which the proposali®fvtork were implemented for validation.

2 Research questions

The main question investigated by this thesis is:

How can heterogeneous engineering models be integrate@apidited so as toffer a co-
herent view of dferent domains and allow the emergence of new knowledgesthelevant
for the engineers ?

This question evokes the exploration of some specific points
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e How can complex scientific or technical knowledge be formatied independently of any spe-
cific need?

e How can the semantics of engineering models be externalizeahd formalized?

e How to extract and represent correlations among the elemestof different engineering mod-
els?

e How to query the engineering models using meaningful vocabary?

3 Contributions

The goal of this research work is to improve the automatiodadé integration in complex models such
as engineering models relying on explicit knowledge ack@s®us domains and making such models
exploitable fordomain expertsather than for the computer science experts.

This thesis provides a twofold contribution to the relatedndins. First, it proposes a general-purpose
integration framework for engineering models. SecondBtdies in a particular engineering domain
(reservoir modeling) how can complex scientific knowledgerindeled and how the general integration
framework formerly defined for engineering models in geheray be applied in this case.

Contribution to semantic-based integration.

e proposal of a comprehensive annotation model enablingheeghng models to be enriched in
semantics;

e development of an ontology alignment operation based orrtéapaubsumption relation — the
is-case-ofoperation — that makes possible the integratioseshantically unrelatedomains;

e design and implementation of a prototype incorporatingaheotation model and this-case-
of operation;

e demonstration that in the case when engineering modelsnai@ated by experts, they can be
queried using significant vocabulary.

Contribution in the earth modeling activity in petroleum engineering.

e set up of a case study resting on a formalized descriptioheoéairth modeling activity;
e construction of ontologies for the geosciences fieldsedl& the case study;

e proposal of an architecture which will allow users to crasd exchange information issued from
models performed at various steps in the workflow and whicis fhcreases the overall under-
standing about the reservoir to be modeled.

Some of the contributions of this thesis have been the sishjgseveral publications:

e Preliminary ideas on knowledge management for earth ITNMWLM'&@; Perrin

etal. 200 @8).
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e Results of the:-Wok Hus project: tAﬂ.AmﬂuLet_dlLZO_(bi_Rama.u.d_d b.L._ZbOS).
¢ Proposal of ontology-based annotation for engineeringeimtﬂMasLeLLaﬂ.AlLﬂ)mmb,a)-

4 Working environment

This work was developed in the context of a doctoral thegjistered in the Ecole Nationale Supérieure
des Mines de Paris (ENSMP), in close collaboration with twlep institutions: the Institut Francais
du Pétrole (IFP) and the Laboratoire d’'Informatique Sdfepte et Industrielle (LISI) of the I'Ecole
Nationale Supérieure de Mécanique et d’Aérotechnique (BNS

The thesis is registered in the ENSMP’s doctoral school nBegences et Technologies de I'Information
et de la Communicatio(STIC), in the specialtynformatique temps réel, Robotique et AutomatigLiee
work is supervised by Professor Michel Perrin (ENSMP, Depant of Geosciences).

The IFP is the institution that provides the case study fir tihesis work. Jean-Francois Rainaud is a
Project Manager of the divisiofechnologies Informatiques et de Mathématiques ApplE|(IBEIMA)
who works on approaches of knowledge-driven reservoir tiragle

Finally, the laboratory LISENSMA is a computer science team that develops researchtabakse,
knowledge engineering, workflows. Professor Yamine Aitedm director of the LISI, is the supervisor
of the computer science part of this work.

This thesis is complementary to the thesis of the doctoraigeat Nabil Belaid, from the laboratory
LISI/ENSMA. The present work handles thticpart of the problem, that ifiow the elements in study
will be representedvithin the architecture; while Nabil Belaid’s thesis deaith thedynamicpart of the
problem, that ishow the elements in study are produced

5 Organization of the thesis

This thesis is organized in three parts.

Partl] is dedicated to general issues concerning knowledgegement in engineering systems. Chap-
ter[2 discusses related work and provides background foremearch in four areas: ontologies, seman-
tic annotation, information integration, and meta-maugli Chaptef13 introduces the ontology-based
database system (OntoDB) and the exploitation language (@ used in this work.

Partl present the two main contributions of this thesis:afbr3 presents the proposetdel for
semantic annotation of engineering modeland shows how this model is implemented in OntoDB by
extending its basic constructs. Chajler 5 describeartifgtecture for ontology-driven integration de-
signed in this work. It presents thgcase-ofsubsumption relation, which is used to interrelat@edent
ontologies, and describes how the OntoQL language wasadedenith ais-case-ofoperator.

Finally, ParfIll examines the issues related to geolodinalvledge formalization and to geological mod-
eling. Chaptefl6 provides an overview of the application dionof this work: the earth modeling work-
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flow for petroleum exploration. It identifies the major clealyjes concerning knowledge-management in
the process of creating geological models of the earth gnolend. Chaptdil7 describes the geosciences
ontologies that were developed: the Basic Geology ontoladych is the top-level ontology for the
case study; the Geological Time and Geological Dating ogiek, which represent the temporal aspects
of geological objects; and the local ontologies of Seismterpretation and Well identification, which
describe the objects of these specific domains in the workfléhapte B shows by means of a case
study how the developed proposals were implemented andiatedl. The case study evaluated queries
that are typically posed by domain experts about data ancelmechen working in the earth modeling
workflow and showed that it is possible to return significaribimation that was not possible to make
explicit before.

The final chapter concludes by summarizing the results anttibations of this thesis and by pointing
out possible future work.
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Semantic based solutions for management
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Chapter

State of the Art concerning the Approaches Studied in this
Work

This chapter is composed of five sections, in which we intcedall the necessary definitions and sum
up approaches and methods that are relevant for the propioitas work. References will be given for
a more detailed presentation.

In the following section, we present the definitionsotologiesthat we find in the literature and discuss
the characteristics that distinguish an ontology from ottmmputer models, notably database models.
We present in Sectiofl 2 the idea of semantic annotation asaasrfer semantic enrichment of data
resources. In Sectidd 3, we analyze approaches for integraeterogeneous resources based on their
semantics. Sectiod 4 introduces metamodeling approachasmeans of making fiierent models to
communicate.

1 Ontologies

The term “ontology” has been widely used in computer knogdetlased systems in the last years.
Ontology in its origins, is a branch of philosophy that desith the nature and the organization of reality,
the Science of Beirﬂ The term was borrowed by Linguistics, where an ontologyH\itvercase ‘0’)
describes the meaning of terms and categories used fori$itigdescription Mr 8) tells that the
Al community came to use the term ontology in the 1980’s ter&d both a theory of a modeled world
and a component of knowledge systems. And then, in the e@89’4, ontologies were identified as a
key component for creating interoperability standardsthAt moment, a globally accepted definition of
an ontology in computer science was forged:

“An ontology is an explicit specification of a conceptualiaa”. MrJES)

A conceptualizatiorrefers to an abstract model of the things that are assumexigbie some area
of interest (objects, relations). Aaxplicit specificatiormeans that the concepts and relationships in the

4From the volume IV of théVletaphysicsnanuscripts, written by Aristotle.
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abstract model are given explicit names and definitions. ®ology is a symbolic model of the concepts
of some domain (distinctively from other kinds of modelsglsias numerical models). It represents a
domain conceptualization by means of words and of their ingan

During the last two decades a large number of works have beeluged on ontologies: methodologies
for building ontologies, frameworks for ontology implentation, evaluation of ontologies, languages
for ontologies, among plenty of otherm dgs__hdaﬁhhdd_andﬁmninde 9 ino
dJﬁQ.é);LNQ;L&Dd.ML‘Q.UiDD.EIsL(ZdOl) are just few of the piomeithors that considered the use of
ontologies in computer science. For a global view of theexttbpn extensive bibliography on ontologies,
studied from diferent perspectives, was assembledLb;LCa.LLa.ta_a.n.d_duhﬁﬁé)(lHowever, this list
must be updated with the most recent proposals for ontaogie

1.1 Ontology conceptualization

During the conceptualization of an application domain, tiedeling decision§i.e. whether thehings

of the domain will be represented as concepts, instancefuats) depend, almost inevitably, on the
users goalsandpurposesf the ontology. In the first methodology proposed for depi#lg ontologies,
|U5_QhQLd_e.t_dI.|_(19_§5) stated that an essential step befddirtguan ontology is to clarify why the ontol-
ogy is being created, and in which scope it is intended to bd.usor example, the conceptualization of
a classroom for an architecture project will béelient of the conceptualization of the same classroom
to some course scheduling system that allows rooms to bgnaskto courses.

In spite of the variety of definitions for the teromtology there seems to be some consensus on what
an ontology conceptualization should be constituted ot Hihds of things represented by an ontology
are calledconcepts which are groups of individuals that share the same clenatits. The concepts
of an ontology are organized by a partial order relationechi$-a. This relation creates hierarchies
where super-concepts are more general than sub-concaptedimy). For example, in an ontology that
describes persons, the concept Person is more generahihaoncept WomanWoman is-a Persqn
Another type of organization of ontologies is hamed panoyaa lattice of concepts organized by the
is-part-of relation. The fact that a Wheel is part of a Car can be exptdeaséVheel is-part-of Car
One could also state that an Arm is part of a Person, or stifletgon is part of some Society. But the
notion of parthood in each of these examples fiedent: being goart can be interpreted as being just a
independent component part, or being an inseparable tumrstiof the whole. This is better explained

in studies of part-whole relations (mereology) such els.inﬂMn_eLdl.[(.L‘lé?).

Each concept in an ontology is described by its attributes.ekample, the conceersorcan have the
attributes name, age, marital status. T&aandis-part-ofrelations are useful for the organization of the
concepts, but these relations are specificco some domain. Besides these relations, the concepts in an
ontology can be associated through relationships that are significant to the domain of interest. For
example, the relationshimarriedTq in which a Person can be married to another Person. Moreaver

can restrict the cardinality of the relatienarriedToas one to one. Finally, when we describe a specific
occurrence of some concept, and give a specific value totitbuaes, we are defining anstanceof

this concept. An ontology together with a set of concretéaimses constitutes lknowledge baseThe
following toy example presents a simplified ontology of PergFigure2Z1L).
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Z=is-azs is-park-of

Woman

| Man

‘ Wheel

Figure 2.1: A simplified ontology that defines the conceptBer

Nevertheless, the terminology used for referring to orgiglal thingsis not a consensus. Here are some
of the most used terms and their equivalences:

e “Concept’~ “Class” ~ “Type” ~ “Category”~ “Entity” ~ “Role”;

¢ “Instance”’~ “Individual” ~ “Object”;

e “Property” ~ “Relation” ~ “Association” ~ “Slot” ~ “Attribute”.
In the present work, we will use the termenceptfor referring to the type of objects in the world,
relation to denote an association between two concegitsibute refers to the characteristics of the
concepts that can be valued, anstanceis the occurrence of a concept. Also, we will useto denote

the subsumption relation that creates hierarchies of gaacalso known asubClassOfelation). The
relation between a concept and the object that is an ocagreithat concept is calleidstance-of

1.2 Ontology languages

There are many forms of specifications thafatient people termantologies What distinguishes flierent
approaches is the degree and manner of formalizing ternfBerBit formalization levels gives rise to a

continuum of kinds of ontologieL(_Us_cthd_an_dﬁmnjhb_eD@Oillustrated on one-dimension diagram

of Figure[Z.P.

XML Description
Schema Logics
formal © Mg

Taxonomies

T erms XML DTDs J‘:f'.

Data Modes
(UML, STEP)

‘ordinary’
Glossaries

Data .
Dictionaries DB \ Lrames GI_‘ﬂm-l .
(EDI) (OKBCG) e
— Schema
Glossaries & e 3 MetaData, Formal Ontologies
Data dictionaries ’ § XML Schemas, & Inference

& Data Models

Figure 2.2: Spectrum of kinds of ontologies
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The horizontal axis stands for the variety of entities fdireal by the related approach. At one extremity
of the axis, we have glossaries and data dictionaries, wdnibhpresent definition for terms, with little
or no specification of relationships among them. After, weehaxonomies of terms, which present no
other semantic relation than tiearelation. Despite that, these ontologies can already geoghough
semantics for some applications, such as navigation stipfiothe other end of the spectrum, we have
very formalized theories, which can be useful for &l€ommunityfor representing the static knowledge
about the domain on top of which inferences have to be exeécuis we move along the continuum,
the ambiguity is reduced and the degree of formalizatiome@m®es. Ontologies in the extreme right
of the axis are more suitable for being processed by autahrat@soning engines. With respect to
database systemantologies have the function of specifying a data modeleggesentation at a level of
abstraction above specific database desm ,.2008y are at some point of the spectrum, in
the middle way between strong formalization and strong esgiveness, whemgructureis important.
The focus of the various approaches shown in the spectrurbeaompletely dierent. For example,
ontologies developed for natural language processing seehe nearly useless for database integration,
and conversel rmos).

Lately, we have been seeing an exponential growth of oniedolpr Semantic Wekapplications. The
current globally accepted ontology standards have a dipgaltcation to theSemantic Web Researchers
discuss, however, whether these ontologies are suitablefog used in domains which are essentially
data-centric and which thus require more structured ogiesoand do not rely upon inference and de-
duction, such as techni¢mldustrial fields. We describe in the next sections twifedentvisionsin the
ontology research area: the development of ontologieshiorctitting edge area &emantic Wetand
the development of ontologies that can be used as concesuiueinas to data-centric applications.

1.2.1 Ontologies for theSemantic Web

The exponential growth of the resources in the World Wide Wab increased the availability of elec-
tronic information, but it has made information morehdult to find and organize information. The

so-calledSemantic Wet{Berners-L ee, Hendler, and L asslla, 2001) aims to overctiseproblem by

providing machine-readable semantic descriptions to \Wsburces.

“The Semantic Welprovides a common framework that allows data to be sharedeasgd
across application, enterprise, and community bounddi@srently,] we don't have a web
of data. Because data are controlled by applications, actdagaplication keeps it to itself”.

The above definition is given by theemantic Welactivity within the W3C (World Wide Web Consor-
tium),ﬁ which is the group responsible for determining standardsefVWeb. With the current popularity

of the Internet as communication medium, most of the infdionais shared on the Web, but it is not
described in aintelligentway. The consequence is that huge time is lost in human workdimacting
relevant information from the useless. In order to fill thégogresearchers have been proposing technolo-
gies for providing descriptions that complement the canténVeb documents in a machine-readable
format. As a result, the information added with a semantickonais involved in a context that enables

Shitpy//www.w3.org
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the machine to have the correct interpretation about its BHows to obtain more meaningful results
from researches.

An important assumption of th@emantic Welis that resources are uniguely identified by URIs (Uniform
Resource Identifiers). URIs are defined_[n_(_B_em_em;Lﬂ,&m_b) as “compact strings of characters for
identifying an abstract or physical resource”. URIs are méauniquely identify all kinds of resources
on the web, which may be anything, a person, an institutiba, relation that a person has with an
institution, and also an electronic document, a serviceeh jgége, an entire collection of pages. Almost
every Semantic Welstandard that is built makes an ubiquitous use of URIs. Bhisridamental to keep
the idea of the Web as an information space rather than a doerggrogram.

1.2.1.1 Resource Description Framework The Resource Description FramewoROF, (Klyne and

Carroll,@)) was the first W3C recommendation for degugiinformation that is implemented in web
resources. RDF provides a basic syntax whose building hikekriple. A triple is a statement of the
form [subject, predicate, objectivherepredicate(also called property) denotes a relationship between
subjectandobject For example, in the following triple

[http://www.w3.0org/People/Berners-Lee/, hasAuthor, "Tim Berners-Lee"]

the subject is the URMttp;/www.w3.orgPeoplgBerners-Leg the predicate is the propertyasAuthor
and the object is the literal "Tim Berners-Lee". This triptates that Tim Berners-Lee is the author of the
cited web page. RDF-based Ontologies are generally ssxihin XML (eXtensible Markup Language)
using the full RDF syntax. In this work, however, when ddsiag RDF-based statements, we will adopt

the Turtle syntaiLB_ereLLa.n_d_B_em_e&ILlﬂe._iOO8), a ceriRIBF serialization alternative to RIPEVIL,

for the sake of readability. The previous example is segdlias follows:

:hasAuthor rdf:type rdf:Property .
thttp://www.w3.org/People/Berners-Lee/ rdf:type rdf:Description .
:http://www.w3.org/People/Berners-Lee/ :hasAuthor "Tim Berners-Lee" .

Although the RDF data model provides a simple way for degugibesources, it doesn’t allow defining
classef resources. Those are defined using RDF Schema, as it véklained in this section.

1.2.1.2 RDF named graphs The subject of one RDF statement (triple) may be the objeanother
RDF statement. A set of linked statements forms a graph. RDpgses a reification mechanism which
allows one to objectify (i.e. assign a URI to) a single staptrand use it as resource in other triples.
RDF graphs assigned to an URI are calteined graphsan.LLQ.IJ_eI_a.l.LZ).dS). An example of named
graph is shown below.

:Gl { :http://www.w3.org/People/Berners-Lee/ :hasAuthor "Tim Berners-Lee" .
:http://www.w3.org/People/Berners-Lee/ :creationDate 2009-06-10 .
:http://www.w3.org/People/Berners-Lee/ :language "English" . }

:G2 { :G1 :date "2009-07-10" .
:Gl :creator "Laura M." . }
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All triples originating from a specific source (Berners-lsshome page) are grouped under a named
graph which is associated with an URBY). It is possible, then, to assert other statements about the
named graph by creating triples with the graph URI as supgenth as[Gl, creator, "Laura M."],
which defines a creator for the gra@il. A second graph can be create@2) that group statements
that refer to the first graph, and so on. This particularityRafF is useful in application domains like
provenance tracking, versioning, access control and reigRDF. However, this approach allows an
infinite number of diferent ways of modeling some domain and the inference on ngragths can

be non-deterministic (that is, at each node, in order to nfomgard to the next step of inference, the
inference mechanism needs to make a choice between vanssibje nodes).

1.2.1.3 RDF Schema RDF SchemaRDFS, dB_LigkLe)La.n_dﬁ_uHa{._ZQ_M)) semantically extends RDF
enabling to createlasses of resourcedt provides means to describe domain specific vocabulamies

RDF. FigurdZB shows an UML diagram that represents onlpésic constructs of RDFS mo&l.

rdfs:Resource

rdf:Property

rdflabel

= = rilfssub Class Of
t = roff type

5
rdfs:subClassOf

Figure 2.3: Simplified RDFS model

The following example shows how to define concepts, such@®Reausing the RDFS construtifs:Class
(line ). With therdfs:subClassOfroperty, it is possible to create hierarchies of classas@), and
later on, to define an instance of an RDFS class [line 6). Pliepe@epresentation was also extended. We
can specify the domain and range of a property, e.g. the doaidhe propertyhasAuthoris WebPage
and its range is the conceguthor (line[@)

:Person rdf:type rdfs:Class .

:Author rdf:type rdfs:Class ;
rdfs:subClassOf :Person .

:_BernersLee rdf:type :Author .

:hasAuthor rdfs:domain :WebPage ;

SUML (Unified Modeling Languagel_(QMCLﬂbS)) is a standaedigeneral-purpose modeling language that includes a
set of graphical notations for representing class-diagr@mAppendixA).

“In order to express the validity context of ontology projst the OWL language borrowed terms from the study of
mathematical functions, such desmainandrange Thedomainare the concepts for which a property is defined, andahge
are the concepts into which the results of a property aretned to fall. Despite the fact that the correct nomencéat
for rangewould becodomainfor the intended meaning, in this work we will also refer te tomainand therange of some
property.
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rdfs:range :Author .

All these extensions increase the expressivity of the sgmtation when compared to the RDF model.

However, RDFS lacks some representation possibilities ascardinality constraints, logical operations

over classes, negation, properties of relations, amorgratiihese possibilities have been specified by
the OWL language.

1.2.1.4 Web Ontology Language Web Ontology LanguageOWL , duatmﬂlﬂn_aMMM)) se-

mantically extends RDFS andfers a rich set of modeling constructors. OWL was sanctioneth®
W3C as thestandard ontology languagfr the Web. There are three “species” of OWL ontologies,
depending on the constructs they employ.

e OWL Lite is used for representing ontologies that basically needssification hierarchy and
simple constraints (no more than 0 or 1 cardinality valuegfoperties). Tool support for OWL
Lite ontologies is easy to be provided.

e OWL Full is used in the other extreme, for representing ontologiaisréguire maximum expres-
siveness from constructs and which do not care for comjpuiatiguarantees or decidability. A
class can be simultaneously treated as a collection ofihagils and as an individual itself.

e OWL DL is finally used for representing ontologies that make usdld@L language con-
structs, but under some restrictions (for example, a clasaat be an instance of another class,
like in OWL Full ontologies). OWL DL is equivalent to a degutibn IogicE in terms of repre-
sentation power.

For ontologies that fall into the scope of OWL-DL, we can useasoner to infer information that is not
explicitly represented, by performing some verificationstsas subsumption, equivalence, consistency
and instantiation testing. Classes and Properties areasie building blocks of the OWL language.
But OWL proposes an extensive set of constructs, with whigiossible to create meaningful assertions
about concepts of the ontology. To cite some, OWL allows toltioe two or more classes with intersec-
tion or union operators, make quantifier or cardinality iesbns, or state algebric properties (inverse,
symmetric, transitive) about the ontology properties.

The following example shows the concepts Man and Woman daefisew!:Clases (linedb an@10).
They are subclasses of Person (lide 7) and they are alsandigioe [8), that means, they have no
common instances. It is also possible to declare that twoegus are equivalent, such as Person and
Human in line#.

:Person rdf:type owl:Class .

:Human rdf:type owl:Class ;
owl:equivalentClass :Person .

:Man rdf:type owl:Class ;
rdfs:subClassOf :Person ;
owl:disjointWith :Woman .

8Description logics is a family of representation formalisthat resembles to first-order logics (see: ptpvw.dl.kr.org).
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:Woman rdf:type owl:Class ;
rdfs:subClassOf :Person .

Besides the languages presented in this section, othendgeg have also been used for supporting
semantic markup, but they have been already deprecated.

1.2.2 Ontologies for data intensive applications

Ontologies have been seen lately as a synonyrdditat modelsdespite the fact that the two approaches
are significantly dferent. Data models (or data schemas) represent the swaetdrintegrity of the data
elements for an application that is going to be develob_egt[(sm_a'.LEdZ) and are originally used for
describing information systems and databases. Gendratlgta models, the only data that are described
are those that are relevant for the envisaged goal. The da¢ans is optimized for the target application
and data must respect the definitions aodstraintsdefined in the conceptual schema. This last item
(constraints) is often a source of misunderstanding comgthe use of ontologies as data models.

In data models for relational databases, constraints taesthemailtegrity constrainty are usually
interpreted as checks used to verify whether the informatatisfies certain conditions. OWL axioms
may look like integrity constraints, but they are interpeetinder first-order semantics and not as checks.
An example taken fronL(.M.Qli.k_eLIElL_ZjOQ) describes an agtithn in which each person is required
to have a social security number. In a relational database reéquirement would be represented as a
null rule defined over the social security column, disallowing irsertupdates of rows containing a null
(the absence of a value) in that column. In OWL, it is possiblexpress a similar statement, using a
cardinality restriction:

:Person rdf:type owl:Class ;
[ rdf:type owl:Restriction ;
owl:onProperty :hasSSN ;

owl:cardinality "1" ].

However, the OWL representation results in &atent behavior: if the instance of Person does not
present a value for the SSN attribute, it is only consideodubtve an unknown number, it does not raise

an error.LM_Qﬂk__I:lQ_LLo_ka_,_a.n_dj_aﬂleLL(ZbOQ) are curremtbrking on the proposition of an extension

of OWL with integrity constraints.

Some kinds of domains present characteristics that areasit eémplemented bySemantic Webhan-
guages. Engineering domains, for example, require spe@ifidations that include numerical compar-
ison (the internal diameter of some piece is smaller thaexternal diameter) or operations (such as
currency conversion). Th8emantic Wehanguages have a poor, not to say absent, representation of
numeric expressions, since they are not meant to deal waetkinds of constraints.

Semantic Welstandards are expected to markup existing resources prgwithough formalization to

the Web data so that machines are able to execute reasomiigferences. On the contrary, data models
are designed to provide a structured repository to hugetigyafh data that is to be created. They rely
on strong typing of the described objects in order to defirdevant and optimal schema for storing and
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retrieving data.

In practice, the dferences in the goals &emantic Weland data-intensive systems lead tfia@tiences
also in modeling sterl_(Wa.ng_etJdl__zstQ. A developer obtagies for theSemantic Wehhinks in
terms of necessary andfBuaient conditions to define a concept. For developing a datdefspon the
other hand, the problem is addressed from another anglestumdd decide what are the implications
of being a member of some concept. We present here an ontatoghel that is oriented towards a
data-centric characterization of the domains, the PLIBe&hod

1.2.2.1 The PLIB model The PLIB model (detailed i@rMOB)) was initially ceived as an
approach for exchanging and integrating automaticallyirexeging component databases. PLIB has
given place to a set of norms ISO in tRarts Library series (ISO 13584). Various domain ontologies
following that model were developed, the first one descglille main categories of electrical compo-
nents (IEC 61360-4 :1998). The whole set of PLIB ontologis loe found at the PLIB home pﬁe.

The PLIB ontology model does not focus at all on the equiva@dretween concepts. lffers, conversely,
features that allow to precisely define concepts in orderagige non redundant (canonic) vocabulary.
PLIB is said to be oriented to technical domains, since ipsujs most functionalities currently used in
engineering[(_thainsa.La_eﬂ MO?): A property value depend from its evaluation context, thus a
property may be a function; the property value may be aswatigith a measure unit; an object must be
characterized by one single class. PLIB model is also paatily fit to express numerical properties and
integrity constraints.

A PLIB ontology allows the description of concepts, relatipattributes, domain types and instances.
In order to be able to refer to concepts in a no-ambiguous autlimgual fashion, each ontology ele-
ment is associated to an unique identifier, called BSU codsi(BSemantic Unit). Figule2.4 shows a
UML (Unified Modeling Language) diagram that representsnapified model of PLIB. Concepts are
represented by the primitiv€lass which is identified by a BSU class. Both relations and aiteb

are represented by the primitiv&roperty DET Relations are properties whose domain is another con-
cept, and attributes are properties that have a data typenaainl (the primitiveDataTyperepresent both
types of domains). AClassis characterized by a list ®roperty BSUJ/each one uniquely identifying a
Property DET EachClasscan have a super-class.

The PLIB model implements two types of subsumption betwéasses: one is the classical inheritance
relation and the other is amport relation. The inheritance relatioris{a) is inversely represented in
PLIB by theis-superclasselation between classes. Stating tha-superclass Bs the same as saying
that B is-a A. The more specific concepB] inherits all properties that characterizes the supereoinc
Theits-superclasselation organizes the concepts of PLIB in hierarchy of stas

The definition of an import relation has to do with the goal &l model at the development of vast
ontologies (which cover all the technical field). To this efLIB offers mechanisms for achieving
modularity of ontologiesThis mechanism interfaces an ontology to another ontoladgting a class to
acase-of superclasand imports the properties of the latter one into the first ditnés operator is called
is-case-of. it defines a subsumption relation that is not associatedhteritance of properties. The class

httpy/www.plib.ensma.fr
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| Clazsz-and-property-elements

itz superclass
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is-case-of ]

importedproperties

Figure 2.4: Simplified PLIB Model

declaring itselfa case ofanother, must explicitly import the needed properties fthmclass of which

it is a case. In particular, it allows to import propertiegheut needing to duplicate class or property
definitions. This dierence gives a higher degree of independence between gietolivom diferent
sources, and that havefidirent life cycles. For this reason, tieecase-ofrelation is employed in PLIB
models to make the articulation of one ontology to the other.

In the UML diagram of Figur€214, the primitivkem_class case _a$ a class that is case adnother
class. The class of which it is a case, is defined by the atitriisucase _ofiwhich makes a reference
to Class_BSU), and the list of properties that are imported from that clissdefined by the attribute
imported_propertieswhich makes a reference Rroperty BSU. The following example presents the
creation of anis-case-ofrelation using the PLIB model.

Considering a concept which is case of another concept, Wéhedirst one asubsumed concepind
the second onsubsuming concepThere are two approaches for settingisygase-ofrelation:

1. the a prioni approach, in which the relation is created during tleatology design time An
ontology concept is created as beirese ofanother concept. The subsumed concept explicitly
choses the properties to be imported from the subsumingepbnc

2. the a posterion approach, in which the relation is created subsequently to the desigthe
ontology. After the creation of the ontology concepts,isstase-ofrelation is created between
two concepts. Some properties of the subsumed concepthwaligady exist) arenappedo the
chosen properties of the subsuming concept.

Theis-arelation is a typicak priorirelation, i.e., it is defined at the design time and is alsoexidbd in
the definition language. The-case-ofrelation, on the contrary, can be used as an auxiliary supom
relation, defined ira posteriorifashion.

Example.Lets consider the Person ontology as a shared ontology adifiegent domains. In order to
define an ontology for the domain of a University, the cons&itident and Professor need to be created.
The Person ontology is to be re-used, and the concept Pdssdinis the better choice for subsuming
the concepts Student and Professor. However, some bagierfies of the concept Person may not be
interesting for the University ontology, such as the relatharriedTo In this case, we are able to import
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just the properties that are important for the domain beapgasented. The following code (represented
using EXPRESS Iangu& shows the use of the import operation between PLIB ontekgi
ENTITY Student ;
is_case_of : Person;
imported_properties : firstname, lastname, age;
registrationID : INTEGER;
END_ENTITY ;

The Student concept is declared to dease ofthe concept Person by means of tkecase-ofrela-
tion. Some of the properties of Person are imported (firssydastname and age), by means of the
imported_propertiesttribute. The other properties of Person are not copiemthet concept Student,
which can define its own properties, suchragistrationl) whose domain type is an integer type. This
is an example ok priori case-of, since theis-case-ofrelation was defined during the creation of the
concept Student.

The ontologies produced when applying the PLIB model inteneinable data characterization and ex-
change, and not deduction. In contrast w8kmantic WeHanguages such as OWL, which support
the description logics representation paradigm, the PLiRI@his more likely to support thErames
paradigm A frame is a knowledge representation formalism that ghlesia concise structured represen-
tation of an object or a class of objects and of their charistites and relations (Fikes and KeIHe_L._;IJ985).
The major diferences between Frames and OWL are described in the wbnmmaj. kZ)dG). We
list as follows some features of the PLIB model which areeatlkose of Frames (next to a description of
the same feature in the RPBWL model).

e Properties must be explicitly attached to a concept at tbad®st context where they have a
precise meaning. In RDBWL, properties can be used with any class or individual.

e Strong domain types are assigned to attributes. /RN specify types of data using a simplifi-
cation of concrete domains.

e Nothing can be entered into a PLIB model until there is a pldeined for it (closed world).
Theoretically anything can be entered as an RIDFL instance (open world).

The comparison presented here between PLIB and OWL modakt is small part of a ample discussion
about the dierences between ontological and data-centric models. tBerigh triple-based databases
are flexible and portable, databases are still recogniztitbdmest technology for arfiiecient management
of very large quantities of data. In the next section, we gmesntology-based databasewhich are
current proposals for guaranteeing ttigogency of the representation while keeping also the richioés
an ontology.

1.3 Ontology-based databases

An ontology-based database (OBDB) is a data source thadiognbntologies, a set of data, and links
between data and the ontological eIemehIs_(_D_ehainsa.L& Eﬂﬂ[h. Many OBDB have been proposed

EXPRESS is part of the STEP standard (ISO 10303), and is iespigad use to define data models for large-scale
industrial applications, including manufacturing, eregring, defense, oil rigs, processing plahm_@ghgngk_amﬂ@).
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lately, including:

i al.| 2001), Jena (Wilkinson
et aI.,|_2T|Qb), OntoDR SIES) OntoMEZEéEQ é} al.,

) among many others. Accordmdﬂl 007), thiégrdioncerning some criteria :

¢ the supported ontology model;
¢ the database schema employed to stor®logies
¢ the database schema employed to shostances

¢ the mechanism employed to define links between data andogigs|
——

Fankam et aIJ_(EbS) propose three classifications of OBD&Bag the above mentioned criteria.

1.3.1 Type 1 OBDBs

Type 1 OBDBs represent information in a schema composed oigae triple table with three columns
which respectively represent the subject, the predicadettam object(subject, predicate, objectpretty
much like RDF triples. This triple-based schema is used serilee both ontologies and instances, and
is completely independent from the structure of the domaitologies to be stored, since all will be
stored in a same generic triplet structure. Fiduré 2.5 ptessn extract of the triple table that stores the
information related to the Person ontology.

TRIPLES
Subject Predicate Object
Person rdf:type rdfs:Class g
Student rdfitype rdfs:Class §
Student rdfs:subClassOf Person h
student#1 rdf:type Student g
student#1 firsthame "John" }é

Figure 2.5: Type 1 OBDB: triple table

Both the structure of the ontologys{udent, rdfs:subClassOf, Persamd the instances{udent#1, first-
name, "John)'are represented as triples. This type of representatipartgcularly adopted by Jena and
3Store OBDBs.

1.3.2 Type 2 OBDBs

Type 2 OBDBs store ontology descriptions and instance dett&o distinct schemas. Contrary to Type
1 OBDBs, the schema for storing the ontologiependon the ontology model (RDF, OWL, PLIB), as
a consequence, the ontology primitives are representeabbest{able per clasgepresentations). For
storing instances, some alternatives have been propassdntes can be storedteples, just like Type

1 OBDBs (Jena and 3Store). Another option is to represenhii@nces identification in amary table

and the values of their properties im@ary table This approach is followed by Sesame and RDF Suite.
Figure[Z® presents an example of type 2 OBDBs.
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Class Student firstname
ID Name ID ID value
Person student#1 student#1 "John"
2 Student student#2 student#2| "Paul"

Figure 2.6: Type 2 OBDB: one table per primitive and sepdratstances

In this example, ontology classes are stored usinigbie per classschema $tudenf, and instance
data are represented using a binary representation tkatttirthe tableStudentvia the value of theD
column.

1.3.3 Type 30BDBs

The OntoMS and OntoDB OBDBs propose a representation tipendis on thetructure of the domain
ontology Each domain concept is represented as a table, which hasotman for each used property,
and the instances of this concept and its property valuestared as lines in the concept table. For mul-
tivalued properties, its values can be represented eithasing the tables types introduced by SQL 99
(approach followed by OntoDB), or by creating new tablestf@se properties (approach followed by
OntoMS). Figuré2]7 illustrates the Type 3 representation.

Student
ID firstname
student#1 "John"
student#2 "Paul"

Figure 2.7: Type 3 OBDB: one table per class and integratsi@mtes

The tableStudenthas one column to represent the instance ID and one colurhe fwopertyfirstname
All the instances that have values for this property areasgmted together in this table.

Both in Type 1 and 2 approaches, instances are not organileding the structure proposed by the
domain ontology (the way concepts are organized and thear$abetween them). The notion of data
schema as in traditional databases is not present. Thdazechbdecomposing the property values and
storing them separately from the instance identifier twa®flect the flexibility of representation of lan-
guages such as RDFS and OWL. The instances of those langaregest strongly typed. Nevertheless,
in the case of applications that need to build their databtsdeéng as reference domain ontologies, these
ontologies need to reflect a relational structure and follogv strong-typing assumptions. That is the
proposal of the Type 3 ontology-based databases.
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1.4 Ontology-based exploitation languages

In order to query the content of ontology-based databassdifional query languages (such as %L
are inappropriate, since they do not take into consideratitological descriptions (synonymous names,
comments, illustrations) for each table and for the relqmm)erties@% 05). We will present
in this section some of the query languages that are suifableandling ontology-based content. In
order to provide examples to the query languages, we wileame the Person ontology with instances of
Car (_carl that has red color) and Persorpéaul who owns_car), as expressed in the following code:

:_carl rdf:type :Car ;
:hascolor "Red" .

:_paul rdf:type :Person ;
:owns :_carl .

1.4.1 OWL Query language

OWL Query Language (OWL-QL) is a candidate standard langwaugl protocol for queryin§emantic
Web resources represented in OWL Iangual.gi(.ELkﬁ_ld_t_aiJ 2@040WL-QL query pattern contains
an union of OWL statements (a conjunction) in which some Widnences or literals have been replaced
by variables. OWL-QL enables clients to designate whicletde or set of variables must be bound to
the query patternmust-bingd may-bind anddo-not-bindvariables, which are disjoint sets each with the
others. By adjusting the variable for binding, OWL-QL carswer questions such as “What resources
make the query pattern true” or “Is the query pattern trudiisTs quite flexible and allows for sophis-
ticated queries. As an example, the query pattern for thetique“Who owns a red car?” would be
expressed by the coffe](a) (in an adapted Turtle syntax). ditegle ?pis in the must-bind list.

owl-ql:answer {

owl-qgl:queryPattern { owl-gl:binding-set {

var:c :hascolor "Red" . var:x rdf:resource :Paul . }

var:c rdf:type :Car .

var:p :owns var:c . owl-qgl:answerPatternInstance {
} :_carl :hascolor "Red" .

:_carl rdf:type :Car .

owl-gl:mustBindVars { :_paul :owns :_carl .

var:p . } 1}

(a) OWL-QL query (b) OWL-QL answer

Figure 2.8: OWL-QL patterns

The answer for an OWL-QL query contains two entries: a bigdiet, with the values for the must-bind
list of variables, and aanswerPatterninstandag, which contains the query pattern with the variables
filled in. The answer “Paul owns a red car” is expressed by dae[¢D).

1SQL (Structured Query Language) is a database languaggneesfor management and retrieval of data in relational
databases.
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The expressive power of OWL-QL is however limited compa@dther languages, such as SPARQL.
Indeed, it doesn’t support complete Boolean filters (negatilisjunction), set-based operations (union,
intersection, dterence), arithmetic operations and comparison on datavdfyreater then, equal) and
non polymorphic queriem 005).

1.4.2 SPARQL language

The SPARQL query language (Seaborne and Prud’homrneaug) 20@ standard for posing queries

over RDF-based repositories (it includes OWL ontologieBhe data model of SPARQL is based on
RDF triples and its syntax is similar to SQL. A SPARQL triplencinclude variables to indicate data
items that will be returned by a query. SPARQL supports digion in the query and also provides
optional variable binding.

The following query searches all instances that are linketthé propertyownsto an instance of the class
Carwhose value of properthascoloris "Red". More complex expressions are possible to be written,
since SPARQL is also able to query RDF graphs.

SELECT ?person FROM <Person.owl>
{ ?person :owns ?car .

?car rdf:type Car .

?car :hascolor "Red" }

The problem of SPARQL is that it is dependant on the RDF triptadel to be interpreted. Database
back-ends that provide SPARQL engines over their data (asclena) first translate the data to RDF
triples representation, then, queries are evaluated yriadthe RDF part of the engine, rather than in the
underlying database. This misses an opportunity to let géh@bdise perform much of the work using its
built-in query optimizerl(.H.a.LLiS_a.ndﬁha.dlbdlll_ZbOS).

1.4.3 OntoQL language

OntoQL is a language proposed lb;LJ_ea.n_leﬂ_a.L_(ZIOOGb) to e&xtpwiOntoDB database. OntoQL is not
only a query language, but also a data definition (DDL) and daanipulation (DML) language. This
illustrates the biggest flerence between OntoQL and other ontology-based query dajegu OntoQL
allows creating, altering and dropping concepts of ontelodclasses, properties) as well as definition
fields of these concepts (name, definition).

The following expression creates an ontology concept naStedentas a subclass dPerson whose
properties it inherits. Th@ROPERTIESlause allows to define the attributesgistration/Dand regis-
teredIn which links the concepStudentto the concepUtniversity.

CREATE #CLASS Student EXTENDS Person
PROPERTIES(registrationID Integer, registeredIn University);

The query language part of OntoQL is designed as an exten$iSQL to query ontologies, their con-
tents, or both ontologies and contents stored in an OBDB.xamgle of query that retrieves content is
given in codq (a). It searches the instances of Person thatowd car. In addition to thadbntology
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queriesallows to retrieve descriptive information about the stuue of the ontology. Code {b) searches
for the English name of the class which French nam&isversité".

SELECT * FROM Person

JOIN Car SELECT #name[EN]

ON Person.owns = Car.ID FROM #Class

WHERE Car.hascolor = "Red" ; WHERE #name[FR]="Université" ;
(a) OntoQL query on content. (b) OntoQL query on ontology.

Figure 2.9: OntoQL queries

The result of an OntoQL query is, as in the relational modgilets containing the values that returned
from query processing. OntoQLfters from the semantic web languages in the sense that inateg
from databases approaches. However, this is also its weiak pince OntoQL may not be able to
fully address features of ontologies that are build in an RIWL paradigm, such as OWL's notion of
equivalence between concepts.

2 Semantic annotation approaches

Annotation can be defined as the process of adding commemtgking notes on something. Such
notes, when they can be retrieved by other persons, are asméaisseminating useful information.
The purpose of annotating can be: explaining, interpretingng opinion, or describing some resource.

Buneman et aI.|_(_2Qb5) say that in every area of science, muelstigation depends on databases in
which experimental evidence has been stored. This evidsrigpically some form of interpretation of
the data, and annotation is an increasingly important gahtad interpretation.

“In the scientific community, the focus of annotation is d@scription or interpretation
from trusted sources that may inform further interpretatio research, possibly performed
by others in other organizations or outside the community.”

(Buneman, Bose, and Ecklund, 2005)

The Semantic WeHintroduced in Sectioh”T.2.1) depends essentially on tlsg eeeation, integration
and use of semantically described data. The process ohattpsemantic descriptions to Web resources
is calledsemantic annotatioor ontology-basednnotation. The general process of semantic annotation
involves linking a Web page or some elements inside it to titelogy concepts that better express the
meaningof the resource. These ontologies must be defined in a Wdtleshantology language (e.qg.
OWL, RDFS).

For those involved with th&emantic Weh the goal of annotating a web resource is to specify machine-
processable meaning for h_(Zu_Q_a.n_d_Zhb_u._iOOB). This goalbeageneralized for other communities
than theSemantic Web For those working with digital images, annotating an imaffen means identi-
fying a section of the image to comment upon, providing geation or simply a caption. Annotating a
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film clip means attaching text or audio descriptions, facigterpretation to dferent temporal sequences
of video.

What is more important is that the semantic annotationslermabany new types of applications: high-
lighting, indexing and retrieval, categorization, getieraof more advanced metadata, smooth traversal
between unstructured text and available relevant knO\MIethLa.kmLeLa].LZOd@.

2.1 Resources to annotate

When talking about annotating resources, it is importaulifierentiate the various types of resources:

e Unstructured data. According toLB.Lumb_e_tg_a.n.d_A]Iré_(ZjOS), the teumstructuredrefers to

the fact that no identifiable structure within this kind otalés available. In textual documents,
a word is simply a word, there is no data type definition. A tation of this kind of data is
that no controlled navigation within unstructured contisrpossible. Examples for unstructured
data are documents in a file folder, videos, images, e-med, fikord-processing text documents,
post-script documents, slide show presentations, JPEGGHRdmage files, and MPEG video
files.

e Semi-structured data. They are data that do not neatly fit into the relational mo8glefberg-
McQueen@S). There follows an overall implicit struetua loose hierarchical representation
of the data, but may have some irregular structures. Thegpyisource of semi-structured data is
not XML, but rather existing reports and business documeti4L just provides a natural repre-
sentation for semi-structured information. In the casemiestructured data provide information
such as author and time of creation, this information canaséyestored in a relational database
management system. This means that while image or videccdateot fit neatly into structure,
its metadata can.

e Structured data. They are data that follow a predefined schema. The schemallgrdefines
the type and structure of data and its relations. We can rezegwo types of structured data:

e Implicitly structured data. The inherent structure needse inferred from patterns, such
as text position. One example are files that organize thierdnt types of information in
different columns. The software tools that use these types sffilest know the way data
are organized so as to exploit the information.

e Explicitly structured data. Most of the data that are usecdhgineering tools are orga-
nized according to an explicit data model. The typical exienape data inside a relational
database system, but also proprietary file formats and anoming code.

Semantic annotation is likely to be applicable to any soresburce: from non-structured (textual web
pages, regular documents, images, videos), to structdegdi{ases). However, from a comparative anal-
ysis of several semantic annotation projects, availabtearsurvey ol‘_U_Len_et_blL(Zj%), we understand
that the most significant works in semantic annotation contiee annotation of semi-structured and

51



Chapter 2. State of the Art concerning the Approaches Sidithis Work

unstructured documents, such as H'I@Ilpages and XME documents. This approach has limited
usefulness for companies that keep their knowledge in deatsrof diterent formats, including word
processor files, spreadsheets, graphics files and compkdres of diferent formats.

Furthermore, most of those works do not propose a solutiomémlels issued from ffierent fields, such
asengineering modelsThe closer one can get of annotation of computer-based Inade works that
intend to annotate parts of programming code and propdsaistd semantic annotation to databases.

2.2 Semantic annotation tools and frameworks

Due to our interest in works that converge to some computatainannotation approach, this section will
be divided in two parts: (i) proposals of semantic annotatitat consider the classical semi-structured
and unstructured resources to be annotated, such as Wed) pagémedia resources, and also e-mails
and web-services; and (ii) works that aim to annotate siradtresources. More on annotation tools
can be found in the Annotations &emantic Website which gathers information about the topic of
annotation and authoring for th€emantic Web

2.2.1 Semantic annotation of semi-structured and unstrucired resources

—

Uren et al. w@ dierentiate generdrameworks for annotatignwhich could be implemented féier-
ently by diferent tools, from specifiannotation toolswhich can produce annotations that reference an
ontology.

The W3C projecAnnoteadKa.han_et_dl.LZO_(bZ), and tteREAM projectdl:l_a.n_ds_chu_h_eL&L_Zle) devel-

oped at the University of Karlsruhe, are general framew@okannotation.

The target of Annotea’s annotations are documents in wéberf@rmats such as XML and HTML. The
annotation structure is defined in a RDF-based schema, anudadion is stored in annotation servers as
metadata over the document. XPointer is used for locatiegtimotations in the annotated docun@nt.
CREAM framework annotates Web pages, but also considensadsbility of annotating the databases
from which web pages are generated (dleep weld). To this end, they use the temelational metadata

to denote annotations that contain relationship instanBeth Annotea and CREAM use XPointers to
locate annotations, which restricts the annotation to netive formats such as XML and HTML.

There are basically two categories of annotation toolstdbks that supponnanualannotation and the
tools that provideautomaticannotation. Manual tools are similar to purely textual dation tools but
provide some support for ontologies. Automatic tools ams¢hthat use rules or wrappers written by
hand that try to capture known patterns for the annotationthat learn how to annotate (supervised or

2HTML (HyperText Markup Language) consist of a set of tag$ piravides structure and format to web pages.

BXML (Extensible Markup Language) is a specification for ¢iegcustommarkup languages for adding meta-information
to text documents.

httpy//annotation.semanticweb.gr

15XPointer (XML Pointer Languageﬁ@[mow)) is@0Vecommendation for addressing components of an XML
based schema. XPointer allows a link to point to specificspafrtan XML document, based in the structure of the document.

1%Deep web refers to WWW content that is not indexed by stansizadch engines.
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not) LU_Len_et_dl .LZO_(I)6).

SHOE Knowledge AnnotatoL(_Ij_etLLn_a.n_d_l:Len_hllaL._dOOO) was dmedarliest systems for manually
adding semantic annotations to web pages, but it did nothéwvewser to display the Web pages. Using

Amaya kQ_u'Lm_a.n_dJambl{._mb?), on the contrary, the userararotate Web documents (it produces
Annotea RDF mark-up) in the same tool they use for browsing.

Several works were also proposed concerning the annotattionultimedia content. M-OntoMat Anno-
tizer {_B_I_o_ehd_om_e]_elll._m 5) is built over CREAM framewarkd supports manual annotation of image
and video, using low level features that describe the costefithe visual objects. Vannotea (Schroeter
et aI.,@?,) is a prototype which supports the annotatioauafiovisual documents by extending the
W3C RDF-based annotation model Annotea.

One not very common application is to annotatappings The work oiI_Zh_da.nmLa_a.n_dﬁ_hudiHQ_LZbOB)
declare that the [manual] matching of two or more heterogesentologies is often subjective, de-
pending on the application. They present the term “anndtatapping”, which is defined as follows:
“Annotation of a mapping element generally contains itsgeseelated characteristics. Repositories of
annotated mappinglements are collections of mapping elements annotatddvaities corresponding
to characteristics, such as provenance and tool usage”.

For other type of resources: SMOF{F_(_Ka.I;Lanp_uLELa.L_bOM}/a mark-up of emails as well as images,
HTML and text. More recently, concerning the annotation ab/¢ervices, METEOR-S Web Service
Annotation FrameworH_(.EaILI_eI_laL_ZiM) allows semi-auwdtic mark-up of Web service descriptions
with ontologies. SAWSDLI_(.Ea.LLeIJ_a.n_d_La_uH:u_ZbW) is a Waemmendation that allows description
of additional semantics of WSDL (Web Services Descripti@m@iuage) components.

2.2.2 Semantic annotation of structured resources

Data models explicitly determine the structure of data,olvhin this case is known as structured data,
but one same structure can havffatient meanings in ffierent domains.

Some approaches exploit semantic enrichment of structaéal by applying annotation to enterprise
reports or business modells_D_La.mamLaLa.n_d_Bg_u_dljh_da_dzﬁﬁﬁoose to annotate enterprise strategic data
models. Enterprise reports are considered as being irestavidhe enterprise model and are annotated
using an enterprise ontology. The workm 00&)pmses semantic annotation of business
process templates, in order to improve the intelligentge-af former processes in each new activity.

Annotation of databases, for example, enables semantdadie attached to database entities at various
ranularities, e.g. at the table, tuple, column, cells errésult of a query. DBNotem al.,

) is currently a relational database system where e@atuynn of every tuple in every relation can be
associated with zero or more annotations. In DBNotes, antation can be a comment about data such
as their correctness, quality or sensitivity. MONDRIA[N_@_&E_&LaI.LZQdS) introduces an annotation
mechanism for relational databases that is capable of ammgtboth single values and associations
between multiple values. Works on semantic annotation tldeses represent a key research subject
for domains that handle huge amount of data, such as saietdifabases, for example, as well as many
other database applications.
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2.3 Other issues about annotation
Other issues that should be considered in the subject ofrd@n@mnotation are: how is an annotation

positioned inside the resource? Which are the propertighi®fannotation? Which kinds of atomic
elements can be marked-up? How to formulate queries ovetatioms?

2.3.1 Annotation positioning in resources

A Microsoft study on annotating digital documerhs_(B_Lusmﬁl{ZQQh) explains the challenge to save
the correct position of an annotation in digital documehg are frequently modified. Some approaches
can be taken to solve the problem.

e Considering that the document will not change (case of pogpt documents). In such systems,
annotations are positioned using very simple means, suchasacter fisets or page numbers
plus a (x,y position).

e Limiting the places were annotations can be placed in themdeat. CoNotes system (Davis and
Huttenlocher@S) requires inserting special HTML-likarkup tags into a document before it

can be annotated.

e Using positioning algorithms. A number of systems allow @ations to be placed anywhere
within the document. In order to identify the annotated psmme store a combination of anno-
tated text and surrounding text, some store key words ofrthetated text, others calculate a hash
signature from the annotated text.

For annotation of HTML or XML documentPointeris normally used to indicate where an annotation
should be attached to a document. This is the case for thet@aamd CREAM frameworks.

2.3.2 Model for structuring annotations

Few annotation systems provide rich contextual infornmatty an annotation. There is no standardized
model for the structure of an annotation.

The Annotea frameworlL(_Ka.ha.n_eﬂ elL_ZbOZ) defines an RDFdbaseotation schema for describing
annotations as metadata. The Annotea annotation schempasponénnotationclass, which has an
annotateproperty for annotating a resource, such as a Web page oaeather annotationAnnotation
objects typically include a small set of core propertieghsas: author, created, modified (which are
sub-properties of the Dublin Core properti#ds creatorand dc:date) Figure[ZID (from the slides of
the Annotea presentat@) illustrates the Annotea annotation schema.

Zheng kZh_eng_eJ_ilileb(S) looks to solve one of the main probl of collective writing tools: the
impossibility of creating meta-comments. A meta-commera comment that has a substructure (called

1"The Dublin Core initiativel_(m}é__ZQbO) standardizes tetiag define the characteristics of published resourceSéc-

tion[LZB of Chapter 4).
Bhttpy//www.w3.0rg2002Talkg0511-annotea
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Figure 2.10: Structure of Annotea annotation schema

bundled annotatiop indicating the list of annotations to which it refers, ah@se in turn may have
anchors into the document. The work proposes an annotaéitan rdodel in which every annotation
has a set of mandatory and optional attributes. Mandattmijpies are the creator of the annotation, a
timestamp, reviewing status (unrgiaghd and acceptgejected), and an anchor (the annotation’s location
and range relative to the document).

Works on annotation of ontologies can give some insightaiabow the schema of the annotation can

be extended in order to annotatdfeient types of resources.
—

Vrandecic et aI.@G) claim that in OWL in contrast with@ogy entities, axioms cannot be annotated
in any definite way. However, in order to formalize and shaferimation liketrust, provenance or
confidenceone must not only be able to consider entities, but also notte ontology axioms. (Vran-
decic et al.| 2006) thus propose to extend the metamodekedDWL DL language in order to enable
annotation of ontology axioms.

Providing a structure for annotation allows to state rianetadata about annotated resource.

2.3.3 Querying annotations

It is no use making annotations without providing the apitif retrieving them.

In the technical report of Buneman et MOOS), it is saat thsers need to be able to query annotations
for two distinct purposes: (i) to locate annotations whledannotation values themselves are of interest
(“Show me all annotations made in October 2009"); and (iilowate annotations where the associated
data values are of interest (“Show me all the annotationscésed with the following data file”).

iIMONDRIAN (b_e_e_r;ts_e_t_dl.l_m(bG)fmrs an annotation-aware query algebra which the authors hav
shown to be both complete (it can express all possible quervier the class of annotated databases) and
minimal (all the algebra operators are primitive). The iIMDRIAN algebra is able to answer queries
that have the two possible purposes described above.

Annotea annotations can be retrieved usitigae RDF-based query language as well as its successor,
SPARQL. Amaya cIienﬂ_(Q_ujnLa.n_dJaﬂdnjm?) have chosaptomize the query operation by adding

a simple forward-chaining inference mechanism to the atiwot server. This way, inference rules can
be evaluated to determine the validity of some statementitathe annotated resources during Algae
query execution.
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3 Semantic-based integration approaches

The integration of data issued from autonomous and heteenges sources is still a significant prob-
lem for an important number of applications. There existyaays, various types of scenarios which
demand integration: databases, information systemsrgmoging codes, calendars, e-mails, enterprise
catalogues, documents, and, more recently, peer-to-getnss, and web-services. The goal of inte-
grating data, in all these scenarios, is to provide the usendorm access to information fromftérent
sources. But the integration will be performedfeiiently depending on (i) the characteristics of the
resources we need to integrate and (ii) on what the final ugs¥ot from the integration (unique ac-
cess interface or complete merda)_._B_eLga.masghjl eh;_a.L_lImms that the first step in an information
integration process is to determine if the sources contimastically-related information, that is, infor-
mation related to the same or similar real-world concepts.

If the different data sources correspond to the same domain of interespossible integration prob-
lem is thesyntactic heterogeneityvhen the information are not represented using the sangeidae.
Another integration problem is th&emantic heterogeneitylt happens when the same world entities
are modeled dierently by the designers of thefidirent data sources. One example is the temperature
concept, which can be represented in Fahrenheit by onensystd in Celsius by another. Also fiir-

ent online bookstores (such as Amﬁ)or Barnes & Nobl) may chose dferent attribute names to
represent a book: writer or author, topic or subject, andnsdlrie objective is to identify the correspon-
dences between theffirent structures. The research in database integratigetsaasically this kind

of problem when performingchema matching

3.1 Types of heterogeneity

Considering an Al perception, the semantic heterogeneaityden two representations may vary on
account of thalimensiorof the representations_(Benerecetti étlal., 2000).

e Partial representation corresponds to the case when representatmrers a subsedf a more
comprehensive domain of interest. In Figlire 2111a, thelstitales represent éierent portions
of the same domain of interest (the circle below). Each portian overlap or be included in
other portions. An example could be the domain of medicine, the ontologies that represent
medicine specializations.

e Approximate representation corresponds to the case when representatimtractssome aspects
of a given domain of interest. In Figure 21 1b, the circlesvabare representations of the world at
different levels of approximation (or granularity). The dgsion of the human body, for example,
can be done at the level of cells, or at the level of limbs.

e Perspectival representatiorfinally corresponds to the case when representation enecjestio-
temporal, logical, cognitive or functiongloint of viewon a domain of interest (Figuie_211c).
Environmental engineering produces various models of @saea, which dfer in their purposes,

Bhttpy//www.amazon.coph
2Ohttpy//www.barnesandnoble.cgm
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for instance: soil dynamics model, vegetation dynamics ehocdiation model, hydrological
model, and so on.

Fapresenmation
._" T | Represeniation 3
i,
] o Eeprazantation 1
g Feprasensation |
Warid Worid .u;mm
(a) Partiality (b) Approximation (c) Perspective

Figure 2.11: Three dimensions of heterogeneity (adapted|Benerecetti et al. (2000))

Many authors stipulate that the use of ontologies for exgingsthe semantics of the sources is a possible
approach to overcome the problem of semantic heterogen®@ityen ontologies are used to describe
the heterogeneous data sources, we are talking amology-based integratiorOn the one hand, this
approach solves the problem of making explicit the semamticlata. On the other hand, it just moves
the problem onward, because if we us@atient ontologies to describe data sources, these ontslagjie
probably have to be integrated themselves. In this sitnati@ have to deal witbntology matching

Some surveys have been organized that focus on the varidusidqees of semantic integration. Rahm
and Berns We{w ( ]2005) review databchema matching approaches; Wache
et al. [200|1) an )J (20[)4) focus on ontology-based appesador information integration; while

Kalfoglou and Schorlemmler (2003) focus on current statde#it in ontology matching.

3.1.1 Terminology

Inspired from the glossary proposed[b;LEuzenm_andﬁ_ﬂ\]aWO, we provide here a terminology with
the definition of the terms that will be used in the presentkw@ome terms apply only to ontologies,
while others are also used for databases.

Integration is the general process of providing unique vigamtess to heterogeneous information. Data
integration, information integration and semantic ingigmn are considered to be synonyms in this
work.

Database integration is the integration process when applied to databases.

Ontology-based integration is the integration process when applied to data sourcestbatescribed
by ontologies.

Matching is the process of finding correspondences between entitiéferent schemas or ontologies.
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Correspondenc¢gMapping is the relation that holds between entities (classes,nnstg properties) of
different schemas. The temmappingis defined b}_Euzenal_a.n_d_S_hﬂill;o_(ZlOO?) as the directed,
oriented version oélignment Other authors do not fierentiatecorrespondencérom mapping

Alignment is the output of the matching process: a set of correspordenetween the entities of two
or more schemas.

Ontology merging is the creation of a new ontology from two, possibly overiagpsource ontologies.
The initial ontologies remain unaltered.

We explain in further sections the main current semantigirgtion approaches.

3.2 Database integration approaches

The problem of database integration has been studied gieceatrly 1980s. Database integration sys-
tems must provide the solutions to the following issuesid@ntification and specification of semantic
correspondences between schemas, (ii) providing an ategjview to the information from fierent
databases, (iii) management of the data update on locate®and of theféect on the global schema.
The work oi_B_eLLalmhiet_laL(deG) proposes a classitinaif database integration systems using three
orthogonal criteria.

1. Data representation The middleware that gives access to the data sources isiatiaesl or
virtual.

e Materialized The data of local sources are physically centralized irpasi¢ory. The ad-
vantage is that the user queries directly the centralizélatad not the original sources. On
the other hand this approach requires an additional st@adenaintenance cost because
any modification in the local sources must be reflected onehé&al repository.

e Virtual. The data remain in the local sources. A mediator combine fdain diferent data
sources, maintaining a global schema, mappings betweegldhal and source schemas
and handling user queries. An adaptergppel) encapsulates the data sources and trans-
late them to a uniform language. The problems are relatedwott build the integrated
schemas and how to map the terms of the user query to the s,

2. Direction of mapping. The direction of the set of correspondences between thalgmd local
schemas.

e Global-as-view(GaV). The global schema is defined as a view over the locarsak.
This facilitates the query reformulation by simply replagithe global predicates by their
local definition. However, there is a cost for the maintemaoicthe global schema and the
mappings when the local sources are modified.

e Local-as-viewm(LaV). This approach supposes the existence of a globahszlaad it de-
fines views over the local schemas in terms of the global sahe@ueries on the global
schema must be rewritten to the local sources. LaV approbmivsato easily add new
sources, and is easier to maintain than GaV, but has low qenfprmance when users
make complex queries.
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3. Mapping automation. The integration process is manual, automatic or semiraatio.

e Manual Manual strategies are found in the first generations ofjmatén systems. The
administrator must know the semantic of the schemas to kegratied and build the me-
diators and mappings. The heterogeneity can also be haimdkbe level of the query
language, by the users themselves. The manual integragimomnies an almost impossible
task when the sources are many and often evolve.

e Semi-automatic and automatié/hen it is not possible to manually perform the integration
the system needs to decide if any two elements refer to the seatworld concept. To
this end, a number of techniques has been developed tedhr@ma matchingvhich base
on characteristics of the data structure to infer the seictgof data.

3.2.1 Schema matching

Doan and HaIev;]_(TO_bS) separate schema matching techrigod®/o groups: rule-based and learning-
based solutions. Aule-based solutioncomputes similarity based on rules that exploit the charatics

of the schema, such as element names, data types, andtintamistraints. One example of a very
naive rule isitwo elements match if their names are synonyRuges are a very intuitive and powerful
formalism for capturing knowledge about how to match schenidée main disadvantage of rule-based
techniques is that they are not suitable to exploit dataimtsts, which means they loose information that
would aid the matching process, such as values format orssfoeduency.

In learning-based solutionslearning approaches from the Al community, like neuralmek and Naive
Bayes, are applied to exploit both schema and data infoomaiihe key idea is that a matching system
must be able to learn from the past matches, to predict ssfctlgsmatches for subsequent, unseen

matchlng scenarlols_(.DQ.a.n_a.n.d_I:laJel:QL_iOO5)

Rahm and Bernstelr@m) describe a largely-orthogoresiication criterion for matching tech-
niques, which considers the nature of the features thatrealgzed in order to perform the matching.

e Instance vs. schemaheter the technique considers schema information oraattents.

e Element vs. structure matchingatch can be performed for individual schema element$, asc
attributes, or for complex schema structures.

e Linguistic-based vs. constraint-basechatch can be based on hames and textual descriptions of
schema elements or based on keys and relationships.

e Matching cardinality the technique may define a specific cardinality for each nmgprelation,
yielding four possible cased:1, 1:n, n:1, n:m.

e Auxiliary information matchers that rely not only on the input schemas but alsousiiary
information, such as dictionaries, previous matchingsiens, and user input (semi-automatic).

Works on schema matching propose approaches based on tiaetehiatics of the schema: similarity
of the features (hame, description, type, structure),uiistic contents, and so on. Thus for example,
some of the most used techniques look for common substrengs<phone> and<telephone>) or for
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strings with similar sound (e.g4U> and<for you>) or expand abbreviations (e.gP.0> and<Post
Office>) dﬁmnghmha_an_dj_hm&d._ZQbS) The syntactic featuredifferent schemas are analyzed
in order to infer the semantics of the involved elementsntifie elements that have the same meaning
and create the mapping between them. However, even if we etaio gntegrate data objects from the
different models, there is a semantic problem: the models dopeakswith each other, because the
semanticf data is not integrated. This is the reason why many rekeesare using ontologies for
describing the semantics of the information sources andakenthe contents explicit. Although the
nature of the schema change from databases to ontologies, aithe basic problems with respect to
integration remain the same.

3.3 Ontology-based integration approaches

Considering the integration of heterogeneous data squocegslogies can be used for the explicit de-
scription of the semantics of the information sources. &laee, however, fierent ways of how ontolo-
gies can be employeliJNa.Qh.e_eIt bL(iOOl) proposes threiteatahes for applying ontologies for data
integration.

¢ In thesingle ontology approach each information source is related to one same global domai
ontology, which provides a shared vocabulary for the sprtifin of the semantics (Figure Z.12a).
This approach should be applied when all information sautoebe integrated provide nearly
the same view on a domain, since a new source cannot bring nepeoific concepts without
requiring change in the global ontology.

¢ In the multiple ontologies approach each information source is described by its own indepen-
dent ontology (Figur€ZIPb). In practice, it idfthiult to compare dferent source ontologies
without a common vocabulary, and inter-ontology mappingsdto be defined. However, this
solutions leads eventually to facing semantic heterogepeoblems.

e Hybrid approaches were developed to overcome the drawbacks of single andpteutintology
approaches. Each information source is described by itsmwology, and all ontologies are
built using basic primitives described in a global sharecbwlary (Figur€ZTI2c). This approach
brings advantages when the ontologies need to be developedstratch. Existing ontologies
cannot be reused or they need to be rewritten to refer to twedivocabulary.

3.3.1 Connecting ontologies to information sources

The connection between an ontology and the informationcsoitrdescribes can also be seen as a
mapping There are some possible ways to establish a connectiorebptantologies and information
sources. The TSIMMIS systelh_(_c_hawalhﬂﬂ_a[u_ll994) pradacentology that is a simple one-to-one
copy of the structure of the databade addition to it, further definitions of concepts can bduded, in
order to enrich the ontology structure. But the classicaragach of linking ontologies to data sources is
still the use ofannotationswhich has become prominent with tSemantic Webequirements. Semantic
annotation on the Web allows to associate ontology elentemarts of a web page.
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Figure 2.12: Three ways for connecting ontologies to infation sources (adapted ert al.
dﬁ))

3.3.2 Ontology matching

Although the objective of ontology-based systems is toelse semantic heterogeneity, ontology devel-
opment itself leads to a large number of ontologies covettiegsame domain or overlapping domains.
As a consequence, in order to make two or more ontology-bagsdms to interacthe ontologies need
to be matched

Creating mappings is an error-prone activity, even for husnaMany current tools propose semi-
automated mapping, interacting with experts. These apphasare the most adequate for applications
where accuracy is importad]_(_Us_c;thd_a.n_d_G_mnhbﬂL_IZOQ@proaches that perforfully automatic
mapping combining various techniques, usually employ ontologfied tend to be less formal, and the
results are much more error prone.

Ontology matching techniques do not vary much from schem@himy ones ¢f. Sectionl’3.Z11). The
difference is that once the ontology matching is performed,dabelting ontology alignments are com-
monly formalized, using a proper alignment format. Sevirethniques of ontology or schema matching
have been produced in the previous decades. The baok of &veemh Shvaik 7) presents a mostly
complete survey on the frameworks and tools devoted to @gychnd schema matching.

3.3.2.1 Representing ontology mappings Another significant issue is how to represent mappings
produced by matching processes. This concern is due to ¢héhtst mappings can be reused for other
applications. In ontologies represented in OWL, it is plolesio use primitives from the language itself
for expressing correspondences between concepts. leydartithe primitivesowl:equivalentClassnd
owl:equivalentPropertyare suggested to be used for relating elements in ontolalg&sdescribe the
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same domains. However, there are some drawbacks in usingpeled primitives of OWL for expressing

mappings l(_Euzena.La.n_dj_hﬂiko_._dOO?): it forces the use afticplar language for representing the
ontologies (OWL), and it mixes correspondences and defirsti
—

Noy M) discuss other approaches of mapping repreganthat externalize mappings in relation to
the ontologies to be mapped. Mappings can be expressed aefdbseging axiomsn first-order logic
relating classes and properties of the two source ontdodi=OWL (Contextualized OWL, (Bouquet
etal. )) is an extension of OWL to express bridge ruidaben ontologies. An alternative approach
for bridges is to create an ontology for defining the struehifrthe mappings. Correspondences between
two ontologies will be represented asstances of the mapping ontologyThe MAFRA framework

uses the Semantic Bridging Ontology (SBb_._(Ma_ed_Qh_elelmﬂi)a, which is an ontology of mapping
constructs and transformation functions to transfer imsta from one ontology to another.

A final approach consists in representing mappingsiews similarly to the database integration ap-
proaches of global-as-view (GaV) and local-as-view (LaM)e Ontology Integration Systems frame-
work (OIS, tg_a.hLa.nﬁLet_lal__ZCbOl)) is composed of a glohtdlogy and a set of disjoint local on-
tologies, defined using Description Logics. The elementsnef ontology are mapped intosgew of the
other ontology. The direction of this view can be global ardibcentric, depending on which ontology
is used as query model. In other words, the mappings are ssquteas views (DL expression) over the
ontologies.

4 Fundamentals of metamodeling

If a model is an abstraction of the real world, as defined irtiGef_] of Chapter 1, thenraetamodeis
yet another abstraction, which highlights properties efritodel itsel@ We say that a model conforms
to its metamodel in the same way we say that a map conforms tegiend, i.e. that the map is written
in the (graphical) language defined by its legend, or thatognam conforms to the grammar of the
programming language in which it is Writtm 05)

Metamodelings an attempt to adequately model all aspects of any giverelimgdtechnique. Meta-
models have proved popular in explaining and communicatimgstructs of some modern modeling
techniques, for example, workflow models, object-oriergeldemas, and even ontologimt al.,

). In summary, a metamodel can be considered as aniexglscription (constructs and rules) of
how a model is built.

For this end, Model-driven engineering (MDE) is a disciplim software engineering that focuses on
creating models or abstractions. MDE technologies aim tress the lack of integrated view of soft-
ware applicationsl_(_SThmlM%). A particular varianMBE trend is the Model-Driven Architecture
® (MDA ™) initiative. Model-driven architecture is a software dgsapproach launched by the Ob-
ject Management Group (OMG) in 2001. The most importantdstests launched by MDA for realizing
MDE principles are:

2!The prefixmeta-is commonly used to indicate the rise of one layer. freamodelayer is the layer on top of theodel
layer.
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o the Meta Object Facility (MOF|(OMG, 2006)), which providedour-level architecture for cre-
ating metamodels; and,

¢ the Unified Modeling Language (UML,_(OMGG, 2008)), a modellagguage for analysis, design,
and implementation of software-based systems using a ggaphical notation techniques.

e the XML Metadata Interchange (XMI,_(OMG, 2009)). Commonbked as an XML interchange
format for UML models.

The real power of MDE strategy comes from the possibility toditifying a given system in its models
and metamodels. This allows building coordination betwewels, based on fiierent metamodels.
MOF architecture can support the role of providimgtamodel stratificatian

4.1 Metamodel stratification with MOF

The Meta-Object Facility (MOF) is an extensible model dnivetegration framework for defining, ma-
nipulating and integrating metadata and data in a platfoigependent manner. The MOF framework is
based on an architecture with four layers: meta-metamaueiamodel, model, user objects. The roles
of these layers are summarized in the table pictured on &lBIB (adapted from (OMG, 2008)).

Layer Description Elements
M3 The meta-metamodel layer is the foundation of the MetaClass,
meta-metamodel metamodeling architec-ture. The primary responsibility of this | MetaAttribute,
(e.g. MOF layer) layer is to define the language for specifying a metamodel. A MetaOperation
meta-metamodel can define multiple metamodels.
M2 A metamodel is an instance of a meta-metamodel. The Class, Attribute,
metamodel primary responsibility of the metamodel layer is to define a Operation
(e.g. UML primitives) language for specifying models.
M1 model A model (a.k.a. Metadata) is an instance of a metamodel. The | StockShare, askPrice,
(e.g. Data model) primary responsibility of the model layer is to define a sellLimitOrder,
language that describes a specific information domain. StockQuoteServer
MO user objects User objects (a.k.a. user data) are instances of a model. The | Acme_Software_Share_
(e.g. values) primary responsibility of the user objects layer is to describe 98789, 654.56,
the actual values in a specific information domain. sell_limit_order

Figure 2.13: Four-layer metamodeling architecture

A stratified (layered) metamodel architecture such as that of MOF isaepranethodology for defining
the structure of complex models that need to be reliabhedt@hared, manipulated and exchanged (Ko-
bryn,11990). In non-fixed layer metamodeling architectucesthe contrary, classes and their instances
are intermixed and can be directly related. Some argumeyainst unstratified models are discussed
in works such as_Pan and Horrdcks (2002) and Nejdl et al. (R086ctionZB will present a current
discussion in th&Semantic Wettommunity about the ability of dealing with metamodelingimology
languages. The advantage of stratified models is, thus,rshopractice.

4.2 Model transformation
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L 1

Kleppe et al.@?)) definmodel transformatioms automatic generation ofarget modefrom asource
mode] according to a set of transformation rules that descrilve ¢tamstructs in some source language
can be transformed into constructs in some target langubkgrire[ZIH shows the classical schema
for model transformatio@ Model transformation consists in writing transformatiares Rules)
that maps from the source mod&llf), conforming to a metamoddfl M, to the corresponding target
model Mp,), that conforms to a metamod® My,. The transformation rules are defined according to a
model transformation languadd M+, and the metamodels are conform to a metametamigidé¢M

(e.g. MOF).
= MMM =
me@f * a'nsta&

MMa MMTr MMb
) A A
inata n‘:eOf msta\vceOf ."nstanLe of
Ma |=«—RulesTr—» Mb
ap sFErom map sTo

Figure 2.14: Model transformation between source and tangelels

When we are transforming a source model into a target modiehduen the two are expressed using the
same metamodel, the transformation is caledogenouslf the metamodels of the two models are dif-
ferent, the transformation is calleiogeneodMﬁns_andAZan_Gdd_(mbG). Examples of transformation
are: class models into schema models, ontology modelseéfational models, and so on.

4.3 The problem of metamodeling for ontologies

Metamodeling has become a common discussion in the ontaomymunity. InbALeI];;La.n_d_EeLLu_&ci

) the authors point out the usefulness of metamodiliagplications that need to express situations
in which classes can also be seen as instances. Anothertageari metamodeling for ontologies is that
it becomes possible to interchange models that are deddrilifferent languages.

4.3.1 Metamodeling in non-fixed layer architecture

The following example, originally presented ln_(AALeII;La.LEtIELcdi,LlQQh), explains the duality between
classes and instances in ontologies.

Example.Let us consider a hierarchy comprising the concept Birdesgmting the set of all birds, and
the concept Eagle, and let us state that all eagles are Iitatgd is-a Bird. The individual Harry is an

instance of the concept Eagle. Using the transitivity priypef theis-arelation, we are able to derive the
fact that Harry is also [an instance of] a Bird, and this is ladveonclusion in this domain (Figufe2Z15a).

22pdapted from Eclipse ATIConcepts wiki page: httpgwiki.eclipse.orgATL /Concepts
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4. Fundamentals of metamodeling

Consider adding to this domain the object Species, the dfassimal species (Figule_215b). The
intuitive representation of this object would be to makecg®ea superclass of Eagledgle is-a Specigs
However, in this case, the application of transitivity pedy produces undesirable results: the eagle
Harry will be an instance of Species.

Another approach to modeling these objects would be to septeSpecies as a class which has Eagle as
an instance (FiguleZZl5c). But this conceptualizatiomaée be placed in another level of interpretation
from the level where Eagle is considered to be a class. Teetids the modeling language needs to be
able to diferentiate the semantics of instances, classes and megxtlas

<= =zinstance-of== ] :
ﬁ =instance-of== ‘ Species

Bird .
= <instance-of ==
A Al
Harry =ainstance-of==
|

Hartry

= giz-a is-a=s v
- - 1
= 2ainstance-ofs =

(@) Correct representatiofb) Unwanted inference: Harry is aft) Breaking it up into two interpretation
and inference instance of Species layers

= =instance-of= = = <instance-ofs =

Figure 2.15: Example of metamodeling in ontological hieingr

RDFS, as a schema layer language, has a non-standard affidetbfayer metamodeling architecture,
which makes some elements in the RDFS specification to halgales ¢f. RDFS model on Figue2.3
on pagd20). RDFS entities are used to define both other RDFfImg primitives (such as in the
triple [rdf:Property rdfs:subClassOf rdfs:Resouicahd domain ontology entities (such as in the triple
[:Woman rdfs:subClassOf :Persdn]

For example, the propertigsifs:subClassQf rdf:type, rdfs:rangeand rdfs:domainare used to define
both other RDFS modeling primitives and domain ontologytiest

Languages such as OWL Lite and OWL DL are based on the metdimpdechitecture defined by RDFS
language, therefore these languages have similar prolgenon-fixed layer metamodeling architecture.
OWL Lite and OWL DL do not allow one to add other entities toitlreetamodel. With OWL Full we
are able to change the meta-layers of OWL adding or modifgimtiies.

However, when we modify the metamodel of OWL, the ontologsks some guarantees which OWL DL
and OWL Lite provide for reasoning systems, and which ctutstian advantage when developing OWL
ontologies. Notably, modifications in the OWL metamodel mesate arundecidable mod

) proves that the practice of metamodeling in OWL lagguleads to the problem of undecidability
of basic inference, due to the free usage of the built-in bolzay .

2Decidability is a term that comes from Logic. In computerescie, aecidableset is any set of elements for which there
exists an algorithm that will determine whether any eleni®at is notwithin the set in a finite amount of time. The classes of
an ontology may be undecidable if they are described in thé. @&l language.
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4.3.2 Fixed layer architectures forSemantic Weblanguages

It is well accepted thaSemantic Wetanguages do not facilitate metamodeling aspects, sirgie th
metamodel is embedded in the language, and cannot be modFmdexample, if one needs to add
measuring units to OWL properties, they have to be repredeas a class, instead of being added as
a new ontology primitive. For this objective, some altern@tpproaches have been proposed for han-
dling metamodeling in ontology languages ibm_o_l%) the authors propose a fixed layer
metamodeling architecture for RDFS called RDFS(FA). linsisr to the metamodeling architecture of
UML: RDFS(FA) divides up the universe of discourse iffelient layers, in which the built-in modeling
primitives of RDFS are separated. In practice, the architeaconsists of four layers: the meta-language
layer, the language layer, the ontology layer and the icstéayer. However, they are criticized because
in theory there can be a infinite number of layers in the methetiog architecturm 7) present
a proposal otontextual semantider OWL. They follow the same principles of RDFS(FA) by stijc
separating the modeling primitives from ontology and instalayers, and proposes that modeling prim-
itives should be interpreted depending on the context. dotjiral terms, the use of some URI in order to
identify an individual has nofect on the meaning of a class that uses the same URI as identiftbis
situation, rules applied to@assdo not dfect theirinstanceinterpretation.

There also exists a line of related work relying on the metdeting features of MOF. The most impor-
tant proposal is the Ontology Definition Metamodel (ODM_QELma.ns_eLAILmM)), which defines a
metamodel for the OWL-DL built on the top of the MOF framewotiey split the modeling primitives
of ontologies in the dferent layers of MOF, which allow them to provide an UML profite OWL
ontologies. FigurEZ16 illustrates this approach.

M3 layer

MOF:Class

<instanceof>>

(MOF)

M2 layer

‘ owl:Class ‘ ‘owl:Property‘

NS

Ontology

Meta-model <<instanceof>>

M1 layer

Ontology

Wine

hasSugar: String
growslIn: Region

Region

locatedIn: String

Model (Wine
Ontology)

A A
/ <<instanceof>> \

:ElyseZinfandel

MO layer

locatedIn: USA

hasSugar: Dry
growsIn: #NapaRegion

Ontology
Instances

Figure 2.16: Wine ontology represented as an instance @ttielogy Definition Metamodel

The bottom layer represents the information to be describ@dne called Elyse Zinfandel, which grows
in the Napa region. The model layer contains the definitiothefrequired structures, i.e. the ontology
conceptsWine and Region The set of all concepts and relations represented in theehteger defines

the Wine ontology. The metamodel defines the constructsrmst@f which the model is expressed.
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5. Conclusion

In this example, we are describing an ontology, which is egged in terms of concepts and relations,
by creating instances of the respective meta entities. |l@ytaoncepts are represented as instances of
the entity owl:Class and ontology relations as instances of the entity:Propertyin the metamodel.
Finally, these entities are themselves instances ofMii¥-:Classentity, in the metametamodel layer.
Ma.n.d.ech_et_dl.L(m_(bG) propose an extension of ODM thatesdrs the requirements fannotating
ontology elementsin their metamodel, the authors reify axioms as Ontologgt&nt, which become,
then objects that can be directly referenced using a URIcand finally, be annotated with metadata.
This work equips the OWL language with the ability to statedabout any ontology elements, including
axioms. Using the ODM profiles makes it possible to transfdifferent ontology models, subject that
will be tackled in future sections.

5 Conclusion

Having analyzed the concepts of models, ontologies, secn@mtichment and integration of heteroge-
neous models, we will demonstrate how we used or adapted #mwoaches in order to address the
issue of semantic exploitation of engineering models.

- We used ontologies for formalizing and sharing the knogéedbout the application domains;

- Semantic annotation approach is employed for linking ngdeols, interpretations to the global and
shared knowledge;

- Semantic integration has proved necessary in order teeceeglobal view of the dierent knowledge
of sub-domains of a global domain;

- Finally, metamodeling techniques were used in order tateraew primitives for engineering models
and annotation.

The articulation of all these strategies is the basis of ahitcture for ontology-based integration of
engineering domains, that will be described in Chdgter 5.
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Chapter

Context of the Development: OntoDB and OntoQL

1 Introduction

The implementation considered for our approach must betabiepresent the following elements: (i)
data models and their objects; (ii) ontologies and theitaimses and (iii) annotations of data objects by
instances of ontology. In order to explain how the propostthkis work were developed, it is necessary
to introduce the infrastructure where semantic-basedisokiwill be implemented. In the context of our
work, we have two fundamental criteria for choosing the enpéntation infrastructure. Firstly, it must
be able to manage a huge amount of information, since an tanaquantity of data is currently available
in engineering domains. It is natural, then, to rely on atsmhuthat supports a database infrastructure,
such aontology-based databaspsesented in the previous chapter. These architecturésvilbassues

of ontology representation while taking advantage of attarstics of databases (such as scalability,
safety, etc).

Secondly, support for metamodel evolution is importamgcasiwe need to extend this infrastructure
to represent other data containers than the ontology mekainge.g theannotationmeta-model). In
comparison to other OBDBs, the OntoDB architecture is thg one that accepts to be modified by
increasing the original primitives. For these reasons work will be implemented in the OntoDB
ontology-based database, which fulfills the main critegaded for this work, as we will detail further
on.

2 The OntoDB architecture

OntoDB is designed by a layered approach on top of the reltidatabase system Postgreﬁ.LThe
database model of OntoDB consists on four related pefitEigure[31).

24postgreSQL (a.k.a. Postgres) is a free and open sourceadatatanagement system (hfipww.postgresal.orgy.
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Figure 3.1: OntoDB architecture

2.1 Part 1: System catalog

The part shown on Figufe=3.1(1) is the traditional part add in all DBMSs, namelgystem catalog
which contains system tables that are useful for data mameigie The system catalog structure describes
tables, foreign keys, data types, etc., and it varies from®BMS vendor to the other. The other parts
of the architecture of OntoDB are analogous to the OMG’s M&itgect Facility, which propose four
superposed layers that represent four levels of abstracofilmformation: metametamodels (M3 layer),
metamodels (M2 layer), metadata (M1 layer) and data (MG)M,@).

2.2 Part 2: Meta-schema

Themeta-schemapart (Figurd_311(2)) corresponds to the layers M3 and M2 offiithe meta-schema
structure (M3 layer) is based on a meta-meta model mainlyposed of upper level construdENTITY

and ATTRIBUTE, which, from a database point of view, correspond to twoetabIThese tables store
the ontology model (M2 layer) used to definatologies OntoDB was first designed for the PLIB
ontology model, which was stored in the meta-schema pattadt then, been extended so as to store
constructors of other ontology models, such as OWL. As altte®@ntoDB provides basic ontological
constructs, likeClass Property DataType which corresponds to instances BNTITY. Ontological
constructs are described by fields, suchcade definition, version These fields are instances of the
primitive ATTRIBUTE. Figure[3R illustrates the basic ontological constructgppsed by OntoDB.

The constructClassstands for ontological elements that represent conceptaiegories of objects
(such aowl:Classfrom the OWL language dPLIB:Classfrom the PLIB model). The constru&roperty
stands for characteristics of ontological concepts aratiogiships between them (such ralsProperty
from the RDF language, aowl:DataTypefrom the OWL language oPLIB:Propertyfrom the PLIB
model). Properties can have as range a datatype that mathke giimitive types (integer, real, string,
boolean), association typ&éfTypg or collection types CollectionTypé.

New ontology constructs (e.gowl:Restrictionand PLIB:MeasureTypecan be added into the meta-
schema of OntoDB. Technically, a new construct is added s anrthe ENTITY or in theATTRIBUTE
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7lfNT.rWL ‘ATTRIBUTE|
e a Tl

Lz ! N
==instandeofs = i instari
s <<|nstan-:lgc-F>> = instaricesls =

definedsy Concept Datatype
Ontology €7 cid: Int entityPLIE: data_type

code: String
nid: It definitian: Skring ﬂ R
namespace: String name: =kring

entityPLIE: supplier_elemeant preferences: Preference[1..n] CollectionType
jcon: graphics
entityPLIE: class_and_property_elements | | afDatatype: Datatype

RefType

onClass: Class

direckSuperclasses ﬁ Q
Class Property
name: String scope;: Class
properties: Properky range: Datakype
entityPLIE: class entityPLIE: property_det ‘StringTrpE IntType | | RealType

Figure 3.2: Ontological constructs of the OntoDB meta-atde

table, and a new table is added in the ontology part (desthikew) so as to store instances of the new
constructs. This capability of OntoDB of extending its nmetalel makes it possible to store ontologies
specified in diferent ontology languages.

2.3 Part 3: Ontology

The third part of OntoDB, namedntology (Figure[311(3)), corresponds to the layers M2 and M1 of
MOF. This part allows to store ontologies (M1 layer)iastances of ontological constructs12 layer).
For example, each ontology concept is an instance offassconstruct of the ontology metamodel, and
each ontology property is an instance of fai@pertyconstruct of the ontology metamodel.

Figure[3.3B illustrates how an ontology is represented inrternal tables of the OntoDB architecture.

Figure[3:3h presents a toy example of an ontology that descdoncepts related to research institutions
(adapted fromL(J_ea.n_eﬂ:h_._ZQbi)). Figure B.3b stand&iéointernal table of OntoDB@ntoDB:Clasy
that describes the information about each concept as oednithe table. For example, the concept
Laboratoryis described by its oid code (‘3"), name (“Laboratory”) ahe bid codes of the concepts that
are directed superclasseslatboratory(the oid code ‘2’ corresponds to the conc&esearchinstituje

Figure[33E shows properties being represented as lindsi@ntoDB:Propertytable. The property
firsthnamehas the concepRersoras scope and its range is the data t§tréng. The scope of the properties
title and headmasteis the conceptaboratory but the range of the second is the conc@ptson The
propertyheadmasteis anassociation propertyi.e. it defines a relation between two concepts.
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#note[en]="abstract concept: Research Institute

must not be instancied’ Person

type : String aret o
birthdate : Date rstnams - .:.J'!ng
last name : String

address : Siring
email : String

#name[frj="Laboratoire’ Labaratory #synonymaous_names[en]=

#name[es]="Laboratoric’ - . {human’, ‘individual}

#definition[fr}= 'lieu ol des title : a-.nngﬁ . #llustration="person. jpg’
recherches sont conduites’ | | 3570 © Sng

Edefinition[en)="warkplace headmaster : Person

for the conduct of research’

(a) Research ontology

OntoDB:Class
oid name|[fr] name[es] | superclasses | synonimous[en] | definiion[en]
1 Person NULL 'human', "individual'
2 Researchinstitute NULL
3 Laboratory Laboratorio 2 ‘workplace for..

(b) Concepts represented in tiatoDB:Clasdable

OntoDB:Property
oid name scope range
1 firstname 1 String
2 title 3 String
3 headmaster 3 1

(c) Properties represented in ttwtoDB:Property
table

Figure 3.3: An example of ontology represented in OntoDBesb

2.4 Part4: Instance

Finally, instances of ontologies are stored in thstance part (Figure[3311(4)), which stands for the
layers M1 and MO of MOF. The structure of this part (M1 layexpiilt from asubset of concepts and
propertiesof the ontology. This subset constitutes the logical schefrdata, and represents the data
structure in which instances (MO layer) will be organizedack ontology concept is transformed in a
table in the logical schema, and the user determines whiattahle properties are needed to describe
instances of that concept. Then, a table view (called heEX&FENT of the concept) is derived to store
instances. This approach of representing instances exddadtizontal approachone table is created for
each ontological class. This representation is able toseelle when numerous properties per instances
are used.(Dehainsala ef al., 2007).

For example, in order to build the logical schema of the myplon Figurd—33a, one could choose
the conceptLaboratory with propertiestitle and headmasterand the concepPerson with firstname
lastnameand email as properties. Tables_Laboratoryand E_Personwill be created as akEXTENT

of the chosen concepts, along with the chosen propertieg ra@$ulting logical schema is shown on
Figure[33 (adapted from_(Jean et al., 2006b)).

As a consequence, manyffdirent logical models may be deriveglated to the same ontology. This pos-
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E_Laboratony E_Person
PK | oid PK | gid

h 4

 title p_first_name
FE1 | p_headmasier p_lasi_name
p_smai

Figure 3.4: Possible logical schema for the Research ayadFigure3.3ha

sibility promotes a database approach preserving conilitstivith Relational Database Management
Systems (RDBMS) and promotes semantic integration of OBBBaffering an ontology for dierent

logical modelsl(J_&a.n_eﬂalL._Zlea).

3 The OntoQL exploitation language

In order to exploit the OntoDB OBDB, the OntoQL language hesrbproposed HLlean_el MOO?).
OntoQL language has a syntax similar to SQL, and provides Dafinition, Manipulation and Query
Languages at three layers of OntoDB, from tbgical level to themeta-scheméevel. Consequently, it
is possible to use OntoQL language for defining, manipujedind querying not only domain ontologies
but also the meta-schema of OntoDB (M2 layer).

3.1 OntoQL language for the ontology and instance parts

OntoQL allows to create, alter and drop elements of domaiologies (concepts, properties) and also
to create and manipulate instances and finally to query ogites.

3.1.1 OntoQL Data Definition Language (DDL)

The DDL allows to create, alter and drop concepts of domaialogies. Ontology concepts are created
in OntoQL using the basic constructo#€lassand #Property(presented in Sectidn 2.2). To illustrate,
let’s consider the following OntoQL expression:

CREATE #CLASS Laboratory UNDER ResearchInstitute (
DESCRIPTOR(#name[fr,es] = ("Laboratoire", '"Laboratorio"),
#definition[fr] = "lieu ou des recherches sont conduites",
#definition[en] = "workplace for the conduct of research")
PROPERTY(title STRING, headmaster REF(Person), acronym STRING) );

This OntoQL expression uses tIBREATE #CLASSclause to create an ontology concéiboratory
in the default language (English); and uses theDER clause to declare it as a subclass of concept
ResearchinstituteThus,Laboratoryinherits the properties dResearchinstitute

The DESCRIPTOR:lause is used to describe a concept using fields declarkd ontology metamodel.
In the previous example, this clause describes the conapg the fieldname for names in other
languages (e.g. French and Spanish) and thediefichition for the concept meaning. THRROPERTY

73



Chapter 3. Context of the Development: OntoDB and OntoQL

clause creates properties attached to the concept. In #mepde above, th®ROPERT Yclause creates
the propertieditle, headmasteracronymas instances of th&Propertyconstruct. The range of the
property headmastemakes a reference to the concdfrsonusing the operatoREF. Note that the
distinction between entities from the ontology metamodel antities of the user ontology is carried by
the attributes prefix ‘# ¢f. Sectior3.113).

A concept can be modified using tWE.TER clause. The operateDD in the following expression
modifies the concepRersorby adding a new propertgge while the operatoDROPerases this property
from the concept.

ALTER Person ADD age INT;

ALTER Person DROP age;

The DDL enables to create an extent of concepts and properegated in a domain ontology. An extent
can be attached to a concept by means of the cl@&EATE EXTENT, as in the following expression:

CREATE EXTENT OF Laboratory (title, headmaster);

Notice that the extent do not declare #eronymproperty. Thus, this property will not be valued in the
content part. When executed, this expression createsal@ghema, as the one presented on Figute 3.4,
to store instances of this concept in the logical level.

3.1.2 OntoQL Data Manipulation Language (DML)

DML operators are provided to create, update and deletarinss of ontology concepts. The following
clause creates a new instance of condsggiioratory Notice that if the extent of the concept was created
with the latter OntoQL expression, the following insertimould not be accomplished, since property
acronymwould not exist in the extent table.

INSERT INTO Laboratory (title, acronym)
VALUES ("Laboratoire d’Informatique Scientifique et Industrielle", "LISI");

The instructionUPDATE allows to modify instances, adding new values to propediedeleting val-
ues. The following expression modifies the headmaster ofatheratory whose acronym is “LISI”, by
retrieving the identifier of the desired person.

UPDATE Laboratory SET headmaster =
(SELECT oid FROM Person as p WHERE p.firstname="Yamine")
WHERE acronym = "LISI";

Finally, instructionDELETE is used to delete instances of some concept. For examplé&lining
expression deletes instances of cond@gtsorthat do not have a last name.

DELETE ONLY(Person) WHERE lastname IS NULL;

This example shows that object-oriented constructors eaéahle in OntoQL. Indeed, the keyword
ONLY restricts the operation (in this case, theeteinstruction)only to the instances of the declared
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concept. The instances of subclasses of the concept ar@moérned. When an operation is applied
in cascade over the subclasses of a concept, we call foyymorphicoperation. The keywor@NLY
defines amon-polymorphimperation, and is mostly used 8ELECTclauses.

3.1.3 OntoQL Data Query Language

The data query language part of OntoQL is designed as anséotteof SQL to query ontologgontent
stored in OntoDB. Querying content with OntoQL is similartalassical SQL query and does not rely
on any specific logical database model. Therefore, two egpbins sharing a common ontology will
have the right to run a common query even if the underlyingcliglatabase models ardfdrent. The
SELECTclause in OntoQL defines projection on properties defined @amaept. As in SQL, the input
and the output of an OntoQL query is a relation. The followipugries search for the acronyms of all
laboratories. Because names of concepts and propertigsecdafined in dferent natural languages,
a given query can be written in any of these languages. Thejtwdes below are equivalent, but the
first query uses the English names of concepts and propestig® the second query uses their French
version:

SELECT acronym FROM Laboratory

SELECT acronyme FROM Laboratoire

Furthermore, like SQL, OntoQL allows queries to be nestatérclauses SELECT, FROM or WHERE;
it is equipped with aggregate operators (count, sum, avg, max), sorting (ORDER BY) and set
operations (UNION, INTERSECT, EXCEPT, GROUP BY).

3.2 OntoQL language for the metamodel part

The DDL, DML and DQL of OntoQL allow users to define ontologiasd their instances. OntoQL
proposes also a language for defining, manipulating andyopgeits own primitives, described in the
meta-schema part (Sectign12.2). OntoQL handles the bulitaisic constructors of ontology models
(cf. Figure[3P). This set can be extended with other entitiesgusie CREATE ENTITY clause and en-
riched with new attributes. For example, in order to add tiiéLQestriction constructoAllValuesFrom
to the core model of OntoQL, we can design the following esgiens (adapted froﬂ@bom:

CREATE ENTITY #Restriction UNDER #Class (
#onProperty REF (#Property))

CREATE ENTITY #AllValuesFrom UNDER #Restriction (
#allValuesFrom REF(#Class))

The first instruction creates a new entiyRestrictionthat inherits from the entityClass This entity
has the attributézfonPropertywhich makes a reference to the entitiProperty The second instruction
creates the entityAllvValuesFromas a sub entity o#Restriction The attribute#allValuesFromndicates
the class (its type is a reference to the entiGlas3 from which the instances of the restriction take their
values for the property defined in the attribétenProperty

75



Chapter 3. Context of the Development: OntoDB and OntoQL

All the operators for data manipulation (INSERT, UPDATE, IlEETE) can also be employed for meta-
model and ontology model manipulation. An INSERT instroictexecuted over an entity creates in-
stances of this entity. Considering the following expressi

INSERT INTO #Class (#name)
VALUES("Laboratory")

INSERT INTO #Property (#name, #scope, #range)
VALUES(’acronym’, ’Laboratory’, ’String’)

The first expression creates an instance of the e#ftitlassnamed Laboratory. The second creates an
instance of#Property that is, apropertywhose scope is the concepaboratoryand the range is type
String. These operations are equivalent to creating a gbrweith its properties in the classical way,
using theCREATE #Clas<lause, as shown in Sectibnl3.1.

The query part is a SQL-like language to query the core madehtoQL. An special symbol is used to
directly address the elements of the core model: the ‘# synas we see in the following query:

SELECT p.#name FROM #Property as p, #Class as c
WHERE p.#scope = c.#oid AND c.#name[fr] = "InstitutDeRecherche";

This query returns the names in the default language of thpepties of the concept named “Institut-
DeRecherche” in French. Notice thatameis an internal field of both the entitig&Classand#Property
so it has to be referenced unambiguously, ugiaiip expressiondike it is done inp.#namendc.#name.

3.3 OntoQL tools

OntoQL expressions can be created and executed using theamminine interfac€OntoQLPlus. The
expression can be edited directly in the text area. Onto@d.ptovides syntax highlighting, history of
the executed commands, possibility of executing scriptsoofimands, and translation of an OntoQL
query to a query in SQL or SPARQL. on Figurel3.5, some OntoQa dafinition expressions were
already executed in the OntoQLPIlus interface. The Ontorygin the last line

SELECT title, acronym FROM Laboratory searchs for all the titles and acronyms of laboratories. The
result of an OntoQL query is displayed in columns.

4 Conclusion

The current management of ontology-based data does nstystte performances and reliability re-

qguirements necessary for many applications, especiath-ideensive applications. OBDB have been
defined to solve this problem providing database architestto store ontologies and their instances.
OntoDB is a OBDB that dfers from other OBDB in two ways:

1. under some assumptions it stores ontology instanceshor@ontal representation that provides
better performance when numerous properties are used liiegue

76



4. Conclusion

OntoQL+ : Query editor

File Tools Options

OntoQL WorkBench [Modified

IEEIEEE

CREATE #CLAZS Laboratory |
PROPERTIES (Citle 3TRING, headmaster REF (Person), acronym STRING) ) :

[ »

CREATE EXTENT OF Laboratory (title, headmaster, acronym);

SELECT title, acronym FROM Laboratory:

Session Command History |select title, acronym from laboratory ‘ 2 ” Clear ‘

fitle ACTONYIT
Laboratoire dinformatigue Scientifique et Industrielle  |LISI
Grupos de Bancos de Dados Inteligentes EDI
Laboratoire dinformatique Avancée de Saint-Denis LIASD

I —

e

Figure 3.5: OntoQLPlus: a visual interface for OntoQL laagel

2. itprovides a meta-schema part that can be altered arebised. The importance of this capability
for the work performed in this thesis will be clarified in fner sections.

To query ontologies, a new generation of languages, caliedl@gy Query languages have been defined
(see: Sectiofi 114 of Chapter 2). These languadkss the possibility to query ontologies and their
content. OntoQL is an ontology query language based on S@ipttovide definition, manipulation
and query languages for both data and ontology. OntoQL k@sescore model containing primitives
that are common to fferent ontology models (such #Classand #Property. This core model can
be structurally extended by adding new constructs so askwitdo account particularities of other
ontologies. This allows representing ontologies in OBDBatelrer the ontology metamodel and also
creating entirely new primitives that are not related to ehéology primitives. It this allows to fully
exploit the meta-schema of OntoDB.

Chaptel# and Chapt€l 5 of this work describe how the OntoDBBRNd the OntoQL exploitation
language have been used and extended for validating a gwgproach for handling models hetero-
geneity in engineering domains.
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Chapter

A Model of Annotation of Engineering Models

1 The issue of making knowledge explicit in Engineering Mods

As it will be explained in later chaptersf( Sectiofl of Chapter 6), petroleum companies are subjected
to significant issues related to capturing the users esgeriihe knowledge corresponding to the experts’
interpretation about raw data is not made explicit insidelet& it is generally embedded in technical
data stores and files or it remains hidden in reports or inxXd@ains. As a consequence, interpretation
remains in most cases inaccessible for being recovereddbggsionals. Thus it is generally impossible
to characterize the content of a given interpretation ardetermine when, how, why and by whom it
was created.

These issues are shared by other domains that carry outiaestihat are based on engineering models.
Previous chapters explained that engineering models astitded of pieces of raw data that are assem-
bled by professional that are experts in the interest fieltiel\building the model, these professionals
identify significant objects inside the data sets. The ifiedtobjects are the result of a complex task
of interpretation ¢f. Sectiol”T.R of Chapter 6) accomplished by professionalshinze years of experi-
ence in the field. However, depending on the level of expedisthese professionals, and also on the
quality and quantity of contextual information that is dable about the data, each expert can provide
different interpretations about the same data set. And, clyjréris not possible to maintain these dif-
ferent interpretations in an explicit way, coupled with tteda. Here lies the need for a way of enabling
professionals to preserve their interpretation.

The proposal of this work for addressing the lack of explicibwledge in engineering domains such
as the petroleum exploration activity is inspired by faenantic annotatioapproach. We aim to allow
explicit meanings to be assigned to objects that an expentifies inside data. Annotation is then con-
sidered as #op-level entity independent of the ontology model. This proposal is sptifi terms of
ametamodel for annotatigrbased on the Meta Object Facility (MOF). The goal of this kvogeing the
annotation of engineering models, we also apply metamuglealirategies in order to proposereeta-
model for representing engineering modelBhe proposed metamodels are abstract conceptualization
that can be grounded to any language. This chapter deseribesantic-annotation-based approach to
make explicit the knowledge from engineering domains.
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Please note that the models presented in this work are UMds dagrams. The actual metamodels

were formalized in EXPRESS Ianguab_e(Sgh_en_ck_a.n_dWilsﬂd)léhd implemented using the OntoQL

language, as shown in Sectidn 2.

Also, in this work the termslata modeldata organizationmetadatafile formatare employed meaning
the description of the way data are structured or organiZear this reason, we refer to these expressions
interchangeably throughout this work.

1.1 Making engineering models explicit

The main goal of this section is explaining (i) how to creatplieit and formal representations of the
data models used by engineering models and (ii) represestdd instances of their data models.

1.1.1 Analysis of how engineering models can be annotated

As explained in Sectiofl 2 of Chapter 2, semantic annotatimroftology-based annotation) is a cur-
rent semantic Web technique for adding knowledge to ressupy means of semantic tags, which are
previously formalized by means of an ontology model. Ireghion this approach, we propose that engi-
neering models should liaggedwith ontology concepts so as to allow explicit meanings tagsigned

to objects that an expert identifies inside data.

From the state of art on semantic annotation, one can figuthatno framework or technique for anno-
tating objects inside computer-based models is proposedar@/aware of the fact that ontology-based
annotation is aimed to overcome issues related tcSvemantic Welparadigm. Indeed, this technique
was created to attach machine-readable semantic desnspt Web resources. In consequence, even
ontology languages have evolved in such a way that they anpatible with the format in which Web
items are represented. The resources that store informiattbe Web are identified by global identifiers
(URIs), the same type of identifiers that are used by the lagesi used for developing ontologies for the
Web, such as RDFS and OWL. It becomes evident that resouratare not suitable to be represented
using the Web standards cannot have benefit of the use of Heriiéeb proposals. This concerns the
data sets manipulated in engineering domains. For thesengait is necessary to conceive of a new
approach of semantic annotation, which captures also soeirees not compatible with the Web formats.

We are interested in annotating data files that are not yelibddy other semantic annotation techniques,
that is,structureddata files. When dealing with data that are part of compuseth models, we are not
allowed to change the data structure, because this wouleh mlsa change the associated computer-
based systems that use the data. The data files could, theasky exported to a text format (CSV,
XML) and read into a relational database; or transformedDi-Rriples and read into a RDF database.
However, this method does not keep the original format inctvliiata were organized inside the file: it
transforms data either in simplified format either in tripl&Ve are interested in storing data using their
original format in order to perforndata transformatiorbetween the various formats, which is a very
demanded task in engineering domains.

We have decided to “wrap” the information from the data files;hg a common formalized language.
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This language needs to be able to represent the varioustdatasds and formats of data. It must, then,
be defined on an upper information layer from all the possilka formats. To this end, we have made
appeal to MDE metamodeling strategies ¢liscussion on Sectidd 4 of Chapter 2), as explained next.

1.1.2 Metamodeling techniques applied to engineering motie

We believe that, in order to attach semantic informationmgireeering data files, we needdxgternalize
the model in which data are organized. We propose that tlzestiatcture of files be captured (manually
or automatically) and expressed in a reduced, homogenéaumsal data model that captures all the
basic elements on which data inside the files is based. Theeels that are essential for accessing the
information within a file are basically: thile identification(file name and its physical location) and
the attributesthat organize the data inside the file. These elements caagiared from the metadata
associated to the file. If the file has a file reader, the metaofabne file is written inside it, otherwise,
the metadata is stored externally to the file itself.

The question that follows is: in which language should eegiing metadata be represented? Consider-
ing that we intend annotating metadata with ontologies, awdccconsider representing file formats as
ontologies. However, it is not desirable to represent ergging data models using constructs designed
for building ontologies (such aawvl:Classin OWL language ordf:Propertyin RDF language) since data
and ontologies have flierent “nature”. The reason is that we do not expect to havesrfgineering data
models, features currently proposed for ontologies, ssdubsumption between concepts or inference.
Considering these criteria, we propose that specific coctstr diferent from the ontology constructs,
should be used for representing the metadata of engineeuig!s.

In MDE, the classical strategy for representinffaetient models consists in producing a top-level meta-
model_and in considering each individual model as an instariche super metamodel. Czarnecki and
Helsen :3) consider that defining a precise metamodepigraquisite for performing transforma-
tions between models. We propose then that the constructsgdmesenting the metadata of engineering
models should be formalized as Bngineering Metamodel

1.1.3 The Engineering Metamodel

Considering what has just been said, the next step of thik slusuld concern the issue of generalizing
the structure of engineering data models intdeagineering Metamodéhat should be able to commu-
nicate with all individual models. The Engineering Metarabid actually the minimum necessary set
of features that allows a uniform description of the engimgemodels (file name, identification, main
composite objects, and so on.). Figlrd 4.1 illustratesttiietsire of the Engineering Metamodel.

The elemenDataElemenits the abstract super-entity of all other entities of thigan®del, and it has a
field name DataClasss are first-class modeling constructs. Instancé3asClasss (at M1-layer) have
identity and can be organized in a specializati@meralization hierarchy by means of thebtype of
link. The optional fieldformatReademay be used for specifying the reader that is associatedeto th
data format. The attributes of sorbataClassare defined with the entitpataAttribute which can have

a minimum and maximum cardinality (fieldsin and max) and a fieldrange which is defined by the
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DataElement

|: name: String <]

subbype_of Z‘S
1 Datadttribute

DataClass SCOpE

mir: ink
formatReader: String| 1 * | max: String
range: DakaType

1

byvpe pe——r DatahAssociationEnd

DatafAssociation aggregationType: String [—
rin: ink
conneckionZ | max: String

Figure 4.1: The metamodel for engineering models

DataTypeentity.

DataAssociatios reflect binary relationships betweBataClasss. Instances dDataAssociatiorat the
M1-layer are links betweeBataClasinstances and which have neither a state nor an identitg értity

is connected to two entitidRataAssociationEndnhich specify: to whictDataClasss the association is
connected, the multiplicity (fieldsin andmax) and the type of the association (figldgregationTypgn

each of the end points. The type distinguishes between gatgrand non-aggregate associations. These
features are the building blocks that allow to representdatg artifact used in engineering models.

Having the metadata of the file formalized, it is possiblegfaresent (i) all kinds of engineering metadata
as instances of the Engineering Metamodel, (i) all files tie® the same metadataiastances of the
engineering metadataThis approach follows the MDE strategiesrepresenting data as instances of
their metadataexplained in a previous chapter. Figlirtel4.2 presents thinBedng Metamodel at the
M2 layer in the MOF architecture with four metalayers.

The classical four layer metadata architecture has seadwantages over simple modeling approaches
M,@). It can allow dferent kinds of metadata to be related, new kinds of metaddia added
incrementally, and it can support interchange of arbitragtadata (models) between parties that use the
same metamodel. This favors the generalization of toatiipalata formats and the homogenization of
data representation.

1.1.4 Data transformation using the Engineering Metamodel

According to approaches of model transformation (expkhiimeSectionCZP of Chapter 2), the Engi-
neering Metamodel can be used as common metamodel fordrareions between fierent models.
The model transformation consists in writing transformatiules that receive elements from the source
model and produce the corresponding target model. Thisisslon FigurdZ14 on pafel64.

An example of this operation is the case when an engineargssme specific software tool, needs
to convert data files from one model to another. Since all tiggneering models are represented con-
forming to the Engineering Metamodel, the model transfdionahere is an example of andogenous
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M3 layer
MOF Ciass
(MOF) /n\ _
‘ <<instanceofs>
M2 |ayer DataElerment
Meta-model Datallass Datafitribute ==
<nstanceofs> <<nstanceofys
M1 layer Model 1 Mode] 2
file_id: String file_id: String
Model attribute1: Int field1: Date
;"5 A
MO layer Model_1 ‘Model _2
fle_id: /Dffile2z4.ff1 file_idk fa/filegs, ff2
Instances attributel: 12 field1: 10/10/08

Figure 4.2: Four-layer metadata architecture for the Egging Metamodel

transformations. From Figuie_2]14 on pdgé 64, the metarsdddl, and MM, are replaced by the
Engineering Metamodel. Modé{i, is the model of the source file, and modé}, is the model of the
target file. Rules are defined, according to some model wamstion language, that maps the elements
of the source file model to the target file model.

Furthermore, it is possible to transform models descrilpe@ims of the Engineering Metamodel into
models that adopt another metamodel, such as ontology mobk is a case @xogenousransforma-
tions. FigurdZl3 depicts the idea of model transformatietwben engineering models and ontologies
using the Engineering Metamodel.

= MOF |=
ﬁce@f ATI a'nstar%

EngiViM QVT OwliVIM
h A A
mstan‘x-Of .l'nsta\vceOf .l'nstanL\eOf
Ma |« RulesTr—» ONTa

mapsFrorm mapslo

Figure 4.3: Model transformation between engineering risoaied ontologies

Explanation. The source model is some mod), used in engineering models, which is conform the En-
gineering MetamodelEngMM). The target model is an ontology mod2N T,, which can be described
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according to the OWL languag®wIM M) or another ontology language. These two metamodels (En-
gineering Metamodel and OWL language) can be describedrnmstef the MOF language. The model
transformation consists in writing transformation rulRsile ;) in some model transformation language
(such as QV@) that produces an ontology from the elements in the engimgenodel.

The model transformation presented here will be implenteatean approach ofiodel annotationand
will be detailed in Sectiohl2.

1.1.5 Example of models represented using the Engineering étamodel

Let us illustrate the use of the Engineering Metamodel bintak real example of file format from an
engineering domain, extracting its metadata and produnstgnces of it.

#aP zZ001 1 1 IGIST HLM IG3

+ =26 1 £ 3 4 5 7 8 9...
+ 21 22 23 24 25 Ze6 27 28 29 30 31
/* 0rbit cowbination from weighted awerage

* a0l L 10

1 26496, 42 -199.76 -1969.65 158.584

Z 8382.64 -Z24819.96 2391.41 -319.34

3 12055.36 13380.80 -19579.69 71.30

4 -2613.85 -22464,07 13821.99 633,04

tovd

P 31 25564.24 5376.01 -5905.91 24,61
EOF

Figure 4.4: Pictorial representation of the figs12502.sp3

Example.In GPS (Global Positioning System) tools, there are mafigmrint file formats to represent
way-point, track, and route information. The site of the ibladl Geodetic Survey (NG@, which
defines and manages an American coordinate system, havesstenef GPS data available. The SP3
format (Standard Product # 3 Orbit Format) keeps infornmaéibout satellite coordinates. Its metadata
(described in the file header) defines the kind of informapoovided in each set of lines. The first
line (starting by the symbol #aP) give contextual informatabout the file, such as the starting date
of the orbit (0101/2001), the coordinate system (IGS97), orbit type (HLM),reye(IGS), the number
of satellites and their identifiers (lines starting by): After that, each line (starting by ‘P’) gives
coordinates information for each of the satellites, withiime epoch.

The metadata of the SP3 format (simplified) can be formalizeidg the Engineering Metamodel as
illustrated on Figur&4l5.

Having the SP3 metadata formalized, it is possible to des@very SP3 file as anstance of the SP3
metadata We chose one file, namegs12502.sp3collected from the NGS site, in order to use as

2The Queryiew/Transformation (QVT) language is a declarative languagedsirdized by OMG for model-to-model
transformations.
Zhttpy/www.ngs.noaa.gov
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_i DataAnribute _i DataAttribute
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Figure 4.5: SP3 metadata described in terms of the Engimgebtetamodel

an example ¢f. Figure[4#). Figuré_216 shows an instance of the SP3 metagatah stands for the
igs12502.spdile.

The attributes of this instance are valued with data obtbfram the actualgs12502.sp3ile.

: SPSFile _
= coordinates : Coordinates
URI =igs10951
filename = igs10951.5p3 w-coordinatekm) = 264946.42
orbitStart = 01/01/2001 w-coordinatedkm) = -199.78
numberOFSatelites = 28 z-coordinatelkm) = -1969,65
sateliteld =[1, 2, 3, ..., 28]

Figure 4.6: Fileigs12502.sp38lescribed as an instance of the SP3 metadata (in terms ohtfieeering
Metamodel)

The practical advantage of having instances that standcfoabfiles is the possibility of exploitation of
the information included in the instance, independentlthefsystem that originated the file.

1.2 Emergence of knowledge in engineering models

At this point, we recall the original objective of the worksdeibed in this chapter: to annotate engineer-
ing models with ontology concepts. We have now a formal gmtation of the engineering models. In
order to make knowledge explicit in engineering modelss itécessary to “link” them somehow to the
concepts of the ontology that describes the engineerincadyrthat is, to perfornsemantic annotation
of engineering models.
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To explore this goal, we have first identified the main typesrofotation processes that can be carried out
by the users. We have, then, established the requiremangmdineering models annotation. We have
defined more precisely what constitutes an annotation sndhintext, and which are its properties. We
end this section by presenting an annotation-based metdrfardengineering models and an example
of its application.

1.2.1 Annotation processes

In order to understand the types of annotations that we gedeake into consideration, we observed the
professionals from the reservoir characterization domaiming the construction of reservoir models.
Based on this case study, it was possible to understand thahsae users work with the data files,

how and when they extract and save information on these #esording to the type of task and the

computer-based tool used, we could distinguish three siosrfar producing annotations of engineering
models:

¢ white box annotation: the annotation system is integrated to the modeling tobe dnnotation
system knows the associated ontology, so, when the useugesdin interpretation about the
engineering model, the annotation system automaticadigites instances of annotation referring
to the URI of the concepts of the ontology that are associtidtie user’s interpretation. The
annotation system links the annotation to the data set coede

e black box annotation: when using a proprietary modeling tool, it is not possiloléntegrate the
annotation system into it. The annotation must then beezhwut in an interactive way by the
user: while building the engineering model the user, siamgbusly, produces annotations about
the data and manually attaches the annotations to the deda Tihis corresponds to the practice
of generatingexperience reportéext documents) that explicate the interpretation. Tli@dince
is that these documents are in natural language, and caermbessed later on by automatic
software tools, while ontology-based annotations arei@kpind formal.

e intrusive annotation: when the engineering model is previously interpretedpme open-format
data file, the annotation system examines the data filesiagsthand discovers, by using heuristic
rules, which objects must be annotated. The system, theaciases these objects to the corre-
spondent ontology concepts, and produces automatic dinmsta The link to the original data
source is maintained by the annotation.

1.2.2 Requirements for annotation of engineering models

We have defined some requirements for annotation that releateed when annotating engineering
models.

1. Support multiple annotations on the same modelIn engineering domains, data sets are eval-
uated by professionals that havefeient levels of expertise. The interpretation depends en th
objective which the user has in mind, which will define thengtarity, precision and context of
the information needed. Consequently, each professioaglhrave a dferent opinion about the
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data. It means that for one same data sdfedint users may probably addfdrent annotations
to explain its meaning.

2. Support annotations of multiple models with one same ontolgy concept This behavior is
due to the fact that data sets issued froiffiedlent models may be justfiirent representations of
the same domain concept.

3. Preserve the original data file It is not desirable to add the semantags directly inside the
data artifact. In the situation where there exist multigdn@mns about the same data set, simple
comments fields directly added to the data set would und#giitacrease the attributes of the data
artiface. Furthermore, we do not want to modify the origidata for the sake of the interest of
end-users.

4. Allow different granularities of annotation. The expert may want to give an opinion about the
entire files, or just about a particular location within tHe.fi

5. Support attributes on annotation. Attributes such as author, timestamp, version, are atitic
features needed from and by end-users.

6. Support annotation on relations From Sectioll]Jl we have concluded that two types of opinions
can be given by experts: opinions abobject identificatior{which is encompassed by annotating
the data sets) and abomgtlationships between objectdn current annotation models, one can
annotate ontology entities, but there is no defined way tot@t@ ontology statements. This is
not suficient for a complete formalization and sharing of data’sriptetation.

7. Support queries on annotations Users need to be able to query annotations for two distinct
purposes: (i) to find annotations where the annotation galuemselves are of interest; and (ii) to
find annotations where the associated data values are méshigf. Sectiol 2313 of Chapter 2).

All these characteristics lead us to think that it is bettehd@ve annotations existing in af@irent space
than that of the ontology, so that they may not modify the kielmaof the domain model. Therefore,
we propose to consider annotations as “stafitlitem, which will remain some way external to the
annotated entities.

1.2.3 The Annotation Metamodel

In this section we introduce a metamodel that addressesethgérements for annotating engineering
models identified in the previous sections. In this metarha@notation becomes tap-level entity
with its own attributes, separated from the ontological ei@hd from the entity being annotated.

The annotation element need to be linked to concepts of agitd, in general. An ontology concept
represented with the OWL language should be able to be litdkgth annotation entity as much as a
concept represented in the PLIB model. We need to define thatation entity in the same level as the
ontology constructewl:Class from OWL andClassfrom PLIB.

Therefore, the annotation entity needs to be proposed im#tamodel level. For this, we propose a
Metamodel for Annotatiothat aims to link the annotation to ontology constructs ie eie, and link
to ametamodel of possible annotated resourcethe other side. But why enetamodel of resources
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The goal is to propose a general framework of annotationreviiey ontological construct can be linked,
through the annotation entity, to any type of resource thathe annotated.

Figure[4Y illustrates the idea of the general metamodehfurotation: in the left side we have all
the constructs for building ontology concepts fronffetient ontology languages. In the right side we
have the constructs for resources such as documents, yvidesges, and also Web-services (ih®-
cess:AtomicProcessonstruct) and computer-based models (the newly createstroot DataElement

- cf. SectionlTI.TR). Resources such as documents, videos ageésndeépose already of frameworks
for being annotated. We are interested in the applicatiaheMetamodel for Annotatioto engineer-
ing models. Therefore, we restrict the type of resource omlthe constructs of engineering models
(DataElemenentity).

ClassConstruct | isfénnotatedBy | Apnotation annotates ResourceConstruck
narne: Skring 1,.% i,.*% [|name: Skring | 1,,* 1,.* | narme: String
Ak M
D. |*
|PLIB:EIass damiClaes AnnotationProperty ‘ImageResuurce ¥ideoResource

label: String f |
range: DataType

DocumentResource | | DataElement

process:AtomicProcess

owl:Class

Figure 4.7: Metamodel for annotation of engineering models

Explanation. The Annotationentity creates a link between the construct of ontology epteand the
DataElementonstruct through the relatioasnotatesindisAnnotatedBy These relations have multiple
cardinality, which means that one annotation element darreannotate multiple data elements with one
same ontology concept, or use multiple ontology concepsntmtate one same data element, or both.
The AnnotationPropertientity is the construct that should be used to provide aksypf properties to
the annotation, by means of the figitbperty

We compare here the present proposal with the annotaticemnoetel proposed in the work of Vrandecic
et alml. extend the Ontology Definitidetamodel €f. SectioZ.B of Chapter 2)
with the constructAnnotateableElementAnnotation and AnnotationPropertyValueAll ontology el-
ements (classes, properties) become a subtygpbtateableElementhat is, they are possible to be
annotated. ArAnnotationcan be either a data value, an URI or an individual. It meaaisah ontology
element will be annotated with an instance. The structuanatnnotation is the triplAnnotateableEle-
ment AnnotationPropertyValue Annotatiofihe diference to the present proposal is that the metamodel
ofml. can be used just for annotating ontoldggnents, while the Annotation Metamodel
proposed in this work is suitable for annotating any kindesfaurce.
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1.2.4 Example of annotation of engineering models

In order to illustrate the application of the Metamodel farmtation, we take as example the activity of
climate modeling, described as follows.

Example. The Earth System Curator project develops a metadata fsmmé&br describing the resources
used in climate simulations, presented.ln.Mutp.hﬂtLal_ﬂ?OO’he metadata for climate simulations
include classes that describe the gridded data used in mmahelimate models, called Gridspec meta-
data@ The Gridspec describes the discretized data that are tpataftthe simulation. And this domain
also stfers from the problem of having a wide and increasing diversitmodel grids used, and the ab-
sence of a standard representation of grids. The autharstfie Curator project claim that it is rather
difficult to perform comparative analyses of data from dispamnadelel grids. However, the Curator
project focus on describing the technical details of clenabdeling components. Theftiam thatthe
ability to formally describe the scientific aspects of medslappealing because it opens the door to
scientific not just technical compatibility of modeling quonents

In the case of the Gridspec project, one solution for desgithe scientific aspects of models is the
annotation. However, the Curator project does not preseoir@ain ontology with the vocabulary that
could be used by professionals to describe the models. Bogé sbridspec is a metadata for climate
simulation, they could easily apply the SWEET ontolobM&mld_EdnLZQ_(bS), defined by NASA.
The SWEET ontology define concepts used in Earth and Envieotathsciences in a modular design.
SWEET ontologies describe fields such as Ocean, AtmospBeifestances, and so on. We try here
to make up an example of how a Gridspec dataset could be aedotéth a concept of the SWEET
ontology. This is illustrated on Figuke%.8.

M2

owl:Class isAnnatatedy Annotation annokates DataElement
rdf: 10 1..# 1,.% | name; Skring |1, * 1, #| name: String
A A A,
M1 :’ I=I=:<instan-:vac-|"r-»:: |:<<instan-:ec-F>:= ﬁ:in:tauncen:;F::r—»:I
Atmosphere ClimateAnnotation annokates I B

ishnnotatedBy_| author: String E:?trigea'igordinate

date: Date haorizonkalZoordinate

Figure 4.8: The Gridspec metadata represented as an iasthttee Annotation Metamodel

Explanation. Figure[Z8 shows the Metamodel for Annotation as the M2 lafére framework (nomen-
clature of layers inspired from the MOF metamodef.-Sectior# of Chapter 2), together with the OWL
construct for ontology conceptewl:Clas3. In the M1 layer we have: the ontology concepisno-
sphereand Ocean which are built using thewl:Classconstruct. The Gridspec metadata can be seen as

2Thitpy/www.gfdl.noaa.goyvb/gridstdgridstd.html
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an instance of th&ngineering MetamodelThus, theGridTile class from the Gridspec metadata is rep-
resented as an instance of thataElemengentity, in theEngineering MetamodeFinally, an annotation
can be made over th@ridTile class, which links it to théAtmosphereor Oceanconcepts, according to
the interpretation that is made about the data inside tlie @tie annotation is created as an instance of
the Annotationentity, and the propertieauthorand dateare built with theAnnotationPropertyentity.
The instances of the M1 elements should be placed in the M®,lahere we would have: (i) the actual
grid data, (ii) the instances of the ontology and (iii) théuat annotations made by the professionals. An
annotation instance would describe the author who perfdrine annotation and the date when it was
performed. At this point, we would be able to create multguh@otations for one same grid object, each
author giving its own opinion about the grid data.

The example above shows how to apply metamodels for anoottdia real domain. ThAnnotation
construct can be used to defityped-annotationg the M1 layer: we define that some data elem@ig
annotated by an ontology concept This is useful because within a specific task, indepengearfitthe

tool or application that is used to perform this task, sonpes$yof datasets are interpreted always using
the same ontology concept€ @nnotates R A grid dataset can be interpreted as atmosphere data or as
ocean data, depending on the activity that is employing tite th each of the activities it is possible to
define one typed-annotation that links the grid datasete@dmcept.

1.2.5 Attributes of an annotation

There is no agreed-upon convention for the structure of atioas €f. discussion in SectiofZ.3.2 of
Chapter 2). The advantage of having an abstract metamadahfmtation is that we can create various
Annotation data models, for the various domains.

Using the construcnnotationPropertyt is also possible to define as many properties as needed when
defining a typed-annotation. In the above described exantiie propertiequthorand datewere cre-
ated, but other properties could also have been defined, asighnoperties for storing the annotation
version, its status, the activity in which the annotatiors\ganerated, the tools used during the activity,
and so on. An expanded set of annotation properties coukkreums from core vocabularies. Some
examples are (1) the Dublin Core initiati 000)jchtstandardizes terms that define the char-
acteristics of published resources, such as its title tareeoverage, or publication date, with extensions
for rights, permissions, digital right management; andtk2) FOAF vocabularyL(.B.Li.ckLe;La.nd_MiLIer,

), which covers terms needed for describing profeasioollaboration such as people and their
relationships, organizations and projects. The FOAF valeap can be used for formally describing
people involved in engineering activities. The annotatiosuld then make a reference to the unique
identifier of the person that interpreted the dataset. EiL® illustrates a possible configuration for
some typed-annotation enriched with properties from theliDWCore and FOAF vocabularies.
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M2
. isAnnotakeds i
owl:Class W Annotation annotates DataElement
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Figure 4.9: Annotation enriched with properties from thebDuCore and FOAF vocabularies

2 Design of the approach based on model annotation in OntoDB

The environment for the implementation of the model animmabased approach is the OntoDB ontology-
based databasef(SectiorB of Chapter 3). The meta-schema of the OntoDB syiséenbeen extended
with the constructs proposed in the Engineering Metamaakelimthe Annotation Metamodel. OntoQL
was used as the exploitation language for handling the CBitmBta-schema.

2.1 Extension of the OntoDB meta-schema

We recall, on FigurEZ4.10 the original architecture of OrlBoWith its four related parts: (1) metabase,
(2) meta-schema, (3) ontology and (4) instance.

(2) | (ontology meta-model)g

©) %@

e s =
U —

Meta-schema System catalog

Ontology T
{domain ontologies) (individuals)

(1)

(4)

\‘\1_—_—.—__—;,,/

Figure 4.10: OntoDB architecture
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2.1.1 The Engineering Metamodel

The first step is to modify the meta-schema of OntoDB in ordeadd the entities representing engi-
neering models. As it was explained in Secfiof 3.2 of Chaptére OntoQL language is able to handle
the set of primitives defined in the meta-schema of OntoDE: ®htoQL expressions make use of the
CREATE ENTITY clause in order to create the primitives of the Engineeriregdvhodel in OntoDB'’s
meta-schema. We explain as follows the definition of thetiestbf the Engineering Metamodel (illus-
trated on Figur&4l1 on pafel84).

The entity#DataElementis created, independently of the ontology ent§lass having an attribute
#nameof type String.

CREATE ENTITY #DataElement (
#name STRING )

The entity#DataClassis created as a sub-entity gDataElementthus it inherits the attributéname
The attribute#subtype ofmakes a reference to anothDataClassand the attributé/formatReaders
of type String.

CREATE ENTITY #DataClass UNDER #DataElement (
#subtype_of REF (#DataClass)),
#formatReader STRING

The entity #DataAttibute is created as a sub-entity ¢#DataElement The attribute#rangemakes a
reference to the primitivéData Type which already exists in the meta-schema of OntoDB. Théate
#scopemakes a reference to sor®ataClassthe attribute#min is of type Integer, and the attribute
#maxis of type String (because the maximum cardinality is exggddy a character, such as ‘N’).

CREATE ENTITY #DataAttribute UNDER #DataElement (
#range REF(#DataType),
#min INT,
#max STRING,
#scope REF(#DataClass))

The entity#DataAssociationEndis created as a sub-entity gDataElementThe attributettype makes

a reference to som#DataClassthe attribute#min is of type Integer, the attributémaxis of type
String (because the maximum cardinality is expressed byasacter, such as ‘N’), and the attribute
#aggregationTypés of type String (because the type of aggregation is defineklelpwords, such as
“composite” or “none”).

CREATE ENTITY #DataAssociationEnd UNDER #DataElement (
#aggregationType STRING,
#min INT,
#max STRING,
#type REF (#DataClass))

The entity#DataAssociationis created as a sub-entity gDataElement The attributestconnectionl
and#connectionZnake references to soni®ataAssociationEnd
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CREATE ENTITY #DataAssociation UNDER #DataElement (
#connectionl REF(#DataAssociationEnd),
#connection2 REF (#DataAssociationEnd))

2.1.2 The Annotation Metamodel

The next step consists in modifying the OntoDB’s meta-sch@norder to add the primitives from the
Annotation Metamodel.

The entity#Annotation is created, independently of the ontology entitylass having an attributéname

of type String. The attributéannotatesnakes a reference to the engineering metametamodel pemiti
#DataElementthe attribute#tisAnnotatedBymakes a reference to the ontology primit#€lass This
establishes the link between an entity from the engineeriagamodel and the ontology metamodel. The
attribute #propertymakes a reference t@AnnotationPropertywhich enables to add more contextual
information to the annotation.

CREATE ENTITY #Annotation (
#name STRING,
#annotates REF (#DataElement),
#isAnnotatedBy REF (#Class),
#property REF (#AnnotationProperty))

The entity#AnnotationPropeny is created having an attributdabel of type String. The attributérange
makes a reference #@PrimitiveType because the properties of annotations are not supposesl db b
Reference type.

CREATE ENTITY #AnnotationProperty (
#label STRING,
#range REF(#PrimitiveType))

The entity#RelationAnnotation is created, having an attributtmameof type String. The attribut&anno-
tatesmakes a reference to the ontology primiti@roperty the attributes#from and#to make references
to the ontology primitive#Class The attribute#propertyis a reference to son#AnnotationProperty
This creates a means of adding contextual information tetthation of an ontology property.

CREATE ENTITY #RelationAnnotation (
#name STRING,
#annotates REF (#Property),
#from REF (#Class),
#to REF (#Class)),
#property REF (#AnnotationProperty)

2.1.3 The extended architecture of OntoDB

Figure[4TlL illustrates the architecture of OntoDB after éixtension of the meta-schema with the new
primitives.
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Figure 4.11: OntoDB architecture extended with Enginggand Model Annotation primitives

The OntoQL scripts, when executed, modify the OntoDB metesia (part 2 of FiguleZZ111), which
is equivalent to theanetamodelayer of the MOF, adding new entities and attributes as it&s of
#ENTITY and#ATTRIBUTE respectively. In part 3 of FiguleZZ111, which is equivalemthe model
layer of the MOF, the Engineering Metamodel primitives allone to defineengineering modejsvhich
are not ontologies; and the Annotation Metamodel prim#tieaable the definition ainnotationsthat
link the engineering models to the domain ontologies, asd ahnotations over the ontology properties.

Thanks to the new entities added to its meta-schema, OntolDBerable to store within a single data
base, the engineering models data and their ontology-basedtations. This extended meta-schema
will be employed to create the engineering models and atiangafor the real case studied in this thesis.
The implementation of the case study is described in the €H8p

2.2 Example of use of the new OntoDB primitives
2.2.1 Creation of engineering model

The metadata of the SP3 model illustrated on Fidgurk 4.5 or[Bdgcan now be included as an engi-
neering model into OntoDB using the recently-added priragti We present some examples of OntoQL
scripts that show how to create the SP3 model elements anhaest of Engineering Metamodel primi-

tives.

In the following expression, thtVSERT INTOclause is used for creating the SP3File type as an instance
of the #DataClas®ntity. Notice that the clauseREATE could also be used for creating the SP3 model
(e.g. CREATE #DataClass SP3F)leln that case, the creation of a data element would be anasotp

the creation of an ontology concept, using @REATE #Clasglause. However, the semantic processing
of the OntoQL language would have to be changed in order ®itek consideration the fact that the
new clauseCREATE #DataClasswhen executed, creates an instance in the t&blataClass Using

the INSERT INTO clause, this operation is directly executed, without negdo change the language
semantics.

INSERT INTO #DataClass (#name, #subtype_of)
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VALUES (‘SP3File’,
(select #o0id from #DataClass
WHERE #name = ‘DataFile’))

For the same reason as the one cited aboveatthibutesof a SP3File are created as instances of the
#DataAttributeelement with thdNSERT INTO clause. In the following expression, the attributen-
berOfSatelliteshas as range #DataTypewhose name is ‘Integer’; has minimum and maximum cardi-
nality of 1; and has as scope the instanc&bataClassvhose name is ‘SP3File’.

INSERT INTO #DataAttribute (#name, #range, #min, #max, #scope)
VALUES (‘numberOfSatellites’,
(select #oid from #DataType
WHERE #name = ‘Integer’),
1, ‘17,
(select #o0id from #DataClass
WHERE #name = ‘SP3File’))

An association between two data classes is created as andastf the entity?DataAssociation In
the following expression, the associatibasCoordinategathers the two data association ends that are
respectively connected to the data classes nasf@fFileand Coordinate

INSERT INTO #DataAssociation (#name, #connectionl, #connection2)
VALUES (‘hasCoordinates’,
(select end.#o0id from #DataAssociationEnd AS end
WHERE end.#name = ‘endl’
AND end.#type= (select #oid from #DataClass
WHERE #name = ‘SP3File’)),
(select end.#o0id from #DataAssociationEnd AS end
WHERE end.#name = ‘end2’
AND end.#type= (select #oid from #DataClass
WHERE #name = ‘Coordinate’)))

2.2.2 Creation of annotation types

The Annotation metamodel enables us to createotation typesn part 3 of the OntoDB architecture
(Figure[4.T1l), which is equivalent to timeodellayer of the MOF. An annotation type is an instance of
#Annotationthat links specific ontology concepts to specific engingenrodels. To illustrate this, we
reuse the example shown on Figlirel 4.8 on fage 91, in which tidspgec dataset is annotated with a
concept of the SWEET ontology.

The following expression shows the annotation typignateAnnotation created as an instance of the
entity #ZAnnotation It annotates the engineering mod&lidTile with the ontology conceptdtmosphere
or Ocean The annotation properties aaeithoranddate

INSERT INTO #Annotation (#name, #annotates, #isAnnotatedBy, #property)

VALUES (‘ClimateAnnotation’,

SELECT #oid from #DataClass WHERE #name = ‘GridTile’,
SELECT #oid from #Class WHERE #name = ‘Atmosphere’ OR ‘Ocean’,
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SELECT #oid from #AnnotationProperty WHERE #name = ‘author’ OR ‘date’)

The following expression illustrates the creation of thaaation propertyauthor

INSERT INTO #AnnotationProperty (#label, #range)
VALUES (‘author’,
select #oid from #DataType where #name = ‘String’)

The instances of the annotation typémateAnnotatiorare restricted to annotate instances of@r&l Tile
model using one of the conceptgmosphereor Ocean Defining annotation types is useful for restricting
the domain and range of annotations, and for defining categof annotations that are always performed
in some specific engineering activity.

2.2.3 Querying the model annotations

The users are able to ask queries about an engineering neodeh(l files that are part of a model) and
also about the annotations, as we show with the followingpQhtqueries.

Query: select all ontology concepts that annotate the data ele@edTile.
Answer: Atmosphere Ocean

SELECT #Annotation.#isAnnotatedBy.#name FROM #Annotation
WHERE #Annotation.#annotates.#name = ‘GridTile’

Query: select the name of the annotation types that uses the ggtomceptOcearto annotate models.
Answer: ClimateAnnotation

SELECT #Annotation.#name FROM #Annotation
WHERE #isAnnotatedBy.#name = ‘Ocean’

3 Conclusion

In this chapter we described a first step for ensuring semantnpatibility between engineering mod-
els. We presented a means of linking objects in engineeriodets to their ontological meaning. We
proposed that the expert’s interpretation about some @ataesrepresented as annotation The anno-
tation is an element that makes the link betweendéi elementand theontology conceptthat give
meaning to the data.

In order to keep it a general approach, that can be appliedfereht domains, we used meta-modeling
techniques and proposedretamodel for the engineering modatsd ametamodel for the annotation
The Engineering Metamodel allows creating explicit andrfak representation of the data models and
of the actual files used by engineering models. It can be usedcmmmon metamodel for operating
transformations betweenftérent file formats.

The Annotation Metamodel transforms thanotationinto a separate, explicit entity which is placed
in the same abstraction level than the constructs for ogimdoand data elements. In typical semantic-
annotation approaches, annotation is defined as an instéti@ontology concept that is attached on the
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resource and consequently it does not exist separatelytfierantology. In our approach, annotation is
a top-level construct separated from the ontological cptscel his approach allows us adding attributes
that characterize the annotation (such as author, timgstansion) while physically separating it from
the annotated resources. The aim of the proposed condeptial is showing that annotation should
be made an explicit construct in domains where we can have wliffierent opinions about a same set
of objects. It is then possible to externalize these opmiby means of the annotation. As a result,
the knowledge base maintains all the possibfeedént interpretation made by experts about the domain
objects.

We showed that this approach can be naturally implementedeir©ntoDB ontology-based database.
OntoDB is built on diferent layers, from the meta-scheme to the instance layernigta-schema layer
of OntoDB was extended with the constructs proposed in thgrieering and Annotation Metamodels.
The DataElemeniand Annotationentities were created in the same level as @assentity, which is
used for building ontologies. Th&nnotationentity makes the link betweebataElementnd Classby
means of the relationshipsAnnotatedByandannotatesWe demonstrated with some tool examples that
with this approach, the user is able to ask queries abouttieeering models structure, about the files
used by engineering models, and also about the annotations.

We will show in later chapters that this approach can be afgdemented in &emantic Welparadigm,
for example, when using OWL language. In that case DataElementand Annotationentities would
become OWL classes, that instancef the owl:Classprimitive. Consequently, the engineering model
and annotation constructs would not be at the same levekddnkology construct. The consequence is
that they would be part of the ontology, and would be incluieall reasoning and inference operations.
However, since they arannotation informationthey would not provide useful information for these
inference methods.

An RDF-based approach would consequently lackntieamodel levewhich makes the methodology
generic and thus applicable to other domains. This is duleedect that RDF-based ontologies cannot
have their metaclasses modified, unless they become OWILloFRtdlogies €f. SectionZ.3]1 of Chap-
ter 2). However, OWL Full ontologies loose some guarantsgsh(as the decidability of basic inference)
which OWL DL and OWL Lite provide for reasoning systems andalifconstitute an advantage when
developing OWL ontologies.
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Chapter

Ontology-Based Integration of Engineering Models: anA
postenon Approach

1 The problem of aligning different expertise fields to a federating domain

In the workflow of petroleum reservoir characterizationtéiled later on in Sectio 1 of Chapter 6), one
of the main issues is to determine how to create correspardeamong each of the specific fields of the
Geosciences involved in the task. Scientists involved éncibnstruction of a final reservoir model need
to be able to integrate data sets across disciplines reiatealrth sciences such as geophysics (seismics,
well log analysis), geology (stratigraphy, sedimentologiyuctural geology), petrology, petrophysics
or to various other fields (for instance solid modeling or gatistics). The users expect to be able,
within any stage of the workflow, to answer questions thattesgjeological objects issued fronffdrent
domains each with the others. Currently, it is not possiblariswer this type of question, since the
relationship among the objects identified in the variousspbaf the workflow is not explicit.

It should be noticed that other engineering developmertga®es also involve a set of activities that rely
on different expertise fields. This is the case, for example, of diechics. The mechatronics system
design activity usually depends on various applicationdifdérent specialtieﬂm@%) present
an ontology for the domain of mechatronics that stands fantmgrated view of sub-domain ontologies
such as mechanical ontology, hydraulic ontology, contriblmgy and electronic ontology. There is no
obvious integration schema for suclifdient domains. The Mechatronics System Ontology (MSO) acts
as a standard representation to which all other domainsrdesl

This issue is similar to the multi-disciplinary problem iretreservoir modeling workflow, in whiaieol-
ogyis seen as the red thread that should guide the modelinwaLﬂOS). Mechatronics
and Geology domains can be seen as macroscale versions efspexific domains, they act as pivot
among the other expertise fields. This configuration can ba as a problem gberspectival hetero-
geneity as explained in Sectidn 3 of Chapter 2, in which various rso@g@resent various points of view
in relation to the same domain of interest. Figurd 5.1 itatsts this intuition.

In this work, inspired from real world cases of multi-didaiary domains, we chose one of the fields to
be thefederatingdomain that gathers the vocabulary that is shared by thegsmhals of all the spe-
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. Federating domain

Perspective 1 Perspective 2

Figure 5.1: Diferent perspectives about one same domain

cialized domains. Thé&derating domaircharacterizes the engineering domain (like the Mechatsoni
domain in the example cited above) and makes possible tgrattethe data from these various dis-
ciplines. When integrated, these data allow the emergehoew knowledge, which is relevant for

engineers and essential for timely and correct decisioningakn several areas, this integration is still
made by engineers themselves and is neither formalizedamopaterized.

It is important to notice that users from these domains galyedo not expect data to be put together
in one same repository. Integration, in this context, mdarmding correspondence between entities
from different fields, without merging the corresponding instancHse experts from these domains,
in particular those from the petroleum industry, need dateetain where they are, and to keep their
original format, which can dier completely from one field to the other. What they aim is t@bke to
have an integrated vision of the data issued from all tfie@int fields. They need semantic-based
integrated vision of the data. The semantic-based integrapproach must take into consideration the
meaning of the various data for the experts, in order to defiapping rules. Clearly, there is the need
of an non-conventional semantic integration approach.

In this context, techniques that provide an automatic miagchf concepts issued fromftierent fields
may not be the best solution. We are not dealing with straedteterogeneity in ontologies that represent
the same domain, but we must, on the contrary, bridge orieggddgpm fields that are completelyffirent
from each others. In this case, classical approaches ofmaitito recognition of equivalence between
concepts by comparison of attributes or lexical analysésuathelpful. Ontology matching becomes an
engineering task, performed by the experts themselves.

One final matter is that ontologies that describe specificalosnof expertise might beusedinstead of
being developed from scratch. In this case, bridges betwetaiogies should not change the structure
of local ontologies that are just locally imported. Consaly, it is essential to provide a means of
mapping the various ontologies in anposteriorifashion. This means considering that the structure of
the ontologies are already set up by the time experts sugigesiorrespondences between them. The
objective is thus to keep ontology development indepenfitent ontology matching.

The issue of data integration is still a challenge when am@ig activities that rely on heterogeneous
fields. Our goal is to provide engineers the infrastructimeytneed to integrate data from multiple

102



1. The problem of aligning dlierent expertise fields to a federating domain

expertise fields.

1.1 Integration of engineering domains

Domains such as engineering activities and scientific egipins depend on very diversified fields, that
are not obvious to integrate. These domains are caltedplex multiple-world scenaripss it was
explained in Sectiof1l.2 of Chapter 1. As a consequence, edresidering semantic integration of engi-
neering models, we are not trying to integratfatient schemas that refer to the same world entities (like
the book information ontology). We are rather integratingjedent kinds of worlds that are completely
independent from the others (like mechanics and electmméolid modeling and geology) and that are
each described by their own domain ontology.

1.1.1 Integration structure

In this multi-disciplinary context, two ontology integi@a structures are possible.

1. amulti-ontology structure, in which the correspondence between two ontologies ibkstad
directly from one to the other. If there an@ntologies, we need to create{ (n — 1)/2] mappings.
There is no upper ontology, therefore, no common accesdan&eto the various ontologies.

2. An hybrid structure , in which the correspondence between two ontologies idkstt@d indi-
rectly through a reference ontology. If there arentologies, we need to creats] [nappings.
The reference ontology is either one of the ontologies tkatro be integrated, or a normalized
ontology independent of the system. The interface of imtidgn can be based on the concepts of
the reference ontology, since it represents the global wiea¥l the sources.

In our case, a multi-ontology structure would punctuallivedhe issue of mapping one domain to some
other, but it cannot be a final solution, since engineers nead) a unified vision of the system. For this
reason, we should rather choose an hybrid structure of &swhblobal ontologies.

In most of the works that aim to integrate ontologies, oneeamtology is chosen and the specific
ontologies are mapped to its concepts. Among works thatgsendependent upper ontologies for
these needs, we can cite C)[Q; (Matuszek |§|1 al,,|2006), DOLQquni et dl], 2§2§|Q2), and BFO (Grenon
et aI.,@) upper ontologies. Upper ontologies descrérg general concepts that are the same across
different domains (such as Entity, Function, Spatial Region.).

Therefore, these ontologies seem to be the most approptiatee for integrating the semantically un-
related ontologies of engineering domains. However, ihsutupper ontology is used in the integration
level, this obliges final users to use very general conceptddfining their queries. In our case, on the
contrary, we aim to provide the users a way of defining quehiasusea common vocabulary shared

among all specific domainsut that is stillenough meaningfub the context.

For this, we propose that the ontology of tleglerating domairbe used as the reference ontology, or
global ontology(GO), and that the other domains be described by indeperoleaitontologies(LO).
Consequently, the concepts of the various local ontologitéde aligned to the concepts of the global
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ontology €f. Figure[5.2).
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Figure 5.2: Hybrid ontology integration approach

If the user needs to query the sources in a integrated wayjlhese the federating domain ontology as

the query model. This approach allows any agent particigati an engineering activity to query the

local ontologies even though this agent is not an experteolfdtal domain and does not know the related
keywords.

1.1.2 Connecting sources to ontologies

We need to define how to connect engineering models to théogytbased infrastructure. The propri-
etary data formats of engineering models need to be traasiatto semantically comparable intermediate
representations. Following the approach proposed andateia ChapteEH, each local engineering data
set iswrappedusing the Engineering Metamodel, i.e. the formal and commetamodel for describing
data elements.

Wache et aI.@l) say that “In order to achieve semantaraperability in a heterogeneous infor-
mation system, theneaningof the information that is interchanged has to be undersemdss the
systems”. Ontologies have been useddontent explicationthat is, for giving explicit description of
the information source semantics. In this work, the varidomains involved in the engineering activity
are described by domain ontologies. Among these ontolptfiese referring to specialized fields are
designed akcal ontologies and the one referring to the federating domain agtbbal ontology

In this work, we are applying aannotation-based approadior making explicit the semantics of the
engineering models. As proposed and detailed in Ch&ptdredAhnotation Metamodel describes the
connection between local data and local ontologies. Thetation process will be performed manually
by the experts when interpreting data from local fields, enissutomatically by systems that accept
to have an integrated annotation tool. Annotation will tesgablish a connection between actual data
sources and ontologies so that the user will be able to igette data corresponding to the ontology
concepts that hishe has queried.

1.1.3 Architecture for ontology-based integration of engieering domains

Motivated by the issues discussed in the previous sectierdaescribe here architecture for ontology-
based integration of engineering model§Ve characterize actual engineering modeldogsal data
sourcestheir representation as instances of the Engineering iitedal are calledbcal views the con-
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nection of the views to their ontological meaning is giventlyy annotations the specialized expertise
domains are described lgcal ontologiesand the federating domain bygdobal ontology the mapping
between the global and the local ontologies are caddledl-to-global alignmentsand, finally, queries are
defined over the local ontologies and over the global oniol®ge architecture, illustrated on Figlrels.3,
is described as follows.

fozalio-giabal
alignments

W eta-rmodel for
Annotation

feta-madel for
Engineering Mode

Figure 5.3: The architecture for ontology-based modebjrstton

1. Local data sourcedX) are wrappedin a unified language, the Engineering Metamodel. The
result of the wrapping (formal representations of engimgemodels are local views/() which
are accessible to the integration system.

2. Local ontologiegLO;) are set up. Each LO describes the vocabulary used in on@bkped field.
The concepts expressed in the LOs can be used as query motted fiata sets associated to this
field.

3. The wrapped local sources are connected to their regpddd by means of theemantic anno-
tationslinks (A;)). Annotation can be manual or semi-automatic. The wrappeal lsources and
the local ontologies are not modified in this process.

4. A global ontology is set upd0O). The vocabulary described in the GO is shared through the
various local fields.

5. A set of mappingsis defined between the concepts in LOs and the concepts in @eTGe
ontology matching must be manual, since the various oniggodo not refer to the same area of
expertise (this issue is discussed in Sedilonl.1.4). Thetstes of the GO and of the LOs are
not modified in this process.

6. When a new local data source needs to be integrated,[3teji$ dre repeated. New annotations
(links from data to ontologies) and mappings (local-tobglolinks) are added to the knowledge
base, but the original structure of the data and ontologie®t changed.

7. Whenever a user formulates queries in terms of the GO pts@@g), the query is propagated
to the local ontologies by applying the local-to-globalgalinents. The user can also formulate
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gueries in terms of LO concept§)(), since LO structures are not hidden from the user. The
results from the queries are joined by the system and pegénthe user. The query processing
is detailed in Sectiof1l.2.

It is important to emphasize that no attempt is made to iategall local ontologies against the global
ontology. The objective is to establish mappings betweealland global concepts. The set up of the
architecture requires manual work from the experts, fomitedi semantic links, and from the database
administrators, for wrapping the local data sources. This generate a bottleneck at the time of the
installation of the architecture. Even so, it is esseniialthe present approach, to allow experts to
provide manual mappings between the ontologies, as exglainthe next section.

1.1.4 Manual ontology matching

Most works propose matching approaches that are based ahanacteristics of the schema, such as
the similarity between features (name, description, tgbeicture). These techniques aim to infer the
semantics of the involved elements from the structure ofrtffemation sources. Such techniques are
unhelpful when we deal with concepts whose meaning can begohal. In the complex conditions
described in this chapter, automated schema matchingitgemare not probable to be successful in
extracting mapping elements between the LOs and the GOg $ivey are ontologies developed for
multiple-world scenarios. In this context, we considett thraly the experts of the specialized fields are
capable of providing the correspondence between concEpesontology matching is themanual This
has significant limitations, but guarantees that the mayspivill be meaningful to most of the experts.

Lastly, the set of ontology alignments defined by the expsitlsnot be used to perform any ontology
merging. The objective is to integrate the concepts of thallontologies inside the global ontology, but
not in the sense of mergir{gvhich would create a single ontology with merged conceguts, make the
original concepts disappear). Ontology alignments willised for the sake of allowing users to query
information across domains. It means that the GO actsvarsual middleware it does not materialize
the integration of the data.

As a final reflection, we should take into consideration tha fhat the matching of two or more on-
tologies is often subjective, depending on the applicatibwo different experts from a same domain
can provide dierent mappings between ontologies, depending on the olgeaft the matching. As
presented in Sectidn Z.2.1 of Chapter 2, the term “annotat@oping” defines a mapping element that
is annotated with usage-related characteristics. Weugelleat in the context of semantic integration of
engineering domains, the mapping relations between theugontologies may vary depending on the
expert that performs it. In the context of defining manual piags over ontologies, we should investi-
gate the possibility of mapping relations to be annotateus $tudy is going to be a future work about
the integration framework.

1.1.5 Mapping LO onto GO

In the context described previously, we consider that timege domain and the specific domain express
different perspectiveszgarding one same domain of study (the considered engigegomain). The
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concepts of these domains are closely related but are notlgeguivalent. It often happens that one
concept is actually a specific case of the other, sharing smrmngaot all properties. The concepts from
the local ontologies are, thus, considered tavme specific thaor included inor subsumed the
concepts of the global ontology.

We believe that in order to map the local and global domaitsniecessary to define a setsolbsumption
relationsfrom the LOs’ concepts to the GO’s concepts, rather gnguivalence relationsThis is due to
the nature of the ontologies involved: they generally dbscadifferent perspectives of domains that are
very similar. The typical subsumption relation is tisea relation, which presumes total inheritance of
properties, while thés-case-ofrelation is a subsumption relation that is not associatethtimheritance
mechanism. We believe that, besides the classical alignretations expressed between concepts of
different ontologies, we should define alignments based on sydtgun relations, more specifically, the
is-case-ofrelation.

1.1.6 Theis-case-ofrelation

As explained in SectionI.Z.2.1 of Chapter 2 thease-ofrelation does not explicitly exist in most of
ontology models. In OWL it is possible to simulate partidhénitance, because properties do not have
a restricted domain. The knowledge engineer can choosenleatlass have some of the properties that
another class already has. But it is not possible to reptéseifact that one class is partially included into
the other. Thds-case-ofrelation is proposed as an explicit subsumption relatioth@PLIB ontology
model@m@. It is not associated to an automatic indiec® mechanism, which gives a higher
level of independence to the classes that are supposed tefinediby diferent sources and that have
different life cycles.

In multi-world domains such as engineering domains,jshease-ofrelation between two concepts, such
as (B is-case-of A) expresses the situation where the expert inter@Beds being a specific case of the
conceptA. It means that instances of the concBre also considered to be instances of the condept
even if they do not share the same properties. In ontologasrplement the PLIB model, ths-case-

of relation is abuilt-in primitive. As explained in Section"3.3.2.1 of Chapter 2, languagescas the
OWL ontology model have just the equivalent primitive fonding correspondences. We propose that
the is-case-ofrelation be used as a mapping relation in engineering danain

Using a relationship embedded in the ontology languagestabéishing mappings has pros and cons. As
it was already demonstrated in Secfion3.3.2.1 of Chaptee2jrawback of using an embedded primitive

for expressing mappings is that it forces the use of a paatidanguage for representing ontologies. In

the present case, only ontologies that implement the PLIBahare able to connect their concepts using
theis-case-ofrelation.

On the other hand, it enables the exploitation of a mechamibioh can directly navigate through the
hierarchy of aligned concepts, in the same way we can navipabugh arnis-a hierarchy. This aspect
will favor the translation of queries from one domain to thhes, as it will be explained further on.
Another advantage of using tligecase-ofrelation for establishing the correspondence betwegerdnt

287 subsumption relationship is an implication relation thiaks more specific to more general conceptt $ectiorB of
Chapter 2).

107



Chapter 5. Ontology-Based Integration of Engineering M&dan A posteriori Approach

ontologies is that it does not need to be defined at the deisign like theis-arelation. The user is able
to create mappings at run-time. This corresponds ta posterioriapproach.

1.1.7 A posteriori approach of integration

We aim to integrate heterogeneous sources maintaininge\@wtheir inter-indeéendence. With this
objective, the matching process between ontologies musetiermeda posteriori

An a posterioriintegration approach is characterized by the following@ples kXUa.n_eLAILZQbG):
e the ontologies to be integrated are independent from edwr ahd are previously defined;

e the concepts of the ontologies are put into correspondeyncadans of external bridges, which
do not change their internal structure.

It means that the structure of the ontologies is alreadysethen the experts suggest the correspondence
between them. That filers from ara priori approach, in which the mappings are defined inahlogy
design timeand areembedded in the ontology definiti 1 4). The-case-ofrelation

is an asset when setting up arposterioriapproach, since it is a built-in primitive that can be defined
subsequently to the design of the ontology. It is possiblketp the ontology development independent
of the ontology matching.

1.2 Query processing

In data integration systems, a mediator code written by ygtem designer is responsible for perform-
ing the query-rewriting mechanism, which is responsibleefealuating mappings, executing queries in
various local ontologies and joining results.

In the architecture set up in Sectibn1]11.3, local ontolegiee mapped to the global ontology, which
describes a federating domain, the global ontology. Indhistion, the global ontology can assume the
role of query model The users will be able to chose concepts from the GO to fatawjueries about
specialized fields or of the LO if they have more knowledgeudlttoe specific concepts. The structure of
the query will be more intuitive fousers that are not experts of some specific field

We propose to use subsumptionelationship to map the concepts of the GO and LOs. When pisice
of the local ontologies will be represented as babg or is-case-ofof concepts of the global ontology,
it will be possible to query the local source in terms of thierenced global ontology.

We describe in the next section the extension of an ontolaggryglanguage in order to support the
navigation on hierarchies produced by thease-ofrelation.

29n this work we use the expressiarposteriorimeaningwhat comes after
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2 Design of knowledge integration operators in OntoQL

The OntoQL language is composed of a syntactic part and argengart. The syntactic part is the

grammar of the language, which refers to the logical anctgiral rules that govern the composition of
expressions in OntoQL. The semantic part corresponds totidgretation of the OntoQL expression as
operations to be executed on the database. The completx®f®dntoQL language, its lexical elements
and grammar rules, and the algebra that defines the semaicaoQL expressions are detailemean

(200?).
We describe in this section how the grammar and semanticseo©OntoQL data definition language

were modified in order to include thig-case-ofoperator, and also how the OntoQL query language was
changed to take into account the hierarchysefase-ofconcepts.

2.1 Extension of the OntoQL definition language withis-case-ofoperators

As explained in SectioR1.].6, ths-case-ofoperator, available in PLIB model to articulateffdrent
concepts or concepts offtkrent ontologies, defines a subsumption relation that isaestciated to
inheritance of properties. The class declaring itagiiise ofanother, must explicitly import the needed
properties from the class of which it is a case. Moreover, naeostand that there are two approaches
for setting upis-case-ofrelation: thea priori approach, in which the relation is created in trgology
design timeand thea posterioriapproach, in which the relation is created subsequentlyaalésign of
the ontology. Considering a concept which is case of anathecept, we call the first one asbsumed
conceptand the second omngubsuming conceptUsing these definitions, we propose two typegsef
case-ofoperations for the OntoQL language:

1. apriori case-of : an ontology concept (subsumed concept) is created as basegof another con-
cept (subsuming concept). The subsumed concept expliEfipes the properties to be imported
from the subsuming concept.

2. aposteriori case-of : after the creation of the ontology concepts, isitase-ofrelation is cre-
ated between two concepts. Some properties of the subsumnedpt (which already exist) are
mappedo the chosen properties of the subsuming concept.

The OntoQL grammar is defined using production rules, thahis left hand side statement produces
the right hand side statements. Statements in square ksamiaoptionally produced. The statement
(element list represents a list ofelemeny, and its definition ielement { , (element}. The lexical
elements in the right hand side can be statements, expnesalentifiers, lists, terminal tokens, symbols.
An example of production rule is given as follows:

(statement ::= KEYWORD (other statement] (ident = (expn ] [ (statement list]

We detail in the next sections how each one of the proposerhtipas are introduced in the OntoQL
grammar.

109



Chapter 5. Ontology-Based Integration of Engineering M&dan A posteriori Approach

2.1.1 Extension of the OntoQL grammar to supporta priori case-of relation

The a priori case-ofoperator is intended to be used in the moment of the creatican cntology
concept. As explained in Chapfdr 3, the OntoQL language svorktop of the OntoDB architecture,
which is mainly based on PLIB model. The PLIB model contairimjiives that support the creation
of a is-case-ofrelation. FigurdZ}4 on padel44 illustrates the PLIB model] ahows the primitive
Item_class_case_afihich representa class that is case ainother class. Consequently, the only work
to be done is to include this-case-ofrelation as an operator in the OntoQL language. For this, we
must modify the original grammar of OntoQL. In the OntoQLdaage, the syntax for the creation of an
ontology concept is defined as foIIov@ 007):

(class definitioi .:= CREATE (entity id) (class id [ (under clausg]
[ (descriptor clausg] [ (properties clause list]

{under clausg UNDER (class id lis}

(descriptor clausg DESCRIPTOR ( (attribute value lis} )

(attribute valué (attribute id) = (value expression

(properties clause = (entity id)y ( (property definition list )
(property definition .= (prop id) (datatypé [(descriptor clausg

Grammar 5.1: Original grammar for CREATE statement

The (class definitiop element produces th€EREATE #Classnstruction, followed, optionally, of the
clauses(under clausg (descriptor clausgand of a list of(properties clause The (class definitioh
element was modified as follows in order to include a new @anghe right hand side: the clause for
defining theis-case-ofoperator.

(class definitioh ;= CREATE (entity id) (class id [ (under clausg]
[ (caseof clausg]
[ (descriptor clausg] [ (properties clause list]

{under clausg UNDER (class id lis}

(descriptor clausg ::= DESCRIPTOR ( (attribute value lisf )

(attribute value (attribute id) = (value expression

(properties clausge = (entity id) ( {property definition list)
(property definition .= (prop idy (datatypé [(descriptor clausg

(caseof clause

(caseof class clausé (import clause ]

(caseof class clause ISCASEOF (class id lish

(import clausé IMPORTS (prop id list)

Grammar 5.2: Modified grammar for CREATE stateménaseof clause
The heading of this instruction begins with tl&REATE’ literal, followed by the name of the entity, e.g.
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#Classand by the class identifier (the name of the class being ceaide(caseof clauseis optional

for the creation of a class. For producing ffuaseof clause one must make use of th&SCASEOF’
literal, followed of one or many class identifiers (the narokthe subsuming classes). This constitutes
the (caseof class clause The ({import clause begins with the IMPORTS’ literal, followed by one or
many property identifiers; which are the names of the pragsethat the subsumed class wants to import
from the subsuming classes.

Let us now consider concep#s and B already exist, with their respective propertie$ and b1, as
pictured in Figuré5l4. Concef is created as a case of both conceptand B, importing respectively
propertiesalfrom A andblfrom B.

B B
al b1
a2 b2
f‘: =apHon ::f
= =is-casa-of= =
CimportsAE e
Aal
B.b1 properties
C
cl: String
c2: Ink

Figure 5.4: Example o4 priori case-of

An example of valid OntoQL expression for creating the cphc2as case oA andB can be given as
follows.

CREATE #Class C ISCASEOF (A, B) (
IMPORTS(A.al, B.bl)
PROPERTIES (cl STRING, c2 INT))

This expression creates an ontology conc€pthich is a case of the concep#s and B, and imports
propertyalfrom A and propertybl from B. The concepiC specifies in addition its own properties,
clandc2. Alternatively, ais-case-ofclass could be created without importing properties from th
subsuming class(es).

2.1.2 Extension of the OntoQL grammar to supporta posteriori case-ofrelation

The a posteriori case-ofelation has a particular behavior: it is intended to betecafter the creation

of the concepts of interest, thus, the original definitiorthed used concepts cannot be changed. The
consequence is that the subsumed concept cannot impodrpegrom the subsuming concept(s). The
solution proposed by the PLIB model is to define an independstity between the classes that are
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related through thés-case-ofrelation; and to creatmappingsbetween their properties. However, the
posteriori case-ofelation is not originally defined in the OntoQL model. It medhat besides changing
the OntoQL grammar to include am posteriori case-obperator, we must create a new entity in the
same level of the original entitigSlassand Property the AposterioriCaseOgntity. The sucessive steps
followed in order to support tha posteriori case-ofelation are as follows:

e analysis of the OntoQL grammar and of the OntoDB entities;
o definition of thea posteriori case-oéntity and the pair of map properties entity in OntoDB;

e extension of the OntoQL grammar adding thposteriori case-obperator.

2.1.2.1 Creation of theAposterionCaseOf entity The a posteriori case-offelation needs to be cre-
ated as amssociatiorbetween concepts, but it cannot be represented as an gréinary relation. The

a posteriori case-ofelation has to be an independent entity, that relates oneepo to a list of other
concepts (the subsuming concepts), and gathers the lisbpégies that are mapped among concepts.
The mapping operation will create a correspondence betageaperty of the subsumed concept and a
property of one of the subsuming concepts. The conceptidheofiew entityAposterioriCaseOfo be
created is given by the UML diagram of Figlrel5.5.

ENFITY

Class

narne: Skring = =instahceof= =
properties: Property

AposterioriCase0f
Property MapProperty
source: Class
scope: Class isCasef: Class source: Property
range: Datatype correspondingProperties: MapProperty mapTo: Property

(fg. ;
correspondingProperties

Figure 5.5: The new OntoQL enti#posterioriCaseOf

The AposterioriCaseOfis an instance of th&NTITY construct. The attributsourcerepresents the
source (subsumed)pncept while the attributeisCaseOfmakes a reference to the concept that is sub-
suming. The linkcorrespondingPropertiaaakes a reference to the entitjapProperty which repre-
sents a pair of properties: the subsumed property is repegséy the attributesource whose range is
the subsumed concept, and the subsuming property is repeesay the attributenapTq whose range

is the subsuming concept.

The MapPropertyand AposterioriCase OEntities were created respectively with the following Gpito
expressions, which make use of @&EATE ENTITY clause to create top level entities.

CREATE ENTITY #MapProperty (
#source REF (#Property),

112



2. Design of knowledge integration operators in OntoQL

#mapTo REF (#Property))

CREATE ENTITY #AposterioriCaseof (
#source REF(#Class),
#isCaseOf REF(#Class),
#correspondingProperties REF (#MapProperty))

The attributes#sourceand #mapToof #MapPropertymake reference to th#Propertyentity. The at-
tributes#sourceand #isCaseOfof #AposterioriCaseomake reference to th#Classentity and the at-
tribute #correspondingPropertiesferences th&MapPropertyentity.

Thanks to the new entities included in the OntoQL metamdtela posteriori case-ofelation can be
created between two ontology concepts. Let us considegx@ample, a domain ontology comprising a
conceptA, which has a propertpropA, and a concepB, which has a propertpropB, as pictured in
Figure[&6.

propE

= iz-caze-of =

=)= aposteron = =
AmapsB |

propd: propB

properties

propa

Figure 5.6: Example of posteriori case-of

In order to makeA a case 0B, and to map propertpropA to propertypropB, one first needs to create
the pair of properties, as follows.

INSERT INTO #MapProperty (#source, #mapTo)

VALUES (
(select #o0id from #Property where #name = ’propAl’),
(select #o0id from #Property where #name = ’propB1’))

The above expression creates a correspondence betweeopleetiespropA andpropB. The next step
is to create the relation between the two classes, by medhe AposterioriCaseOEntity.

INSERT INTO #AposterioriCaseof (#source, #isCaseOf, #correspondingProperties)
VALUES (

(SELECT #o0id FROM #class where #name = ‘A’),
(SELECT #oid FROM #class where #name = ‘B’),
ARRAY (SELECT #oid FROM #MapProperty
where #source.#scope = ‘A’ and #mapTo.#scope = ‘B’))

The above expression creates an instance cfépsterioriCaseoéntity defining the concet (#sourcé
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as case of the conceBt(#isCaseOY. Th(?éairs of properties are retrieved from #idapPropertyentity,
by searching for the scope of the propéity.

The creation of thea posteriori case-ofelation using thdNSERT INTO clause was necessary at this
point because the OntoQL grammar was not yet changed to gujpgocreation of this new type of
relation. The grammar modification is explained in the nextisn.

2.1.2.2 Maodification of the OntoQL grammar The syntax for creating the posteriori case-offe-
lation in OntoQL is defined by the same grammar used for ergatiassesdf. SectionfZTI1). This
grammar has been modified in order to include the clause &oa friori case-ofrelation. It must now
be extended again in order to include a clause for creatimg fosteriori case-afelation. The resulting
grammar is as follows.

(class definitioh CREATE (entity id) (class id [ (under clausg]
[ (caseof clause] [ (apostcaseof clausg

[ (descriptor clausg] [ (properties clause list]

{under clausg ::= UNDER {class id lis}
(caseof clause (caseof class claus¢ (import clausé |

ISCASEOF (class id lish

(caseof class clause

(import claus¢

IMPORTS (prop id list)

(descriptor clausg ::= DESCRIPTOR ( (attribute value lis} )

(attribute value (attribute id) = (value expression

(properties clausge = (entity id) ( {property definition list)
(property definition .= (prop idy (datatype [(descriptor clausg
(apostcaseof clause ::= (apostcaseof class clause(map clausg]

(apostcaseof class clayse= CASEOF (class id lis}

(map clausg WITH (map definition lisx

(map definitiof

{prop idy MAP (prop id)

Grammar 5.3: Modified grammar for CREATE stateméapostcaseof clause

The heading of this instruction begins with tr@REATE’ literal, followed by the name of the entity, in
this case, thé&AposterioriCaseOg€ntity, and by the class identifier (the name of the subsurasd)c For
producing thgapostcaseof class clavs®ne must make use of theASEOF’ literal, followed by one or
many class identifiers (the names of the subsuming clasBes)WITH’ literal begins the(map clausg
followed by a list ofimap definitions, which is a pair of property identifiers linked by tHeAP’ literal.
The first(prop id) is the name of the property in the subsumed class and thedguop id) is the name
of the property in the subsuming class.

30Scopein computer programming, is the context where values apressions can be evaluated in a program. The term
“scope” is being used here instead of the tetamain meaning the context of some property, as explained in p8gef 4
ChapteP.
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Let us now consider the case when concept8 andC already exist, with their respective propertal
b1, andclandc2. An example of valid OntoQL expression for creatingaaposteriori case-offelation
between the concef and the conceptd andB can be given as follows.

CREATE #AposterioriCaseOf C CASEOF (A, B)
WITH (C.cl MAP A.al, C.c2 MAP B.bl)

This expression creates an instance of the edi#tposterioriCaseOfhat relates concepf to concepts

A andB. It maps the propertglfrom C to the propertyalfrom A and also the propertg2 from C to
the propertyblfrom B. Alternatively, ana posteriori case-afelation could be created without mapping
properties. Notice that it is not necessary to map all ptagxepf the subsumed class, nor to map to all
properties of the subsuming classes.

2.1.3 Interpretation of the extended OntoQL definition language

The OntoQL language was implemented in @\Janguage using the parser generator ANﬁR)
carry out the lexical and syntactic analysis of the languagbe approach applied for handling the
interpretation of an OntoQL expression consists in trdimgat into a SQL expression that is specific

to the OBDB in use. As a consequence of the extension of the@ngrammar with new operators,
we had to extend, also, the Onto@emanticsthat is, the mechanism that interprets the expressions and
actually carries out the required database operations Ofth@QL semantics was extended to be able to
interpret the new expressions that can be formed with theneeid grammar.

The method that handledass creatiorwas modified to be able toreate anis-case-ofclass |If the
expression identified by the parser is tireation of an ara priori case-otlass such as

CREATE C ISCASEOF (A,B) (IMPORTS (al,bl)), the interpreter translates it in a SQL expression pro-
ceeding as follows: (i) it inserts the new claBsn the ltem_class case_d#ble of OntoDB, instead of
using theltem_clasgable. (ii) It adds in the columis_case ofthe identifiers of the classes and B,

of which C is a case. (iii) It finally adds the identifiers of the propestilandbl, imported byC, in the
columnimported_properties

INSERT INTO item_class_case_of (name, is_case_of, imported_properties)
VALUES (’C’, ARRAY[A, B], ARRAY[al, bl])

A simplified representation of the table resulting of thi®@ion is presented on Figdrels.7.

Item_class_case of
rid narne is_case_of | imported_properties
1 C {4, B} fal b1}

Figure 5.7: Tabldtem_class_case_ddfter creation of neva priori case-oftlass

In order to be able toreate a posteriori case-ofrelations, the method that handlestities creatiorhad
to be modified. In addition the creation of an enti¢lassthe method had to take into consideration the
particularities of the creation of an enti§AposterioriCaseQfIf the expression identified by the parser

3ihttpy/java.com
S2httpy/www.antlr.org
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is thecreation of ana posteriori case-a€lation, such as

CREATE #AposterioriCaseOf C CASEOF A (WITH (cl MAP al, c2 MAP a2)), the interpreter proceeds
as follows: (i) for each pair of mapped properties in the egpion, it creates aitNSERT INTO #Map-
Propertyexpression that adds a new row in thiapPropertytable. For example, for the first paicl
MAP al), it creates the expression:

INSERT INTO #MapProperty (#source, #mapTo)
VALUES ((SELECT #oid FROM #Property where #name=’cl’),
(SELECT #oid FROM #Property where #name=’al’))

(ii) The interpreter creates aiNSERT INTO #AposterioriCaseOéxpression that adds a new row in
the AposterioriCaseOftable. The expression specifies the source oassd the classes of which

is a case (clasd). In order to fill the#correspondingPropertieolumn, the identifiers of the pairs of
properties must be retrieved from tMapPropertytable.

INSERT INTO #AposterioriCaseof (#source, #isCaseOf, #correspondingProperties)
VALUES ((SELECT #o0id FROM #Class where #name='C’),
(SELECT #o0id FROM #Class where #name='A’),
ARRAY (SELECT #oid FROM #MapProperty
WHERE #source.#name="C’ AND #mapTo.#name="A’))

A simplified representation of the tables resulting of thpemtion is presented on Figlire 3.8b.

MapProperty
rid source mapTo A_posteriori_case_of
1 cl al rid source is_case_of | corresponding_properties
2 2 a2 3 C Al {1.2}

Figure 5.8: TableMapPropertyand AposterioriCaseOffter creation of neva posteriori case-oflass

2.1.4 Constraints on theis-case-ofoperator

In the definition of a language, respecting grammar rules dogfully prevent from creating expressions
syntactically valid but semantically invalid. In order testrict fallible expressions concerning tfse
case-ofoperator, some semantic constraints were defined. Someg# ttonstraints were implemented
directly inside the Java methods that implement the secsotithe OntoQL operatorsf( SectiolZZ11).
Other constraints were implemented as triggers directtiiferRDBMS.

Constraint 1 (Domain of subsuming properties)

Definition: The domain of thesubsumingoroperties must be one of the classes of the list of subsum-
ing classes or some super-class of one of them.
Example: If the domain of stageName is not Student or Musician or seaperclass of Student or
Musician, the creation of both is-case-of relations witlirea an error.

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student, Musician)
WITH (name MAP stageName)

CREATE StudentMusician ISCASEOF (Student, Musician)
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IMPORTS (stageName)

2.1.4.1 Specific constraints of tha prion case-of operator

Constraint 2 (Properties with same name)
Definition: The subsumed class cannot import more than suissumingproperties that have the
same name, even if their domains aratent classes.
Example: Property birthdate is defined both in Student and Musiclarses. If the class Student-
Musician imports both of them, the property birthdate wélduplicated, and the class creation will
return an error.

CREATE StudentMusician ISCASEOF (Student, Musician)
IMPORTS (Student.birthdate, Musician.birthdate)

2.1.4.2 Specific constraints of the posteriori case-ofoperator

Constraint 3 (Double subsumption)
Definition: It is not possible to create an is-case-of relation betvwe@rnclasses that already have a
subsumption relatiobetween them, in any direction.
Example: The creation of an a posteriori case-of relation betweeadett and Person is not possible,
since there already exists a subsumption between thems(theeiation).

CREATE #Class Student UNDER (Person)
CREATE #AposterioriCaseOf Student CASEOF (Person)

Constraint 4 (Domain of subsumed properties)
Definition: The domain of thesubsumegbroperties must be the subsumed class or some super-class
of the subsumed class.
Example: If the domain of property name is not Student or some suagsabf Student, the creatipn
of the a posteriori case-of relation between Student ansbRewill return an error.

CREATE #AposterioriCaseOf Student CASEOF (Person)
WITH (name MAP fullname)

Constraint 5 (Properties with same name)
Definition: If two or moresubsumingoroperties, which have filerent domains, have the same name,
the user must explicitly specify the domain of the propetrtie
Example: Property birthdate is defined both in Student and Musiciasses. If the domain of
birthdate is not made explicit with a path expression, tleation of the a posteriori case-of relatipn
between StudentMusician and Student, Musician will reaurrerror.

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student, Musician)
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WITH (dateOfBirth MAP Student.birthdate, dateOfBirth MAP Musician.birthdate)

Constraint 6 (Range of properties (a))

Definition: Therangeof two properties that are being mapped one to the other neusf the same
type, that is, either both are the same primitive type, o lo¢ a reference type or both are collection
type.

Example: The ranges of the properties hasSupervisor and tutorNagreod of the same type (refg
ence type and primitive type). The creation of the a postiecise-of relation between StudentMu-
sician and Student will return an error.

N

CREATE #Class Student (PROPERTIES (hasSupervisor REF(Person)))
CREATE #Class StudentMusician (PROPERTIES (tutorName String))

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student)
WITH (tutorName MAP hasSupervisor)

Constraint 7 (Range of properties (b))

Definition: When the ranges of both properties agéerence typethe class referenced by the sub-

sumed property must be tkameas or asuper-clas®f the class referenced by the subsuming prop-
erty.
Example: The ranges of the properties hasSupervisor and tutorNagnef he same type (reference
type) but make reference toftérent classes. Moreover, Musician is not a super-class IGbRe
The creation of the a posteriori case-of relation betweedettMusician and Student will return an
error.

CREATE #Class Student (PROPERTIES (hasSupervisor REF(Person)))
CREATE #Class StudentMusician (PROPERTIES (tutorName REF(Musician)))

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student)
WITH (tutorName MAP hasSupervisor)

Constraint 8 (Range of properties (c))

Definition: When the ranges of both properties exéerence typethe range of theubsumingorop-
erty can be a class which iscase ofthe range of the subsumed property.

Example: The range of tutorName is MusicProfessor, which is a cas&rafessor. Thus, tutorName
can be mapped to the property hasSupervisor, since the ddtige latter is Professor.

CREATE #Class Professor
CREATE #Class MusicProfessor ISCASEOF Professor

CREATE #Class Student (PROPERTIES (hasSupervisor REF(Professor)))
CREATE #Class StudentMusician (PROPERTIES (tutorName REF(MusicProfessor)))

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student)
WITH (tutorName MAP hasSupervisor)
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Constraint 9 (Range of properties (d))
Definition: When the ranges of both properties ao#lection type the type of the internal elements
of both collections should follow the constraifits 6 &hd 7va&bo
Example: The ranges of the properties courses and specialitiesofleetion types (defined by the
keyword ARRAY), and the internal type of both of them is STRINOtherwise, the creation of the
a posteriori case-of relation between StudentMusicianStadent would return an error.

CREATE #Class Student (PROPERTIES (courses STRING ARRAY))
CREATE #Class StudentMusician (PROPERTIES (specialities STRING ARRAY))

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student)
WITH (specialities MAP courses)

Constraint 10 (Repeated subsumed properties in the same expression)

Definition: When the name of a subsumed property appears in more thdisiooieproperties map
ping, the subsuming classes that are referred in theserlisgs not be part of the same subsumption
hierarchy. This will be also verified when some property thas already mapped to some propeyty,
is subsequently mapped to dtdrent property.
Example: The property dateOfBirth is mapped to two properties of thfderent classes. If the
classes Student and Musician are related by a subsumplatione(such as is-a or is-case-of ), the
creation of the a posteriori case-of relation between StiMdesician and Student will return an error.

CREATE #AposterioriCaseOf StudentMusician CASEOF (Student, Musician)
WITH (dateOfBirth MAP Student.birthdate, dateOfBirth MAP Musician.birthdate)

2.2 Handling the is-case-ofsubsumption relation in a OntoQL query

Atthe origin, an OntoQL query only takes into account theeititance hierarchy of classas-arelation),

as explained in Sectidn—3.1.3 of Chapter 3. TELECT clause had to be extended in order to also
include theis-case-ofhierarchy. We decided to propose to the user two specialatgrsrthat allow

to explicitly request fonis-case-ofclasses. These operators, when added to a classical Onta€py, g
modify the SELECT operation as follows.

e WITH APRIORI : activates the search farpriori case-ofclasses.

e WITH APOSTERIORI: activates the search farposteriori case-oflasses.

The user may want to explore three types of class hierarehids-a, a priori case-ofand a posteri-

ori case-ofhierarchies — and the query can be polymorphic or non-potphn'c@. Considering these
possibilities, there are eight types of queries that canobmlated by the user which are detailed in
Table[51. The two first rows constitute the original synththe clause, while the six next rows present
the possible variations of tHeROM clause when including priori case-ofanda posteriori case-o6p-
erators. For each clause the table indicates from whiclsetaimstances are retrieved and which are the

33When a select operation is applied in cascade over the sisesiaf a concept, we call thipalymorphicselect. When the
select is restricted to the instances of the declared conité&pcalled anon-polymorphicelect.
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considered properties. For example, the claBB€ECT * FROM C WITH APRIORIselects instances
from class C, plus instances of subclasses of C, plus instanfcclasses that agepriori case-ofC. Only
properties defined in or inherited or imported from C are @wred.

Table 5.1: Types of class hierarchies explored by the OntSQLECT clause

Query Imports instances from Considered properties
SELECT * ¢ | subclass of C a priori | a posteriori defined in C inherited | imported| mapped

case of C| case of C from C from C toC

FROM ONLY (C) | X X

FROM C X X X X

FROM ONLY (C)

WITH APRIORI X X X X

FROM ONLY

(©) WITH | X X X X

APOSTERIORI

FROM ONLY (C)

WITH APRIORI | X X X X X X

APOSTERIORI

FROM C WITH

APRIORI X X X X X X

FROM C WITH

APOSTERIORI X X X X X X

FROM C WITH

APRIORI X X X X X X X X

APOSTERIORI

The WITH APRIORI and WITH APOSTERIORIoperators modify thdehavior of the query. They
include other classes within the union of classes congidarred they change the set of projected proper-
ties. In Logics, an operator that limits the variables of @gasition, asomeor all, is called aquantifier
operator. For this reason, the new proposed operators lbed acase-ofquantifiers

2.2.1 Modification of the OntoQL SELECT clause to handle thes-case-ofquantifiers

Differently from the OntoQL extension f@-case-ofrelations (Sectiof211), the addition of query quan-
tifiers to OntoQL does not require the core entities to be ghdnThis is due to the fact that we are not
writing new information in the database, but jusadinginformation that was already stored in exist-
ing tables. Consequently, it was just necessary to modéyahtoQL grammar in order to include the
is-case-ofquantifiers.

The general syntax of an OntoQL query is the foIIowiEb ):

(query specification  ::= (select clause(from clausé [ (where clausg]
[ (group by clausg] [ (having clausg] [ {(order by clausg]
[ (namespace clausé[ ({language clausg]

Grammar 5.4: Original grammar for SELECT statement

The goal was to include a new clause, independent of thestitet allowed to make use of the proposed
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quantifiers in combination with all the other original clags To this end, the grammar was then modified
as follows:

(query specification  ::= (select clause(from clausé [ (where clausg]
[ <group by clausg] [ (having clausg] [ (order by clausg]
[ <(namespace clausé[ (language clause] [ (withcaseof clause]

(withcaseof clause .:= WITH (caseofquantifier
(caseofquantifier ::= APRIORI | APOSTERIORI | (doublecaseofquantifigr
(doublecaseofquantifigr:= APRIORI APOSTERIORI | APOSTERIORI APRIORI

Grammar 5.5: Modified grammar for SELECT stateméniithcaseof clause

The grammar was modified by adding the optional clgusthcaseof clauseto the end of the statement
(query specification The withcaseof clause produces a statement that begihsthvatliteral WITH’
and is followed of all the possible combinations of usingdhantifiers APRIORI’ and ‘APOSTERIORI
each one alone, or both together, in any order.

2.2.2 Executing the extended OntoQL SELECT clause

Subsequently to the extension of the OntoQL query with neantifiers, we had to adapt tlsemantics
of the OntoQL query.

The semantics of any relational database query language breudefined over a mathematical basis.
Operators such agdNION are based on traditional set theory, others (sucAB, OR) are strongly
dependent of the use of logical expressions. The formalitiefis of the operators of a relational query
language is referred as idgebra

The OntoQL query language is based®@ntoAlgebra an adaptation oEncoreobject-oriented algebra

i i I 1) for the model of an OBDB. TEmcoremodel was extended in order to
take into consideration operations over timgology modelin addition to the queries over the data model
(cf. Section 3P of Chapter 3). ThHentoAlgebrawas proposed b@@m), and proposes operators
such asOntoProject OntoSelect OntoOJoin OntoNest The OntoAlgebraspecifies transformation
rules that are applied to build thedgebraic expressiomf an OntoQL query. As an example of the
application of those trasformation rules, we present ilé€&@ (adapted fronﬁ 07)) the algebraic
expressions derived from the applicationCriitoAlgebrarules to the following OntoQL query.

SELECT 1.title, p.lastname FROM Laboratory AS 1, Person AS p

The first two lines us@ntoProjectfor building the set of classes that will be queried by profecall
properties of a class over the class itself and over akutsclasses In line 3 OntoOJoincreates the
Cartesian product of the tuples resulting from the projesti Finally, in line 4OntoProjectprojects the
listed propertieditle andlastnameover the set of classes.

In order to enable the evaluation igfcase-ofclasses within an OntoQL query, the followid@ntoAlge-
bra operators had to be changed.
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Table 5.2: Algebraic expression derived from OntoQL query
| exp | Clausdexp) Resultexp)

€XpL | Person AS p OntoProject(Person, subClasses(Person),

allProperties(Person))

€Xp | Laboratory AS 1 OntoProject(Laboratory,
subClasses(Laboratory),
allProperties(Laboratory))

€X[E | FROM Clause(exp), Clause(exp) | OntoOJoin(Result(exp), Result(exp))
€X[y | SELECT 1l.title, p.lastname OntoProject(Result(exp),title,lastname)

1. OntoOdJoin: If an is-case-ofquantifier is used in the query, the product of classes makide
is-case-ofclasses.

2. OntoPmoject. Regardingis-case-ofclasses, the only properties that must be projected are thos
that were importetinapped.

We illustrate the modification of th@ntoAlgebraoperators as follows. Considering the database config-
uration below, in which the clasStudentis a case of the clag2erson

CREATE #Class Person (
PROPERTIES (name STRING, age INTEGER, profession STRING, email STRING))

CREATE #Class Student ISCASEOF Person (
IMPORTS (name, age)
PROPERTIES (registrationID INTEGER))

The following OntoQL query makes use of tlecase-ofquantifier WITH APRIORI in order to select
instances of the clagBerson of subclasses dPersorand of classes that are caseRarson.

SELECT name, profession FROM Person WITH APRIORI

For the previous OntoQL query the modifi€ohtoAlgebraoperators will generate the algebraic expres-
sions described in the Talfleb.3.

Table 5.3: Algebraic expression derived from OntoQL queithis-case-ofquantifiers
| exp | Clausdexp) Resultexp)

€Xp. | Person OntoProject(Person, subClasses(Person),

{name, age, profession, email})

€XP | Person WITH APRIORI OntoProject(Student, {name, age})
€X[E | FROM Clause(exp), Clause(exp) | OntoOJoin(Result(exp), Result(exp))
€X[ | SELECT name, profession OntoProject(Result(exp), {name,profession})

Line 2 shows the result of the use of tleecase-ofquantifierWITH APRIORI. The operatoilOntoPro-
ject is used for retrieving instances of tiecase-ofclassStudent projecting only properties that are
imported from the clasBerson nameandage In line 3, operatoOntoOJoircreates the Cartesian prod-
uct of the resulting set of classes. In order to perform adgs@h product, two classes need to have the
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same number of columns. To this end, tBetoOJoinoperation add®VULL columns to classtudent
until the number of columns of clag&ersoris reached. Finally, in line 49ntoProjeciprojects the listed
propertiesnameand professionover the set of classes.

2.2.3 Toy example of thas-case-ofrelation in OntoQL

In order to show the use of thig-case-ofrelation for building ontologies, we next describe a toyrapée
of an ontology whose concepts are related throigetase-ofrelations. The example ontology is created
by the following OntoQL expressions.

CREATE #Class Al (
PROPERTIES (prop_al STRING, prop_a2 INT))

CREATE #Class B1 (
PROPERTIES (prop_bl STRING, prop_b2 INT))

CREATE #Class C (
PROPERTIES (prop_cl STRING, prop_c2 INT))

CREATE #Class D

ISCASEQOF Al (IMPORTS(A.prop_al, prop_a2)
PROPERTIES (prop_dl INT))

CREATE #Class E1

ISCASEQOF Al (IMPORTS(Al.prop_al)
PROPERTIES (prop_el STRING, prop_e2 INT))
CREATE #Class A2 UNDER Al

CREATE #Class B2 UNDER Bl

CREATE #Class E2 UNDER E1

CREATE #AposterioriCaseof C CASEQF Al
WITH (C.prop_c2 MAP Al.prop_a2)

The resulting structure of classes is illustrated by Fifige

After the creation of table extents (using OntoQL exprassisuch as

CREATE EXTENT OF Al (prop_al, prop_a2)) and after the insertion of the instances of each class (with
OntoQL expressions such as

INSERT INTO Al (prop_al, prop_a2) VALUES (’val_Alal’, 1)), the logical schema of the consid-
ered ontology appear as shown on Fidure]s.10.

Finally, we are able to formulate queries that take into anttheis-case-ofrelations between classes.
A complete example of thés-case-ofoperators behavior is given in the next query, whose result i
illustrated on Figur€5.11.

SELECT prop_al, prop_a2 FROM ONLY(A1l) WITH APRIORI APOSTERIORI
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Figure 5.9: Ontology that usés-case-ofrelation

The above query result in instances selected from éédssnly, plus instances from clags and from
classE1(which area posteriori case-of Alplus instances of clad3 (which is ana priori case-of AL
Notice that for classC, the columnprop_alhas valueNULL, since this property of clasdl is not
mapped by the clas€. The columnprop_a2for classE1 has also valueNULL , since this property
was not imported fromA1 to E1. This query is non-polymorphic, i.e. it does not concerrianses of
subclasses oA 1. That is why the instances of clad® are not in the result table.

2.2.4 Using theis-case-ofrelation for mapping concepts of pre-existing ontologies

When we have data sources that are described by sever@regenntologies, a class of a local ontology
may be described asibsumedy one or several other class(es) defined in other ontolodibs is a
typical example of the use of thig-case-ofrelation for mapping concepts in various ontologies.

Example. Figure[5. TP present a user-defined ontola®mapped on a reference ontolo@d.

The user has the option of specifying tisecase-ofrelation in the ontology engineering tima priori
case-of). In this circumstance, the following OntoQL expressiorik be used to create the concepts of
the ontologyO2. The concepts will be created as a cas©df concepts, and1s properties may also
be imported.

CREATE #Class Items ISCASEOF Resources;

CREATE #Class Products ISCASEOF Resources (
IMPORTS(Resources.mass)) ;

CREATE #Class Computer_Hardware ISCASEOF Hardware;
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Al A2
prop_al prop_a2 prop_al prop_a2
“wal_Alal' 1 wal_AZal' &
Bl B2
prop_b1l prop_b2 prop_b1 prop_b2
“wal_Bilb1' 2 “wal_B2bl 7
C D
prop_cl prop_c2 prop_al prop_a2 prop_d1
wal_Ccl' 3 wal_Cial' 4 100
El E2
prop_al prop_el prop_e2 prop_al prop_el prop_e2
“val_Elal’ wal_Elal’ 5 “val_Ez2al' “wal_E2al’ B

Figure 5.10: Logical schema of the ontology of Figlird 5.9

CREATE #Class Electronic_Components ISCASEOF Components;

CREATE #Class Software ISCASEOF Software;

The user can also choose to create the domain ontology indepgy of the reference ontology, and
to define afterwardss-case-ofrelations between their respective conceptpd@steriori case-of. Con-
sidering that both ontologies are already created, the QIntexpressions that will be used to define

OntoQL WorkBench [Modified] :
IEIEREE

SELECT prop =al, prop =i FROM Al
WITH APRIORI APOITERICRI

Session Command History |select prop_a1, prop... | - |

prop_az

Figure 5.11: Result from the SELECT query over thkclass
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Figure 5.12: An example of a reference ontology (a) and ofsamn defined ontology (b)

mappings between concepts are as follows:

CREATE #AposterioriCaseOf Items CASEOF Resources;

CREATE #AposterioriCaseOf Products CASEOF Resources (
WITH(Products.mass MAP Resources.mass));

CREATE #AposterioriCaseOf Computer_Hardware CASEOF Hardware;
CREATE #AposterioriCaseOf Electronic_Components CASEOF Components;
CREATE #AposterioriCaseOf Software CASEOF Software;

By asking a query over th®1 conceptResourcesthe user is now able to also retrieve instances from
concepts of the mapped ontologies (suchO#3. The following OntoQL query searches instances of
Resourcesind from classes that are caseR#sources

SELECT * FROM Resources WITH APRIORI APOSTERIORI;

The result will return instances of the clas$&ssourceslitemsand Products The massproperty will be
evaluated for the classé&sourcesind Products but the corresponding column will present no values
for the clasdtems

The structure of a user ontology may be quit&atient from the one of a reference ontology. Never-
theless, a system storing the user ontology along with mgggio other ontologies may automatically

answer queries against the reference ontology(ies) onhvthi user-defined ontology is mapped. The
mappings will be used to automatically translate the resaflthe queries over the local ontologies. In-
stead of having to design a mediator to process the trams|atie work of query processing is let to

the query system coupled with the ontology language. Theyoggyestem is acquainted to the built-in

primitives, such as this-case-ofrelation.

In the next chapter, we will describe the ontologies acyulallilt for the domain of application of this
thesis, the geoscience ontologies. We will be able, theshtwv the mappings that can be created

126



3. Conclusion

between global and local ontologies, and we describe howrtadlate queries that interrogate the GO
and return instances fromftérent LOs.

3 Conclusion

We described in this chapter an architecture datology-based model integratioriThis architecture
proposes a solution for semantically integrating infolioraissued from models that are described by
different domain ontologies.

Each type of model makes reference to one specific domainpefrese formalized by means ol@cal
ontology We decided to integrate these local ontologies applyingbaith structure of integration. For
this, it is necessary to chooseederence ontologyo whose concepts all local concepts are mapped. The
reference ontology should be an ontology that is generaligimeéo include all the local concepts, and
at the same time, specific enough to be used as a query iehaicprovides the user with meaningful
vocabulary. We introduced the idea ofeglerating domairas an expertise domain covering all the local
domains related to a definite field, for instance, Mechatgnivhich covers both Electronics and Me-
chanics or Geology which covers a large bunch of geoscieoo®ihs. We proposed that thederating
domainshould be used as or@@lobal Ontology(GO) to which all local ontologies (LO) are mapped.
We are not using an external upper level ontology (such as SWMDOLCE) as the global ontology,
since we aim to provide to the user a global ontology that isgfahe engineering activity and leave the
possibility for the user to query the LO as well.

The understanding of the semantic structure that integthteconsidered ontologies is left to the domain
expert, who is responsible for manually defining mappingseen the various ontologies. This is due
to the fact that we are dealing wittomplex multiple-world scenaripas it was explained in Sectignll.2

of Chapter 1, which are not obvious to integrate.

For operating between global and local ontologies, we megaising aubsumption relationshipThe
typical subsumption relationship is represented byigherelation, which defines an inheritance hierar-
chy between the concepts put in relation. In our case, weggeapto use this-case-ofrelation, which is

a subsumption relation similar to th&-arelation but which only creatgzartial inheritancehierarchies
between concepts. Usingscase-ofrelation allows to impoymap not all the properties of the subsum-
ing (more general) concept, but just those that are adedoiathe subsumed (more specific) concept.
The properties to be importgdapped are chosen by the user who defines the correspondemaeh
concepts.

We needed thés-case-ofrelation to be embedded in the ontology definition languagbe same way as
the is-arelationship. Therefore, this-case-ofrelation was implemented as an operator of the OntoQL
language, declined in two operations: thpriorifashion, which enables to align concepts frorietient
ontologies in design time (i.e. when the ontology concepésheing defined), and conversely the
posteriorifashion, which enables the correlation of concepts in tee e&hen the ontologies were already
defined by the time when one decided to correlate them.

We also performed an extension of the OntoQELECTclause so as to include @&case-ofquantifier,
that allows to navigates through all the hierarchies of thiesamed classess(a classesa posteriori
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case-ofclasses and priori case-ofclasses, altogether or alternatively). When the user asketrieve
all the instance of a concept that is the most general ist@se-ofhierarchy, the result will be the
instances of all concepts that are a case of the general momme considering which ontologies these
concepts belong to.

Thanks to thds-case-ofrelation, it became possible to address in one same qudaniges of concepts
that had not been originally defined to be in a hierarchy. Bhease-ofrelation also allows to define
concepts without making use wiulti-inheritance One concept may be only related to one super concept
and be a case of several other concepts. This is an impodpetifor ontologies that must be “strongly
typed”, such as those implemented in relational databases.

This part concludes the contribution of this thesis for seticebased integration of engineering models.
We presented an annotation model that enables engineeddglsnto be enriched in semantics and an
alignment relation that allows to integrate ontologies@imantically unrelatedomains. In Paifdll we
present the application of these proposals to the actifigacth modeling in the domain of petroleum
exploration.

128



Part Il
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Chapter

Example of an engineering domain: petroleum reservoir
studies and modeling

1 Introduction

Petroleum exploration is an activity in which acquisitialistribution and use of expert knowledge are
more critical for the decision-making. According MaIZT.QIS) 43% from the total budget of
petroleum is currently dedicated to information integrati

Petroleum industry depends on computer models related/évadgrocesses: 3D seismic interpretation,
well bore drilling, reservoir modeling and monitoring andaaplantfacility modeling or monitoring
capabilities. Each of these processes can generate maskiwges of data, from which interpretation are
derived, scenarios are developed, interdependent maeatsaated, and decisions are taken. Other kinds
of models such as decision models, investment models, aililyfanodels are also used for reducing
decision-making uncertainty and risk.

Earth modelsare key tools for identifying and characterizing potentigtirocarbon reservoirs. Earth
models are three- (3D) or four-dimension (4D) represemtatiof data and interpretation concerning
subsurface resources (i.e. resources that are found bleéosutface of the earth or below the seabed).
Earth models are developed fgoscientistsvho are responsible for evolving a hydrocarbon prospect
through various stages of modeling. Their final goal is thi&dmg of a reservoir modelwhich will be
used for simulating oil accumulation in the undergroundrr@utly, this final model is connected to the
original raw data by a long chain of successive interpratatilrhis chain of activities, which starts with
data acquisition and proceeds with severéiledent steps of data analysis and interpretation is known as
the Earth Modeling Workflover Reservoir Modeling WorkflowFigure[&.1l illustrates the most important
steps of this workflow, that we will examine in more detailghie next section.

1.1 Overview of the earth modeling activity for petroleum exloration

The earth modeling workflow starts with the definition op@spect which corresponds to a spatial
3D area of interest. Initial data acquisition concerning@spect is basically carried out by means of
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seismic reflection (Figure—8.1(1)) and well bore drillinggire[61(2)). Geoscientists also take into
account former studies about the prospect, such as docsiroenterning regional geology, geological
maps or cross-sections (Figlrel6.1(3)).
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Figure 6.1: The Earth Modeling Workflow

The seismic reflectiontechnique consists in recording, with the help of sensts,echoes resulting
from the propagation of an artificially acoustic wave progtlion the sea or on the earth surfaces.

In stratified terrains notable changes of rock physical ertigs are generally observed when crossing
a sedimentary boundary. Such change in the properties gittgsical middle causes a reflection of
acoustic waves. The reflected waves reemitted by the vasedisentary boundaries towards the sea or
earth surface are registered and constitute in all a seisn@ige. Such a seismic image shows lines of
different colors and widths corresponding to variations of vaawglitudes. Each line corresponds to a
given reflector i.e. to a stratigraphic boundary portionthfhe aid of computer tools, geoscientists per-
form a task ofseismic interpretation over the seismic image, which consists in identifying pagdhat
will be recognized as surfaces (such as horizons and faadta¥semblages of surfaces corresponding
to specific sedimentary objects (for instance, channdl,deashe). After having identified some object,
the interpreter manually picks up points for specifyinggeometry. These points are recorded as cor-
responding to one or several interpreted surfaces. Thaeqpdepths of these various surfaces on the
seismic image do not strictly correspond to actual deptheesseismics recordings only register travel
times (i.e. the delay in which a given wave reaches the seartir surface).

In parallel to the seismic data, the interpreter generatymenes a collection of well logs recording
changes of physical properties in the rocks crossed byndritrajectories. Each well log can be in-
terpreted as a succession of well markers, each corresgptamlsome lithology discontinuity. A depth
within the borehole is associated to each of these markesnsequence, well logs can provide true ge-
ometric information about the position of sedimentary hamis in the prospect area under study. Thanks
to thewell correlation task, markers are used for adjusting the vertical positioeach of the surfaces
identified through the seismic interpretation. Geoscisitturrently perform correlations between sev-
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eral well logs, seismic cross sections, and core propefTieis identification and correlation work allows
them identifying relations between the structures iderttifon the seismic image, which will be useful
for constructing the structural model later on.

With the aid of computer modeling tools (called geomod¢Jdiwe surfaces identified by seismic inter-
pretation are loaded. Taking into account in addition allilable data issued from regional geology
studies (reports, research papers, maps etc.), geostsetiten proceed structural interpretation .
This allows specifying the spatial and chronological ietahips between the identified objects. The
topology of the object assemblage is of paramount impoetairce it strictly depends from geologi-
cal interpretation@im&. This is a crucial stephia workflow because th&tructural model
(Figure[61.(4)) is the “skeleton” on which other earth madelll be built. It basically consists in an
assemblage of geological surfaces that mark the boundzriedividual geological blocks.

In the stratigraphic modeling activity, stratigraphic meshes are built inside each offttoeks of the
structural model (FigurEZ8.1(5)). Petrophysical progsrtinust them beflected to each cell of each
mesh. For this, geomodelers first consider the propertigsigc from isolated points corresponding to
samplings and to laboratory studies (Figlird 6.1(6)). Tipesperties are then propagated to the whole
volume using geostatistic simulation (Figlirel6.1(7)). Tésulting model, where the stratigraphic mesh
cells are filled with rock properties, is callstratigraphic model (Figure[61(8)).

In order to use this model for simulations, it is necessaryaonsform the geometry of the stratigraphic
model mesh in order to obtain a coarser reservoir mesh amdtthepscale the property values (Fig-
ure[61(9)). There resultsraservoir model (Figure[6.1(10)), which provides a complete set of contin-
uous reservoir parameters (i.e. porosity, permeabiligtewsaturation) for each cell of the 3D grid. It
will be used by reservoir engineers to compute realisticcbwarbon fluid migratiorsimulation (Fig-
ure[6:1(11)), and to estimate the amount of exploitable dgahbon reserves present within the reservoir
and the quality of these reserves (heavy or light oil, ga3.etc

1.2 Knowledge management in the earth modeling activity

Various skills are required along the modeling chain, ggomding to the expertise of geophysicists,
structural geologists, stratigraphers, sedimentolsgigétrologists and petrophysicists, reservoir engi-
neers, computer graphics and volume modeling professipdelling engineers, project managers, etc.
These actors use heterogeneous data management envitsrwahéh use various data representations
and encoding conventions for dealing with the same infaionain different parts of the workflow. It
would be desirable that this workflow be replayed severats$inconsidering dlierent interpretation hy-
potheses, possibly introduced at various stages of the lingadshain.

Earth modeling activities deal with a loose federation dbaomous, heterogeneous data repositories
where the semantics of information is embedded in apptinatand databases. Because of this, there are
practical data management questions that cannot be artsvsach as “What data do we have?”, “Where
are they located?”, “What do they mean?” “From which intetation are they issued?”. Furthermore,
the earth modeling domain is strongly basedrirrpretativetasks. Complex activities involving inter-
pretation are a “mixture” of raw and interpreted data. Eamtbdeling as well as some other activities,
like medical diagnosis for instance, rest for a good partnberpretation.
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The various data considered throughout workflows attachesich activities maybe considered either
as “raw” data or as “interpreted” data. In most cases, dapemtk on interpretation in some way. For
instance, the raw seismic data that are considered at thyestéages of geological modeling workflows,
themselves result from more or less complicated signalgasing procedures. However, considering
data as raw or interpreted depends from the modeler’s decisi all cases, when the interpreter wants
to keep the memory of the interpretation that lies behindesdiata, data should be considered as in-
terpreted. 3D geological models are highly dependent frarpretation operated by the geologists or
geophysicists using their expert knowledge. Geologicarpretation operates at the various stages of
the workflow for deciding which surfaces should be modelesy they should be assembled and which
relations they should have with the internal stratificatigithin each block of the modem al.,

2005).

The interpretation of the user about raw data is what givesrieaning in the context where data are used
(relevance) and for a specific objective (purpose). Whenake &n interest in the user perspective, we
acknowledge that the user wraps the data in study in an netiatjve envelope, giving the information a

subjective meaning. Itis argued that this combination oftent and interpretation is what the user finds
valuable (Stenmark et b 2602).

Example.Lets take a naive example, in the classical approach. Hgdeecan be interpreted by some
geologist as a topological assemblage consisting in a lsudace A interrupted by an upper and older
than surface B Figuided.2b.

a) b) c)
& B m— e B—o
A— _/ A
Raw data B interrupts A B stopson A
B is erosional Ais on lap
Ais older than B B is not erosional
A is older than B

Figure 6.2: Changes in the geological hypotheses induaageisan the model

However, another geologist may want to consider that serB¢s not erosional and that surface A is
an onlap surface. It would consequently be desirable to Bas®pping on A rather that the contrary
(Figure[G22c). Currently, this interpretation change fidlilt to operate because the interpretation is not
stored independently of the model.

This difficulty can easily be overcome if the geometrfmgdological relationships between surfaces A
and B are no longer considered as an intrinsic feature of thée Surfaces A and B can then be
considered as a two geological objects linked by specifidoggzal relationships. Topology can then
be simply deduced frorgeological interpretationwhich then becomes an added value brought by the
geologist to the raw data.

This can be clearly understood considering the portionsudéees which lies at the right end side in
the intersection between A and B on Figlrel 6.2a. This portibsurface belongs to B in the first
interpretation, and to A in the second.
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For the moment, considering the state of the art, it is nosiptesto both integrate data and interpreta-
tion, since the modeling tools used in the industry are dataen tools. We present in the next section
some approaches proposed ancdopted by the petroleum industry for enhancing a knogdedfiven
modeling workflow.

1.3 Solutions adopted by the petroleum companies

A brief history of semantics in the oil and gas industry wasspnted in the European Semantic Web
Conference in 200$.(.B.mns.chweig.an.d.l23ﬂ1hu.d..|2005). Tihe&Gis saw the advent of expert systems
and knowledge-based systems (such as Drilling AdvisoreRe@icorG2). In the 90’s, industry started
consideringshared data modelsas well as ontologies and software interoperability, digto projects
such as POSBl CLIP, OPC, CAPE-OPEN and Open Spirit.

The creation of a common working platform has always beemrtajr concern of petroleum software
vendors. However, from a user viewpoint, it is still venfidiult to transfer data from one platform
to another, without having to reformat the relevant files. oTiendencies have been emerging in oil
companiesL(Q_os_enlihb_._Z_(bOl): choosing to use only one visndatform, dfering the whole chain of
reservoir applications, or choosing to work with the begtliaptions in the market and establish a loose,
manual interoperability amongftirent systems.

Considering the need of sharing modeling procedures bettteevarious experts acting along the mod-
eling chain, petroleum industry has been promotirghared Earth Modeling approach (SEM, (Perrin
et a?MWWn ino,1200d Xhe ideal view, SEM propose manners of
integrating all the information acquired fromfidirent studies and results related to a reservoir and of
sharing them among all the professionals and users involitasould organize the work of multidis-
ciplinary teams in a community of practice around the camtsion of common earth modelmchi,
). This is not a simple task since, in order to aggregdierdnt models in a common environment,
it is needed a common understanding about how the scieatist®ngineers of the various disciplines
make use of their respective knowledge. Some multi-compaitigtives envisaged integration plat-
forms such as Open SpirMbi 00). In this capplieation adapters are proposed, which
enable applications to connect to OpenSpirit and accessfidah any data store within other plugged
applications. However, this solution only works for Opeinisenabled applications. This issue was
addressed by another multi-company collaboration, thedfpie Shared Earth Model (EpiISEM) project
(@Hﬂl). EPISEM is an open data model that aims to bendastafor applications in petroleum
exploration life cycle. Common terminology is important foformation sharing. Mapping data objects
to Epicentre gives a basis for sharing common concepts ketdata objects, applications, systems and
users. A successful implementation of the Epicentre logitadel was the RESCUE exchange format
(REServoir Characterization Using Epicentre). RESCUFRviplex libraries with documentation to read
and write all the information in binary files. However, RESEdovered only the stage between petro-
physical modelling and fluid flow simulation. Oil companiesciied then to using XML technology as
exchange format and extend its domain of coverage. The RESEpdcial Interest Group was launched
then to propose the RESQML technology. RESQML intends teigeodocumentation, XML schemas

34POSC now becomes Energistics, the Energy Standards Resoentre (httg/www.energistics.ony
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and ways to fiiciently handle binary datasets with an open source library.

Oil and gas industry has taken advantag&mdwledge managemen{KM) approaches for more than a
decade. The goal of knowledge management is to captureipld tacit knowledge of an organization
in order to facilitate the access, share, and reuse of tfatiation k_D_i_eng;KumLa.n_d_Malt&._ZdOZ).
One of the main focuses of petroleum companies concerns Kivbaphes foprocesses and workflows
This is due to the fact that the modeling chain for reservbaracterization is very complex. It involves
several specialists from fiierent disciplines, who perform activities that can be rnggdiaseveral times,
considering dierent hypothesis of interpretation, which can be introduateseveral stages of the chain.
Some declarations of petroleum industry leaders show thah&s been embraced in petroleum industry:

“We must become experts in capturing knowledge, integyagind preserving it, and then
making what has been learned quickly and easily availabésayone who will be involved
in the next business decision.” D.E. Bai@thlumberger

However, after having been considered as the holy graildoresyears, knowledge management prac-
tices still lack actual technologies to explicit knowledg®out companies. In order to produce an actual
system that manages the knowledge of the company, techilqaeare original from various other areas

must be incorporated: knowledge engineering, artificialliigence, databases, computer networks, and

so on (Bdf and Abel} 2005).

At that point, petroleum companies started to search focrete approaches for representing knowledge.
Among the various approaches for handling domain knowledg®logy engineeringis one of the
most cited ones regarding oil industry. There exist worksctviproposed formal conceptualization
of geological domains in order to provide standard corgmbNocabulary, and centralized conceptual
models. We will review them in Chapter 7. However, one shalédrly notice that creating “yet another
ontology for the semantic integration issue” does not stilegoroblem, but may, on the contrary, increase
heterogeneity. In the opinion of many, we should start aaréig possible reuse of formally developed
ontologies. And that is where tf&emantic Webcomes.

Semantic Web techniques have been then adopted for addydbs semantic interoperability issues

in petroleum industry domain. However, for cultural reasdhe petroleum industry has not yet com-

pletely embraced the distributed and shared solutionsestigd by SW initiatives. Petroleum industry

applications are developed in a context in which little seticanformation is available on the Web. As a

consequence, these applications are based on local, gtaygrknowledge repositories, and produce and
consume their own data, much like traditional knowledgseldaapplications.

Even though, some Semantic Web projects have been comgigfitt. The W3C site for Semantic Web
Case Studies and Use Cas].eﬁ_(.tl.etm.a.n_a.n.djléﬂlh.enls, 200 edemstimonials on how Semantic Web
technologies are used by companies and institutions. Hrerfotty cases described, two were submitted
by oil & gas industry:

e Chevron compan)}_(g__mhﬁm), claims that still a large amhofiheterogeneous data is gener-
ated every day from multiple sources such as seismic dathdatea, drilling data, transportation
data, and marketing data. In order to deal with the flood afrimfation, as well as the hetero-
geneous data formats of the data, we need a new approachfdanation search and access.
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The Chevron use case enumerates the main possible appizati Semantic Web technologies
within the oil and gas industry. However, it remains for thement a proposition that is not yet
functional.

e The Active Knowledge Systems for Integrated Operations$iK) prOJectl(.Ej_eLLh_eLm_a.n_d_NQLh_ei

|ZQD_$ LNQ_Lhﬂm_a.n_d_a_eLLh_elnL_ZdOG) is developing an intemtasystem in knowledge manage-

ment to support drilling operations irffshore oilfields. This requires that data be linked together
from databases, applications, and specialized knowledggonks. This needs to be combined
with real-time data from the field to provide timely and coutel knowledge for collaborative
work processes. Core functionality of the AKSIO system vjated by application of Semantic
Web technology, including a drilling ontology defined in OWAnguage, semantic annotation of
experience reports by experts, and integration of the kedgéd base with work process.

The Integrated Information Platform (lIP) projeh_@dm;kian_dsmﬂk_andmtahsz) is not

cited in the W3C site, but is an important project based on &in Web techniques. 1IP aims to
create an information platform for industry by integratiogtologies from several industrial data and
technology standards and also by creating new ontologibis project integrates data and information
for subsea seismic equipment, drilling, production, onsloperations and maintenance for vendors and
operators, and expert centers with taxonomies and on&sagia semantic markup language

The Semantic Da@ is an annual conference that has become an important mexédiog for industrial
use of semantic technologies with contribution from indygstendors and academia. The conference
is located in Stavanger, which is the oil capital of Norwayl,aas such, has a preeminent oil-related
research community.

The research community agree in one point: there is stik lintegration across phases and disciplines
in the petroleum industry. Moreover, for the moment the fewelopments that lead to actual software
products do not concern geology.

2 Requirements for a knowledge-driven solution for earth maleling

According toLRainau.d_eLblL(ﬂjOS), in order to operate keogk-driven earth modeling, there is the
need of:

¢ identifying entities belonging to ffierent categories (raw data, interpretation and visuakssr-
tations);

e keeping the memory of the dditaterpretatiofmodels attached to a prospect;
e keeping the context about each model (who, when, where wiitt);

e checking the consistency and completion of the tasks uakkmtand guaranteeing their quality
of service inside the workflows that are operated; and finally

e making eventually suggestions for improving these workflow

3Shttpsy/www.posccaesar.ofgiki/PCA/SemanticDays2009
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We describe hereunder the items identified as current eadpmts for knowledge-driven earth modeling,
why they are important to be taken into consideration and ti@vpresent work proposes to operate
them.

2.1 Explicit representation of geological objects

The most frequent complain of modelers is that current neogedvide no explicit representation for

geological objects.LRaina.u_d_eﬂ sll_(2b05) write that “..e tieological surfaces included in a earth
model should not be considered as geometrical or graphicsiteit as true geological objects.” It means
that geological objects such as horizons or faults are, days being expressed just by their visual
representations within models and have no symbolic reptasen, not even as classes inside the code.

The main goal of defining explicit representations is alluyvio keep information about geological ob-
jects and about their properties.

2.2 Explicit representation of chronological and topologtal relationships between geo-
logical objects

As we have shown through the naive example depicted on H@Hrehere exists in geology a strong
correlation between the age relationships and properfifseovarious objects, which enter into model
and which are described by means of a geological interjpwatan one part and the all over topology
of this model on the other part. The topology of a structuratei thus strictly depends on geological

interpretation |.(Ba.i.n.a.u.d_ed6ll..._2(b05).

The interactive tools, which are available in most of the slecs presently in use in industry, allow the
geologist to manually modify on the screen the spatial degdion of a structural model. Doing so,
the geologist implicitly changes the interpretation. Saugace will no longer appear as “erosional”
but will become “on-lap” or some fault, which was originathder than a given horizon will eventually
become younger. However, since no record is kept aboupistitions, the geological consequences of
the spatial organization changes that were made are justsisite to evaluate. One will eventually be
able to spot topological flerences between two versions of a given structural modesurety not to
evaluate the consequences of sudfedénces on the identities and properties of the variousogesll
objects entering into the model and on their mutual ageioeistips. In other words, geology will
remain so to say “hidden behind the model”.

Claiming for a knowledge based Shared Earth Modeling Aprdeaina.u_d_eLihlL(ZIbS) stipulate that
the identity of geological objects and relationships stddbe preserved throughout the modeling chain”.
This approach supposes that geological interpretationsldghbe made explicit and be duly recorded
at each stage of the modeling process. As explained in thenemmnof the example of Figule 5.2,
the structural model topology will then just appear as thslteof geological interpretation and will
consequently always be geologically consistent. Moreogeological models will then be easier to
compare (by just considering the geological interpretegtion which they rest) and easier revise (by just
changing some interpretation hypotheses).
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2.3 Correlation about objects from different models

One last expectation of professionals is to be able, withinphase of the workflow, to ask questions re-
lated to the geological objects and also to data and projaotigement. More specifically, users need to
correlate geological objects issued fronftelient fields. An example would be to determine “Which are
the reflectors intersected by a well X". The answer to thisguequires information from objects stud-
ied on two diferent activities to be crossed: reflectors fromdbesmic interpretatioractivity and wells
from thewell correlationactivity. Currently it is not possible to answer these typeguestions, since
we have no way of correlating the data associated with thewsmodels produced in the workflow.

This issue is important because, even though the meaningptdgjcal objects and relationships is made
explicit, this does not guarantee that the interpretatlmuathese objects can be integrated interpretation
generated on other fields.

2.4 Approaches employed in the present work for addressinghe requirements

Ontologies are the approach that we have chosen for expligipresenting geological objects. We
will consider in Chaptel]7 which ontologies can be built fogeting earth modeling requirements. The
developed ontologies constitute the vocabulary that carsbd for describing geological interpretations
in a formal way. Considering a practical use case relatetidditst stages of the modeling workflow

depicted on Figule®d.1(1) and (4) (Seismic interpretatio8tructural model), we will show in Chapfdr 8,

how semantic annotation and ontology integration can betipedly used for recording and retrieving

information about interpretations, which eventually sesthe various considered domains
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Chapter

Building Ontologies for Geosciences

Ontology building has not been considered in the first pathisfwork. The reason for this is the fact
that it strictly depends on the application field that is édesed. It is however an important issue and
we will take the opportunity of our considering the partaufield of geology and earth modeling for
illustrating some of the issues that are currently met whéliing ontologies for a complex scientific

and technological field.

A significant part of the activity developed during this tiseBas been dedicated to the definition of

ontologies for describing the knowledge related to theiplises included in the case study. However,

ontologies are not a goal in themselves. Developing oniedogorresponds to defining a set of data and
their structure for other programs to use.

As explained before, the characterization of oil and gasruedrs is based on the expertise of profession-
als from various fields in Geosciences. In these domaing tisdst several communication standards for
exchanging measured data representation. However, ndestinare available for exchanging and shar-
ing knowledge Thus the need has appeared for companies to agree on a coway@f representing
knowledge about geological objeciBhe type of knowledge about the categories of objects thiat im

a domain, and about the manner in which these objects arainegh is calledstatic knowledgeby the
knowledge engineering community. On the other hand, thelgne-solving behavior of domain experts
is often calledoperationalor proceduralknowledge.

There are various types of formalisms for representingouaritypes of knowledge about a domain.
For examplejnference rulesare generally used for describimperationalknowledge. Ontologies are
agreed to be a formalism that captures the static knowleedgeired to a knowledge-based system.
As a natural consequence, ontologies have been chosen lasotivkedge-representation formalism for
making explicit and sharing the common understanding abarh sciences domains.

1 Ontologies formerly developed for Geosciences

Several authors claim that an ontology is built in refereiocg practical goal. This means that the aspects

of reality that are chosen for encoding some ontology dejperithe taskLN.o;La.n.d_M.QG_uinn.lais_(ZbOD
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more precisely indicates that “the best solution almostgswdepends on the application that you have
in mind and the extensions that you anticipate”. This pard key for understanding the choices that
were made by the various categories of geoscientists, wiedieeady proposed solutions for geological

knowledge formalization.

During the last years intenséf@rts have been developed by various organizations (gealbgiirveys,
geoscience consortia, oil companies) for issuing codifinatand formalizations of geological knowl-
edge. These can be classified, we think, in various categageording to the specific domains or
activities that they address.

1.1 Geological surveys

Geological surveys are national or regional institutiomisich are notably in charge of issuing geological
maps. Their needs regarding knowledge formalization aregtihequired for exchanging the information
contained in field or laboratory observations and for ligkinwith objects represented ongaological
map The related knowledge thus concerns geological objealsganlogical observations in atomic
scale, notably rock sample descriptions.

In 2005 the Arizona Geological Survey developed a concéptoael forgeoscience featurm,

). Taking advantage of this pioneer work, a working grmvolving geological surveys from vari-
ous countries including France (BRGM) further developésl@eoSciML model. GeoSciML formaliza-
tion is based on the normative Geography Markup Languagel.()Gdi the representation @feographic
featuresandgeometry

The US Geological Survey designed the NADM model (North Aicaar Geologic Map Data Model,
,@4)) as an ontology for developing interoperal@el@gic map-centered databases. The
NADM model is designed to be a technology-neutral concéphaalel and an interchange format using
evolving information technology (e.g. XML, RDF, OWL) to @l geologic information sharing between
geologic map data providers and users, independently fooal information system implementation.

The Geosciences Network (GEOFLI._(.I_'Ln_a.n.d_Lu.da.e'Ld.h.&L.J ﬂpba)ject is a collaboration among in-

stitutions and agencies to develop cyber-infrastructargupport of an environment for integrative geo-
sciences research. The GEON project is interested in tHagunoof integrating geologic maps, whose
source files contain geologic age or rock type informatiothitables with dierent schemas and vo-
cabularies. They are proposing an interoperability systénch loads spatial data sets as OWL files and
saves them into an ontology repository. The user is themvaticto define an articulation between the
ontologies, which enables him to perform queries over mlgltbntologies.

The geologic time scale has been also a conceptualizatigattaf geological surveys, since the IUGS
International Commission on Stratigraphy guidelines nec@nds a very precise usage of the time re-
lationships in order to establish a standard time scale derin global correlations._Cox and RicHard

) presented a formal representation of the geologjited scale using formal notation to enforce
the precise definition of the relationships between the toraponents.

httpy/www.geongrid.org
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1.2 Specific geoscience domains

Specialized ontologies were defined for specific geoscielmeains. The work of Babaie, Oldow,

Babaei, Lallemant, and Watklnsdazb%) describes themstgps in defining a preliminary conceptual
model of parts of a Structural Geology ontology. They clanat tdeveloping ontologies for geosciences
is likely to become a complex task if all the concepts andtigahips in the domain are included in

a single, large ontology. So they proposeamponent-based ontolggthat merges several homoge-
neous sub-ontologies describing sub-disciplines of airat geology (such as FaultGeoOntology and
FoldGeoOntology).

Specific ontologies were also developed| by Malik étlal._da('fov igneous rocks, a field, which is of
little concern for us, and denp_aJ.hLa.nd_B_aﬁa{&d008)riydrogeology In the field of petrology, a
remarkable work in this category is the ontology developetdBRGS (Brazil) and by the Endeeper
company, for supporting the knowledge-based sygtetnoledgein which expert knowledge is attached
to observations of rock samples under the microscope artihysgeologists for inducing palaeoenvi-
rommental interpretationli.(.D.e.R.os.eItbL..ZlOO?). The Redige project notably investigates the cognitive
mechanisms involved in the rock interpretation process.

The SWEET (Semantic Web for Earth and Environmental Tertogy) project provides an upper-level
ontology developed at NASA with coverage of the entire Eagtstem l(Bas.km_a.n_d_Ela{n._ZbOS) The
SWEET ontologies include several thousand terms, sparmibgpad extent of concepts from Earth
system sciences (such as Earth Realm, Space, Time, Nah@abf®ena) and related concepts (such as
data characteristics) using the OWL language.

1.3 Petroleum industry

The Integrated Information Platform (IIFL(QnidhLzbbﬁnﬁﬂnaLk_a.n_d_M_thi_ZdO4)) project com-

pleted one of the largest ontologies ever developed fordumstnial field for formalizing the terminology
used in petroleum production. The project address many mhsisuch as subsea production equipment,
seismics, drilling and logging, reservoir characteratiwell production, operation and maintenance
but does not include earth sciences. Parts of the ontolaghased on ISO 15926 standard, for oil and
gasproductionlife-cycle data (which considerably fiiers from the oil and gasxplorationlife-cycle),

but they also include concepts issued from other terminetogWithin I[P, more than 40000 concepts
have now been defined and modeled in hierarchical concegttugtures.

At present, some online ontologies repositories are beawvgldped, such as the future Open Oilfield
Ontology Repository (03@ project backed by the Chevron, Exxon and Total companieghngets
out to “collect public oil and gas ontologies and make theselfy available to the industry at large”. This
portal will provide search, navigation and delivery via aqess called “ontology-driven information
retrieval”. A similar proposal is the Open Qilfield Ontolo@rganization (O4OI@, a repository of
open oilfield ontologies launched by Schlumberger. Howedath proposals are not yet operational for
the time being.

$Thttpy/www.oilit.corry2journaf2articlg0706_5.htm
3nttp;/www.04oil.orgo4oil.html
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From 2001 on, the IFENSMP team for Geo-modeling has developed a new knowledgerdparadigm
for reservoir studies based on the belief that geo-modddiibgi should not be directly dependant from
data (data-driven) but rather from geoscientists’ intetgitions (knowledge-driverb_(Baj_na.u_dﬂtlaL._iOOS).
) showed that geoscientists’ interpretatiefested to structural modeling can be described
with the help of an adequate “geological syntax”. This woidtidguishes dterent types of geological
surfaces either polarized (corresponding for instancers&igraphic horizons) or non polarized (corre-
sponding to faults or thrust surfaces). It also defines ptmsethat allow to assemble these surfaces
so that the topology of their assemblage is consistent \kigir tgeological properties. In 2005, the
IFF/ENSMP team issued the first version ofGeo-ontologydescribing the geological objects to be
modeled and defining the syntax rules to which they must obigig. Geo-ontology, described in (Perrin
et aI.,@b), is the precursor of the ontologies that haes leveloped for this thesis.

As a result of our review of the ontologies developed till nmwvgeosciences or for petroleum produc-
tion industry, it appears to us that none of them is perfestiyable for representing knowledge about
3D geological modeling. First, our needs for reservoir isicire not the same as those of geological
map editors. For example, the choice made in the NADM modtd @arefully store field and sample
observations attached to the objects described in gealogiaps, taking little or no account of genetic
considerations. This choice can hardly be ours, sinceweisanodels first intend to describe the geo-
logical history of a prospect with the final goal of quantifgithe amount of hydrocarbons produced as
a result of this history. Moreover, the few ontologies whadncern petroleum industry were built for
other workflows then that of reservoir characterization.

For this reason, a significant part of the present work has ldeelicated to definition of ontologies
describing the objects that are manipulated within eartbatiog workflows.

2 Ontologies for 3D earth modeling

For defininggeoscience ontologiegGeo-ontologies), | have taken advantage of the participation of
Ecole des Mines and of my participation to an ANR projecttatie-Wox Hus (Environmental Web
Ontology Knowledge Hultt}d Thee-Wok Hus project extended over 3 years from mid 2006 to mid 2009.
It associated professionals and researchers concerneéltty $uch as computer science, knowledge
engineering, reservoir engineering, geosciences, biglgng seven French institutions (INRIA, BRGM,
IFP, ENSMP, ENSMA, EADS). This multi-disciplinary reselargroup studiedsemantic Weksolutions

for extracting and managing interpretations obtained fdmouments concerning potential g€torage
sites. Two use cases were defined which respectively coedterservoir modelingandCO, storage site
identificationand, in both cases, the main issue was managing the intatiprest produced or used by
geologists while performing their tasks.

Within e-Wok Hus , Geo-ontologiesvere defined by a group comprising geoscience experts aott ont
ogy enginee

39public website of-Wok Hus project: http/www.inria.fr/sophidgedelweisgorojectgewok/

40Thee-Wox Hus ontology group comprised two Geoscience experts, onelBetmExploration engineer, and three Knowl-
edge engineers, including myself. | was the only one amorm#edge engineers to have some experience in the field df Eart
science. For this reason among others, within the group Ispasifically in charge of finnalizing the various conceptual
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At the initial stage of the project, domain experts manuakyracted vocabulary relevant to G6tor-
age from a set of representative text documents. Afterwaassidering the extracted vocabulary and
additional key concepts proposed by the geoscience expleetgroup started to define prior ontology
conceptualization (conceptsrelations) for various sub-domains of geosciences thatieat defined
as relevant for the project. This was done using a graphiwlatdge-acquisition tool, thtHMC CMap
Tools softwar@ This methodology well agrees with the recommendatloananG&;Be.r.ez_eL I,

) who claim that the conceptual model should represerptoblem-solver view of the problem and
that, consequently, the phaseaainceptualizatioris the most important before the development of any
computer-based solution. The knowledge conceptualizatimuld thus be addressed by first establish-
ing the domain structure and its components by means of ptureemaps.

The results of this conceptualization work are presentatignchapter, in the graphical format of UML
diagrams. Further on, in order to create a formal ontologgnfthe conceptualizatiom;Wok Hus ontol-

ogy group chose to use the OWL language, which is a W3C stdridapntology development. Since
the elements required to express the relationships irGibe-ontologiedell within the restrictions of
OWL DL, the group decided to represent tleo-ontologiedn that sublanguage. Conceptual maps
were accordingly encoded into OWL-DL ontologies. TRwtégéOntology Editafq was used in order

to modify the created ontologies, and to add missing praseaind semantic restrictions when necessatry.
The RDF3OWL version of the ontologies related to théVoxk Hus project can be downloaded from the
internet site of the proje

2.1 Geoscience ontologies

In the course of earth modeling workflows, geology sciencelmseen as the red thread to which all
local objects should be attached. We have thus defined alglotiogy, the Basic Geology ontology,
which refers to the geological objects used both in earthetiogl workflows and in CQ storage site
identification.LB.a.b.a.i.e_eLlalL(ZjOG) rightly claim that deyeng ontologies for geosciences becomes a
complex task if all the concepts and their relationships@field are included in a single, large ontology.
Consequently, the-Wok Hus ontology group decided to separate the Basic Geology amadtto sub-
ontologies which provide more detail to the main top-level conceptsl iato otherdomain ontologies
which represent fields that are independent of the Basicdggaintology, but whose concepts are used
by the Basic Geology concepts. Therefore, the Basic Geadogpiogy describes and interconnects all
the geological entities that must be considered for regeraodeling. The other domain ontologies
linked to the Basic Geology ontology are:

e theGeolocation ontology an ontology of geographical terms, which both rests on athtnative
nomenclature and on spatial (polygonal) area definition;

e ontologies for the disciplines d?alaeogeographyLithology andHydrogeology;

schemas that were elaborated as the first step of the devehvprfithe various ontologies that were produced. | notably
dedicated much work to building the Geological Time and Ggialal Dating ontologiescf. SectioZTR).
“httpy/cmap.ihme.us
42nttpy/protege.stanford.edu
“nttpy/www-sop.inria.ffedelweisgprojectgewokiontologyviewontologies.html
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e ontologies for defining and managing geological agesological TimeandGeological Dating
ontologies.

We will first describe hereafter in Secti@n 211.1 the Basiolégy ontology, which will play the key
role of Global ontology (GO) in the use case that will be depged in Chaptefl8 for illustrating the
methodology proposed in our work for ontology integration.

We will then describe with some detail in Sectiobn 2.1.2 thel@gical Time and Geological Dating
ontologies. Considering these ontologies allows to catchesof the major dficulties that knowledge
engineers are likely to meet when they intend to formalizeraglex and mature scientific domain. In
such a case, it is necessary that they develop an extensivgsdion with the domain experts in order
to capture not only some key concepts but also their relatigmrtance, the way in which are mutually
organized and the various constraints to which they are gtdam All this will be concretely illustrated
when describing the Geological Time and Geological Datinplogies.

Finally, we will present in Sectiond.2 the ontologies tharedeveloped for describing the concepts of
the activities that precede the structural earth modelihg: Seismic interpretation and Well definition
ontologies.

2.1.1 Basic Geology ontology

The Basic Geology ontology was built around the condg@pblogicalObject Geological objects are
very diversified (examples among many others are: a stasieimentary unit, a reef, a diapir, a fault
network etc.) and can be simple or complex. It is possibledwawto consider thatomplexgeological
objects are made of a various numbertimicgeological objects. There are two kinds of elementary
geological objects:

e 2D objects, that is, th&eological Boundaries such as the erosion surfagethe faultF and the
upper and lower boundariég andb; on FigurdZ1L;

e 3D objects, that is, th&eological Units such as the sedimentary ubitimited by the boundaries
b, andb, on Figurd_ZIL. Geological Unit is a volume of continuous ggalal matter limited by
one or several Geological Boundaries.

The sub-concepts aBeologicalUnit(e.g. Sedimentary Unit, Metamorphic Unit, etc.) a@eologi-
calBoundary(e.g. Genetic Boundary, Tectonic Boundary, etc.) are lgetan two homonymous sub-
ontologies. A geological unit is filled by some substancepsehnature is detailed in tHgubstance
ontology. The description of some types of substances (asftock$ uses terms imported from the
Lithology ontology

The various types of geological objects, such as Diapirf Re@& many others are detailed in tBeolog-
ical Objectsontology. A given geological object is the result of somelggizal event (represented by
the concepiGeologicalEver)t A geological event may consist of a single geological pssc(e.g. the
deposition of a sedimentary unit) or be composed of mulijglelogical processes (e.g. a metamorphic
formation deformed by late tectonics). The various spieitbns ofGeologicalProcessorresponding

to creation, destruction or transformation of geologicaltter, are detailed in the Geological Process
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Erosion surface

Sedimentary strata (faulted)

Figure 7.1: Geological objects: Erosion surféeault F and Sedimentary strata utit, constituted of
volume and boundarids, andb,

sub-ontology. A geological event is responsible for gelalgobject structures (e.g. Synform Fold,
Reverse Fault). These structures are detailed@ealogical Structurentology, which describes var-
ious geological items simple or complex (folds, faults,pilidor instance) considering their particular
geometry or topology.

A geological object is precisely defined by its location age.a The object’'s geographic location is
described by concepts of th@eolLocation ontologywhile its age is described using ti&eological
Dating and theGeological Time ontologiesThe top-level part of the Basic Geology ontology is shown
on FigurdZP.

The conceptsSedimentaryFormatioand Reservoirfrom the Geological Objects ontology are presented
on Figurd_ZP so as to show the link to tRalaeogeographyndHydrogeologyontologies respectively.
These ontologies are described in detalij_[n_ﬂ%[n_l P0From the ontologies cited above, only the
ontologies for geological time will be described in moreailst

2.1.2 Geological time formalization

Considering geological time is essential from many poiritgi@v. As a historical science being made
of a succession of eventgeology can be described by specifying the chronologicdémin which
geological events occurred. But since most of these presesmsist in a combination or in a succession
of possibly long-lasting events, they also need to be stud@sideringtime durationsat geological
scale.

As it will be explained hereafter, the main interest of ggatal chronologies (Geological Time scales or
absolute age determination) is their use for dating theaggedl objects that are described at the regional
scale by geological regional maps or written documents amidhaalso eventually enter into geological
models.

After having briefly examined how geological time is curfgrdescribed by geologists and which re-
quirements this poses for geological time and geologicahgdormalization, we will present the two
ontologies that were developed within ti¥Vok Hus project respectively for describing geological time
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Geolocation ontology .
i GeologicalProcess
Haes E consistsIn
hasstructure . resulksFrom
GeologicalStructure geo:GeologicalObject GeologicalEvent
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Paleogeography ontalagy Uzes ,ﬂ E
’ ses
geo:GeologicalBoundary fr' ﬁi(
GeoDbject:Reservoir GeologicalTime
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Figure 7.2: The top level Basic Geology ontology

scales Geological Time ontology and for associating time units and boundaries to actudbgeal
objects (Geological Dating ontology (Mastella et al., 2008c). This formalization well compaith
those formerly proposed and notably with that of Cox and &i¢h{2005) used in NADM. It not only al-
lows to dfect ages to geological data and to chronologically ordenthet, in contrast to the above cited
formerly developed ontologies, it is also a tool for easibemting stratigraphic correlations between
time scales arfdr between stratigraphic successions of any type.

2.1.2.1 Geological chronologies For developing an ontology describing geological time dsddla-
tions to geological objects through dating, it is necessamgonsider some peculiarities of the methods
that are currently used for attributing ages to rocks. Thesibdity of quantifying geological time and
geological durations by using figures expressed in milliearg (My) only appeared a few decades ago.
Such dating known as “absolute dating” is based on radiagcand goes through evaluations of small
guantities of radioactive and radiogenic matter trappeieaminerals. The corresponding laboratory
measures are most oftenfitult and expensive to operate and their results &ected by significant
numerical uncertainties.

For these reasons, absolute ages are not the tool most cdynose for geological dating. In most
cases, geologists prefer using classical Geological TinadeS that were historically built considering
particular geological events and notably fossil specigeamnces and disappearances. Geological time
scales such as theternational Stratigraphical Scalase arevent-based chronologwhich rests on the
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stratigraphic model This model was elaborated at an early stage of geologitahse development,
when geologists observed that, in many places, undergrisucehstituted by a succession of sedimen-
tary layers, which each lie over the other and which genehalle a great lateral continuity. Geological
history is then seen as a succession of elementary eventsceastituted by the deposition of an indi-
vidual layer over older ones. In this model, sedimentarycsssions observed on the field materialize
a slice of geological time and time correlations can then fierated by laterally following individual
layers.

Since individual geological strata can hardly be followadyeometric continuity over distances over-
coming a few kilometers, other criteria had to be considéoeaperating stratigraphical correlation at
long distances and possibly around the entire world. Far, tgologists took advantage of the quick
evolution through geological times of some animal or vegietssil species. Considering that appear-
ance and disapperance of particular fossil species werel \scale events, they built a full event based
chronology, which resulted in thaternational Stratigraphic Scalestablished by the International Com-
mission on Stratigraphy (ICS) of the International UnionGeological Sciences (IUGS), described in
It still constitutes the tool that is most widely used at pregor dating geological

objects.

The ISS divides geological time i@eochronologic Unitof variousranks each unit of rankn being
included in a unit of rankn— 1 as shown on TableEZ1.1. In a given rank, each geochronolagtc u
corresponds to a given slice of geological time, which isasafed from its two neighbors respectively
by a bottom and by a top boundary. These boundaries corrédpdmo punctuainstantsat the scale
of geological time and have no duration. Moreover each eh¢ang time slice thus defined is supposed
to correspond to a reference stratigraphic successinat@typg, which contains the fossil species that
were used for defining @

At world scale, bio-stratigraphic correlation is not alwagyossible. For instance, geological layers de-
posited in a continental environment only contain contiaefossils and cannot be easily correlated
with marine deposits. Moreover, coeval sediments depbsitesedimentary basins very distant from
each others (for instance possibly belonging tedéent oceans at the world scale) may contain very
different fossil associations. For these reasons, regionalgaales were eventually defined in various
parts of the world for describing stratigraphic successiawhich could not be easily correlated to the
ISS. For instance, in a significant part of Europe, most sedisndeposited during the Triassic period
are continental so that no direct correlation can be madeté ISS stratotypes, which all correspond
to marine environment. Accordingly, there exist two geaabtime scales for Triassic in Europe: one
(ISS) for describing marine sediments and another (a reggmale known a€ontinental Triassic Scaje
for describing continental depositsf(Figure[Z3B).

44The 2009 version of the International Stratigraphic Crapresented in Appendix C.

“SFor instance, some geological formations exposed in cegimithe region of Oxford (UK) are considered as a reference f
defining the Oxfordian stage. They constitute the stramtfpOxfordian. Progress achieved in fossil studies and fimicg
new rock dating methods have lead the ICS to proposing inékiengies a new type of geological time standardization no
longer based on stratotypes but on GSSP (Global Stratotypto8 and Point) each representing the point in time at kvaic
particular stage is startin in etlal., 2004).
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2.1.2.2 Requirements for geological time formalization It results from what has just been exposed
that geological time formalization should necessarilycdég both the quantitative chronology corre-
sponding taabsolute ageand theevent-basedhronology expressed by stratigraphical time scales. De-
scribing a chronology expressed by definite time instandssisnple issue, but dealing with event-based
time scales is a more flicult problem that has not yet been object of much researck.widtis is the
reason why we must consider with some detail the requiresretnected with this last issue.

Geological time scales are globally organized as partoesisince each geochronologic unit of rank
corresponds to a fraction of the time span of the relatedafmiankn — 1. However they are far more
than partonomies. The first reason for this is that the varimits of rankn attached to a geochronologic
unit of rankn — 1 are chronologically ordered with respect with each otheash of them being either
older or younger than any other one.

A second reason is that, within any time scale, there exagiached to the set of geochronologic units,
a dual set comprising the associatede boundaries These various boundaries must be described and
classified by specifying their links with the limiting ge@onologic units. This supposes to take into
account many synonymies since the top boundary of a giverisuaguivalent to the bottom boundary
of the unit which directly overlies it and since a given lingtlikely to have diferent names depending
from the rank of the units to which it is attached. An examplehown in Tabl€7]1, where all the listed
terms correspond to one same geochronologic boundary:ateds the Triassic period.

Table 7.1: Synonym for the base of Triassic

Base of Mesozoic Triassic Lower Indusian Buntsandstein Lower
Triassic Buntsanstein
Top of Palaeozoic Permian Lopingian ChanghshingiarUpper Tatarian
Permian
(Thuringian)
RIK2 RI3 R4 RIS R4 RIS
International Stratigraphic Scale Continental Facies Scale (Europg)

Moreover since both geochronological units and boundartieshronologically orderedit is necessary

to specify the temporal relationships that they have eatihtive others. Possible relationships between
boundaries and units were definedmn 983), who pregadkirteen basic relations between time
intervals, theAllen’s interval algebra An ontology describing geological time should of coursieio
the possibility of describing such possible relationstbpsnveen geological units. Since the time units
within a given geological time scale can be seetirag intervals we decided to formalize geological
time relations using Allen’s interval algebra.

We depict in the first column of Tab[eY.2 some configuratiohpassible relations between units and
boundaries in some GTSs. Next to it, we present the fornthiizierval relation that describe the con-
figuration, and also the derived relationships, where:

e Unit 1 (U1) and Unit 2 ) are units from some Geological Time Scale (GTS);

e Upper unit 1 JU;) and Upper unit 2WU>) are top boundaries of GTS units, Lower unit. 1)),
Lower unit 2 (U>) are botton boundaries of GTS units

Moreover, within the framework of theeWok Hus project, the presented temporal relations were for-
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Table 7.2: Temporal relationships for Geological Time 8sall

Correlation Unit to Unit Derived relationships
relationships
Unt Oldor Tham Uni — U, older than UU, older thanLU,
nper U,
Upper U1 /,,,-""' Lower U2
Loweer U1
T TRT U, meetsU; UU, equivalent toLU;
Upper U2
Lower U1
Unit Overiaps Unf U, overlapsU; LU, older thanLU,
Lpper U2 AND UU, younger
Upper U1 thanLU; AND UU,
/,,ﬂ”_::: Lawer U2 older thanUU
Loweer U1
Unit Strss Unit U, startsU, LU, equivalent taLU;
Upper U2 AND UU, older than
Upper U1 /,,,-"'/ uu,
Lower 1 Loweer U2
Unit During Unit U, duringU; LU, younger tharLU;
Upper U2 AND UU, older than
Upperut -
) UuU,
Lowerut e
Loweer U2
FA— U, finishesU; LU2youngerthanlh
Uppervt Upper U2 AND UU, equwalent
Lower U1 ‘“‘--\_M“ Unit L2
Loweer U2
Unit Equals Uni U, equalsU; LU, equivalent td_U,
Upper U1 Upper U2 AND UU, equwalent
nit 11 Unit U2 toUU,
Lower Ut Lower U2

malized adnference rulesn the Corese Iangua@. For example, the rule that infers that a given unit
happengiuring another, from the correlation of their boundaries, is eedoas follows.

<cos:if>

{ ?unitl :hasTop ?upperboundaryl .
?unitl :hasBase ?lowerboundaryl .
?unit2 :hasBase ?lowerboundary2 .
?unit2 :hasTop ?upperboundary2 . }

</cos:if>

46Corese is an RDF engine based on Conceptual Graphs (segwhtig-sop.inria.ffedelweisgsoftwargcoresg).
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<cos:then>
{ ?unitl :during ?unit2. }
</cos:then>

These inference rules are applied whenever the user wanlisdover, from the fournished relations,
new possible correlations between time scale elementsapplication of these rules is illustrated with
an example in Sectida Z.T.2.5.

The main interest of geological time scales and of absolggedaterminations is their use for dating ge-
ological objects. Formally dating consists in establigharlink between a geological age (stratigraphical
or absolute) and some geological objects. Specifying whtid age of a definite object is not always
a simple issue since some objects were eventually the refsaltomplicated succession of geological
events. For instance, some sedimentary unit was possitilyefutransformed into a metamorphic rock,
in which case it will have two ages: one corresponding todlitie original sedimentary deposit and an-
other one to the age of the metamorphic event that later neddifie lithology. Another example would
be that of a complex fault along which variousfdrential movements took place at various geological
periods. In such cases and in all others, it is necessangéubgists specify to which event(s) should
the age of a given object be attached in order to avoid alliplesambiguities. This also means that the
age of a given object may correspond either to a given gembdate related to some event considered
as “instantaneous” at geological time scale or to a gecdbgime span that begun at a given geological
date and ended at another one and that had thus a significatiodu Formalization should take into
account the above mentioned peculiarities and allow agéwton according to two dierent time for-
mats, a chronological one referring to absolute ages andeart based one referring to some geological
time scale.

Finally, another point should be mentioned concerning agioll object dating, which is the fact that

this dating is always the result of some interpretation. egavdiferent ages resulting from several

interpretations may thus be eventually attributed to omeesgeological object. In the Shared Earth
Modeling approach that we are considering in the presenkvibere is thus the need that the dating
versions attached to some geological object and their waigbaracteristics (such as their author or the
dates at which they were performed) be duly recorded. Inrdecme to what was exposed in then first
part of this work, we recommend that this should be prefgraloine by using semantic annotations.

For this reason, we consider here that the interpretatipecasof geological dating has no particular

incidence on the dating ontology to be built.

2.1.2.3 Geological Time ontology The hierarchy of the geological periods of time as it appéars
stratigraphical time scales is described using @eological Time ontologjthat we have developed.
Moreover, this ontology allows to establish correspondsrimetween the ISS, which is the international
standard scale for geological tin{e_(g_alLMt[a.L__lZOOGm)my other time scale based either on the use
of the fossils or on absolute ages. An extract of the intéynat standard scale for the geological time
scale (ISS) is shown on FigureT’.3.

As we already mentioned, this stratigraphic time is comgpas most others, of geologidiine inter-
vals such as Quaternary, Pliocene, Middle Pleistocene, ehichvare chronologically ordered and are
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Figure 7.3: Extract of the International Geological Timelgc

contained one inside the others, and thus constitute arfuemiy

In our case, the concept considered for defining the reldi@tmween time intervals is thieoundary
between geological ages, one same boundary possiblyrdgngeveral time units of flerent ranks.
For example, the boundary shown on Fighird 7.3b is at the saneetie lower boundary of the stage
Lower Pleistocene, of the epoch Pleistocene, and of theg€uaternary. This information can derive
several other relations about these three geological dmsexample, one can make statements about
the partonomy of objects, such aartOf(Lower Pleistocene, Pleistoceraayd isPartOf(Pleistocene,
Quaternary)

In this context, we have defined two main concepts to repteksemmain elements of the geological time
scale: GeochronologicUnijtwhich represents geological tinrgervals and GeochronologicBoundary
which represents geological tinm®undaries These geological time boundaries represent the opposite
idea of geological time intervals, since they are considiévecorrespond tstantshaving no temporal
duration. Although these instants can be dated using aesafie measurements, it should be noticed
that, in many cases, these absolute measurements are aisepgaough to provide a non-ambiguous
chronology. The Geological Time ontology is representedigure[Z#. The concepts and relationships
related to this ontology can be described as follows.

e The abstract conce@eochronologicElemeris the superclass @eochronologicUniandGeochrono-
logicBoundary and defines the relationsYoungerTharandisOlderThanwhich eventually spec-
ifies the order of occurrence of the objects in the course ologgcal times.

e GeochronologicUnitnstances are organized in a partonomy (i.e. ppyad of relation).

e Units such as Eon, Era, Period, etc. are sub-concep&eothronologicUniand are organized
in specific partonomies: an instance of Chron is part of some, Avhich is part of some Epoch,
and so on.

e A GeochronologicUnits described by some Reference System, such as the ISS contieéhtal
Triassic Scale.
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Figure 7.4: The Geological Time ontology

e The base and the top of son®@=ochronologicUnits a GeochronologicBoundarfrelationshas-
BaseandhasTop.

e Geochronologicinstans a generalization aeochronologicBoundarwvhich represents one par-
ticular instant within a GTS which does not correspond tounldlary between units. For example,
according to the absolute age figures mentioned on F[guréh@.8ate of 1.5 millions of years
before present (1.5 My) does not correspond to any of the iouedaries represented on the
ISS. Consequently such an instant, which does not correspmithe top or to the bottom of
any unit just represents an instance@éochronologiclnstantits age may be expressed by an
AbsoluteAgefigure (1.5 My) or as a stratigraphical age (Lower Pleistegen

e Actual GTS units, such as Triassic, Jurassic, and so onepresented dastance®f the concept
GeochronologicUnit(in fact, as instances of the concejifen, Era, and so on). For example,
Quaternary is an instance of the concé&ariod and Holocene is an instance of the concept
Epoch(see Figur&713).

e Actual boundaries between units are represented as iestafthe concepgéeochronologicBound-
ary.

e A GeochronologicUnitnstance relates to oth&eochronologicUnitnstances by means of very
detailed interval relations (e.gverlaps meets starts etc.) which enable to precisely describe
their configuration. These relations are those defined bjlike’s interval algebra, as mentioned
in SectioZ1.Z12.

One peculiarity of the Geological Time ontology that we hdeéined is that it can be applied fgeo-
logical time correlation, that is, for creating a correspondence between elemeristefent GTSs, as
shown in the example below.

Example.As we mentioned in Sectidn Z.1.P.1, there exist two geolddime scales for Triassic in Eu-
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rope: one (ITS) describing marine sediments and the othamt{@ntal Triassic Time Scale) describing
continental deposits. These two scales are representeidjare[Z5.
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Figure 7.5: Correlation between units offdrent time scales

In this case, we could imagine establishing correlatiorisvéen the two scales by referring to absolute
ages. However, the absolute ages mentioned on Higdre pé&ctesly for marine and continental Tri-
assic refer to two dierent absolute age scales. As a consequence offteeetices existing between the
two absolute age scales and of absolute age measure uniiestadbsolute ages cannot be used in this
case for integrating the marine and continental Triassie tscales.

According to geologists’ interpretations, correlatiorvireen units can be created by means otitne
interval relations One can assert that Buntsandstein begins at the same @meltlassic by stating
the relationstarts(Buntsandstein, TriassicA correlation can be made between the Muschelkalk and
the Middle Triassic, since one occurs during the occurresfcthe other (see the boundaries of the
Muschelkalk which have been extended to show its relatioth¢olSS units): during(Muschelkalk,
MiddleTriassic) Another way of correlation is stating equivalences. F@magle, the German Triassic

is equivalent to the International Triassic, even thougdirtboundaries do not present the same absolute
ages [sEquivalentTo(GermanTriassic, Trias§ic)

2.1.2.4 Geological Dating ontology Thegeological datingorocedure consists irffacting an “age”
to any geological object. As we formerly mentioned, geatafdating should take into account the two
different ways of characterizing geological dat@issolutedating andelative dating.

In order to represent the particularities of geologicalrdptwe defined th&eological Dating ontology
(FigureZ®), which introduces abstract concepts whichentiad link between concepts of tBeological
Time ontologyand of theBasic Geology ontologyThe concepts imported from the Geological Time
ontology have been given the pretBeoTime and those imported from the Basic Geology ontology, the
prefix BasicGeo

The concepts and relationships related to this ontologybeattescribed as follows:

e GeoTemporalEntitys the abstract superclass that specifies the temporailoreasOlderThan
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is0lderThan/isYounger ThanfisContemparaneousTo
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BasicGeo:GeologicalUnit || | BasicGeo:GeologicalEvent

Figure 7.6: The Geological Dating ontology

isYoungerTharandisContemporaneousTé GeoTemporalEntithas a defined stratigraphic age,
which is represented by the Geological Time ontology conGxo Time:GeochronologicUnit

e GeoTemporalBoundargmd GeoTemporallntervadre abstract subclasses@®toTemporalEntity
They inherit all relations defined to the superclass. S@&aeTemporalintervabegins and ends
in someGeoTemporalBoundary

o A GeoTemporallntervahay be dated by an interval relation with so@eoTime:GeochronologicUnit
or by having a defined stratigraphic age, since it inhergsréhationhasStratigraphicAge

e GeoTemporalBoundargan be also dated by stating a stratigraphic age. Moreowee # is a
boundary, it may be dated by a specific instant in time, reptesl by the concept
GeoTime:Geochronologiclnstaniotice that the instant can be either an absolute age or a GTS
boundary, since
GeoTime:Geochronologiclnstaig a superclass déeoTime:GeochronologicBoundary

e The geological objects that can be dated &asicGeo:GeologicalBoundary
BasicGeo:GeologicalUnitBasicGeo:GeologicalEverand BasicGeo:GeologicalObject

e BasicGeo:GeologicalBoundarg a subclass ofceoTemporalBoundaryinheriting its proper-
ties and those oGeoTemporalEntity BasicGeo:GeologicalUniand BasicGeo:GeologicalEvent
are objects that havéuration So they are subclasses GeoTemporalintervaland can, thus,
be dated by specifying a stratigraphic age, by defining aeniat relation with some<Geo-
Time:GeochronologicUni#, or by stating that it begins or ends on some
<GeoTime:GeochronologicUnitor at definite<GeoTime:Geochronologiclnstant

The Geological Dating ontology provides to the geologisegylexible tool for attributing a geological
age to some object. One may either use all possible tempadagions or use just one relation and write
inference rules that infer other ones. For the above exarim@ence rules can be written that infer the

156



2. Ontologies for 3D earth modeling

date of some geological object by the date of the event tleatted it. A geological object can also be
explicitly dated by means of theeginsOrandendsOrrelations.

2.1.2.5 Example of practical use of Geological Dating A practical example of the application of
the inference rules to Geological Dating can be showed fremwdsults of the-Wok Hus project.

The e-WOK client is a Web portal proposing the access to uargervices and applications, among
which, the establishment of queries about the documenisbadge users ask, in particular, to recover
the documents which refer to a unit of the GTS. And the mosbmamt for the expert user is that the
documents found refer to the unit explicitly chosen, bub dis the units that are equivalent to or included
in the chosen unit. Here it lies the application of thierence rules

Figure[Z7h shows the visual interface where the user istalilhoose a geological time unit from the
GTS, and then require to search for the related documentsaii$wer is a list of documents that refers
to the Jurassigeriod or to a period that is equivalent or contained indbeassigeriod. We show in
Figure[Z7b an extract of one of these documents, which wasdfbecause it makes reference to the
Doggerperiod, which is arequivalentto the Middle Jurassidn the GTS. TheMiddle Jurassimccurs
during theJurassiaunit, therefore, thédoggeralso occurs during théurassic and documents citing it
should thus be retrieved.

This example is showed here to show how the inference rulek. Wde inclusion of inference rules in
the OntoDB database is an issue that will be discussed inuhad-Works section.

2.2 Ontologies describing specific earth modeling activiéis

Geo-modelers are interested in building 3D or 4D earth nsoideldescribing oil and gas reservoirs. In a
Shared Earth Modeling, they wish to access to the knowletigeteed to the modeled objects (geological
units and boundaries, faults and fault network) and to timérpretation (identity and mutual age and
topological relationships of the various objects). Thigmuses knowledge formalization, which not only
consists in defining concepts and properties directly edléd the Basic Geology ontology, but also in
building local ontologies representing concepts attadhespecific activities in the reservoir modeling
chain, such as:

e an ontology for seismic interpretation, tBeismic ontology

e an ontology for well description, thé/ell ontology.

The concepts of the Seismic Interpretation ontology (Fe§iB&) were defined within the PhD work of
Philippe Verneymmm, since he is considered awih expertise in the Geological Seismic
domain. This ontology is detailed in Chapiér 8.

The Well ontology (Figur&_Z.8b) was defined entirely based subset of concepts already elicited and
formalized from the Drilling domain: the WITSML standﬂ;l.‘l’he only concepts that have been chosen

4TWITSML (Wellsite information transfer standard markupdaiage) is a XML standard, developed by Energistics, for data
exchange between organisations in the petroleum industey ittpywww.witsml.org).
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(a) Chosing unit from GTS

having low permeability—have been suggested as potential long-term reservoirs for toxic materials such as nuclear or
chemical waste. But inf about the isolation properties of aquitard layers is essential to evaluate whether they can
indeed be used safely as reservairs. Here we investigate the lang-term mcrb|lrt|,.r uf grcrundwaters between twa aquifers
surrounding an aquitard layer in the eastern recharge area uFthe?ﬁ% basin, E . using helium isotopes as a
geoachemical tracer. The deeper 55 sandstone aquifer, which lies above the crt,rstallme basement, accumulates radiogenic
4He and primordial 3He from large regions of the crust and mantle at rates comparable to the degassing of the whole crustl
and of mid- ocean ridges2. W e show that the overlying carbonat{ aquifer, which is separated from themaquffer
by an aquitard layer consisting of a 600 m succession of shales and clays is stagnant and has been extremely well isolated
from the m owver the past several million years. ']']ﬂ:s finding, together with pre- vious studies at the centre of the Faﬂ‘s
basin3 4, shows that diffusive mass transfer across aquitards is negligible and that cross-farmational flow in basins takes
place preferentially in faulted areas. The long-term (105-107 yr} imp human activity is a major environmental issue, in
particular regarding confinement of toxic material in geological forr . Certain shale- and clay-rich successions which

(b) Extrait of document retrieved that cites the Doggeraqukri

Figure 7.7: EWok Client: use of inference rules for seargldncuments

are those that related to the description of wells, whicHugles considering the information regarding
the entire drilling process itself. The most important ceptoof the Well ontology isVarker, which is
part of a Wellbore, which is part of some Well. TReflectorconcept in the Seismic ontology relates to
the Marker concept through thisMarkedByrelationship.

3 Persistence of ontologies in OntoDB

As the result of the work of ontology development that has lpgen presented, 5 domain ontologies in
total were defined for the geoscience fields considered snibrk, which approximately comprise 151

concepts and 137 properties. The repository used withiappiroach is the extended OntoDB ontology-
based database (presented in Seflon 2 of Chapter 4), thmitkssupport to model transformation and
semantic annotation.

In the framework of the-Woxk Hus project, OntoDB was also chosen as an ontology repositorgng
others. Therefore, in order to provide a normalized acamsary typeof repository, a common access
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Figure 7.8: Local ontologies for Earth modeling

interface to ontologies was required. TH&/ok Hus partners chose to use SPARQL as the ontology ex-
ploitation language, since this language plays the rolestdiadard in th&Semantic Welarea. SPARQL
was then implemented on top of OntoDB. More precisely, asege of OntoQL algebra operators (the
OntoAlgebra cf. SectionZZZP of Chapter 5) calls is executed after intéagiom of a given SPARQL
query. As a consequence, tiVok Hus project gets benefits from the OntoQL queries implememntatio
and optimization|(eWokHub, 2008).

The approach chosen in the present work ffedént, since we use just one repository, which is OntoDB.
Therefore, the choice of OntoQL language as exploitatioguage is natural. Accordingly, the OWL
ontologies resulting from the ontology engineering phaseenstored in OntoDB using the OntoQL
language as interface. Ontologies in OWL had to be thusfvamed intoOntoQL descriptions
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3.1 Mapping from OWL to OntoQL

As explained in SectionI.2.2 of Chapter 2 the relational ehodl a database is often not rich enough
to represent most OWL concepts. For this reason, in ordeatsfiorm OWL ontologies into OntoQL
expressions to be executed over OntoDB, we had to considgrauitable fragment of OWL. OWL
constructs processable on OntoDB were translated on OntyQheans ofnapping rules Table[ZB
shows some examples of OWL constructs that were mapped izaéant OntoQL expressions.

Table 7.3: OWL to OntoQL mappings

OWL | OntoQL
ontology name| <http://teste.fr> rdf:type | SET NAMESPACE
owl:Ontology "http://teste. fr"
named class :ClassA rdf:type owl:Class | CREATE #Class ClassA
labels| :ClassA rdf:type CREATE #Class
owl:Class; ClassA (DESCRIPTOR
rdfs:1label "ClassA-EN"@en, (#name[en]="ClassA-EN’,
"ClassA-FR"@fr. #name[fr]="ClassA-FR’)
subclass| :ClassB rdf:type CREATE #Class ClassB
owl:Class; rdfs:subClassOf | UNDER ClassA
:ClassA.
single-valued object property : propObj rdf:type PROPERTIES (
owl:FunctionalProperty, propObj REF(ClassC) )

owl:0ObjectProperty;
rdfs:range :ClassC.
single-valued datatype property:propInt rdf:type PROPERTIES ( propInt INT )
owl:DatatypeProperty,

owl:FunctionalProperty;

rdfs:range xsd:int.

multi-valued object property :propMultObj rdf:type PROPERTIES ( propMultObj
owl:0ObjectProperty; REF(ClassC) ARRAY )
rdfs:range :ClassC.

multi-valued datatype property :propMultStr rdf:type PROPERTIES (
owl:DatatypeProperty; propMultStr STRING ARRAY)
rdfs:range xsd:string.
instance| :someA rdf:type :ClassA, INSERTO INTO ClassA

:propInt "2"A xsd:int; (URI, propInt, propObj)
:propObj :someC. VALUES ("someA", 2,

(SELECT oid from ClassC
WHERE URI='someC’))

The table above only shows the mappings that can be direettiernetween constructs of both languages.
The OWL language presents other types of constructorsdthabt map directly to OntoQL constructs,
but that had to be taken into consideration. Moreover, agufOWL constructs was simply not mapped
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because they are not translatable to databases. We nalahbljfied the following mapping constraints:

Named classes The OWL-OntoQL mapping only identifiesamed classedhat is, classes explicitly
defined in the ontology. Classes defineddoyimeratioror by union, intersectionor complemenare not
considered, since databases have no support for this tygpasst constructior@

Cardinality . The maximum and minimum cardinality of properties in OWIndze defined in two
manners. One can define a property as beirawhFunctionalPropertywhich states the maximum
cardinality of the property to 1 and says nothing about iteimum cardinality. One can also create
restrictions using thewl:MaxCardinalityRestrictiorand owl:MinCardinalityRestrictiorresources onto
some property.

If the cardinality of the property has a maximum value of k& titoperty is considered to be single-
valued, and is mapped to OntoQL in the same way of singleedaproperties on Tab[eT.3. Otherwise,
it is considered to be a multi-valued property, and it is neghbim OntoQL a property using the ARRAY
keyword, as shown on Tallle¥.3. Tael:MinCardinalityRestrictionon the other hand, is not translated,
since the idea of required or optional property has no etprivan OntoQL.

Domains and ranges of properties The OWL-OntoQL mapping will treat the ontology in a frame-
view. A property will thus be associated to the classes treteafined as the property ranges. Moreover
the mapping also recognizes ranges that are defined byctestron the property. In OWL one can
notably define the range of some object property by spegjfthat, for that propertyall values orsome
values come from a specific class (OWL restrictiang:allValuesFromand owl:someValuesFro In
the example below, the range of propentyppObj(when applied to clas€lassA) is the clasLlassC
:ClassA rdf:type owl:Class ;
rdfs:subClassOf
[ rdf:type owl:Restriction ;
owl:onProperty :propObj ;
owl:allValuesFrom :ClassC

1.

The mapping recognizes properties that have more than ass i the domain (union classes). The
property is then spammed over all classes when it is tratstat OntoQL. However, the mapping does
not recognize union classes in the range of a property, sindg-range properties are not handled by
OntoQL. Missing domaifianges are explained next.

Names of instances In OWL, instances are fierentiated by their names. An instance name in OWL
is unique and is stored in thelf:ID attribute. Instances in a database are rows within some,tabl
and are generally fferentiated by the table unique identification, which, in¢hsee of OntoDB, is the
numeric attributeoid. Therefore, in OntoDB one can have multiple instances tha¢ the same name.
Consequently, the OntoQL language does not propose aibuittribute for storing an instance name.
For this reason, we had to create an equivalent ofdifi¢D attribute that applied teveryconcept of all
domain ontologies. We called this attributéR/. The value of thedf:ID attribute of some OWL instance
will be copied into theURI attribute in OntoQL, just like we show in liig 6 of Taljle]7.3.

48 class is defined bgnumeratiorwhen it is described by exhaustively enumerating its instan A class can be also
defined by the description of a list of classes in which ondiaeppogical operators such as AND, OR, NOT (respectivelly,
intersection unionandcomplement
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No DomairyRanges of properties In databases, a property will always be defined within thaala

of some table and will point to some range. In OWL one can erpatperties independently of classes,
that is, with no domain aridr no range. This causes dfiiulty when translating an OWL ontology to
databases.

In order to handle that issue, we executed the followingasti

e First, a top-level class was added as parent class of alleppsof the domain ontologies. We
called this clas©OWLRootClass

e When an OWL property was found having undefined doynaimge, we assumed that the prop-
erty might be applied tany of the concepts within the ontology. For this reason, we ddte
OWLRootClassconcept to the missing domgiange. In this way, all concepts of the ontology
will inherit that property from the super-clas¥VLRootClass

e The creation of the super concept OWLRootClass also allaygad handle the issue of thé¢R/
attribute described above. Since it needed to be creategeiy entology concept, we defined
URI as being an attribute @®WLRootClass Then,URI will also be inherited by all concepts of
the ontology.

Multiple inheritance. Multiple inheritance of classes (as in Figlre¥.9a) is revtdied by OntoDB.
We simulated this by mapping the extra super classes t@ibase-ofrelation recently implemented in
OntoQL (cf. Sectior® of Chapter 5). Theepriori case-obperator is applied, since tiecase-ofrelation
is being established in the moment when the class is beirgecteFiguré€_Z.9b shows the result.

:ClassD rdf:type owl:Class ; CREATE #Class ClassD
rdfs:subClassOf :ClassA , UNDER ClassA ISCASEOF (ClassC) (
:ClassC . IMPORTS(ClassC.propQC))
(a) Multi-inheritance in OWL (b) Multi-inheritance in OntoQL

Figure 7.9: Mapping multi-inheritance to OntoQL

Order of instance creationln OWL it is possible to haveycles that is, instances that reciprocally make
reference one to the others. In a database, an instance xiststefore, in order to be referenced, thus,
referencing cycles are not allowed. In order to overcome fihdblem, when translating the individuals
of some OWL ontology, we first created all instances withrttiéiR/ (as shown in codg {a)) and with
no property. This ensures that we will not create propethias make references to instances that were
not yet created. When all instances are created, we updste thstances adding their properties, as in
cod€[(D). The linenstanceof Table[ZB is, in fact, separated in two operations: inged update.

In order to implement the OWL-OntoQL mapping, an OWL-Ontotpdnslator was created using the
JENA framewor@ which loads the objects from an OWL file to the work memory. akgorithm uses

the Jena APl methods to browse all entities of the given OWblogy (classes, properties, instances,
restrictions, and so on). It then applies the above definked o order to create an equivalent OntoQL
expression. The result of the mapping is saved afterwardgént file, in which each OntoQL expres-

49Jena is an open source Java framework that provides a progcnenvironment for RDF, RDFS and OWL, SPARQL
and includes a rule-based inference engine (se¢/fetm.sourceforge.ngt
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INSERT INTO ClassA(URI) UPDATE ClassA SET propObj=’instanceC’
VALUES (’instanceA’) WHERE URI = ’instanceA’
INSERT INTO ClassC(URI) UPDATE ClassC SET propObj=’instanceA’
VALUES (’instanceC’) WHERE URI = ’instanceC’

(a) Inserting instances (b) Updating instances

Figure 7.10: Mapping instances from OWL to OntoQL

sion is separated from the other by the character *;’. Thisnde a OntoQL script that can be loaded and
executed by the OntoQLPlus interfacd. Sectio 3B of Chapter 3). The domain ontologies developed
for reservoir modeling, that is, the Basic Geology, GealabiTime, Geological Dating, Seismic Inter-
pretation and Well ontologies were all processed by the QOViteQL translator. The created OntoQL
script was executed so as to store all domain ontologiesi®titoDB OBDB.

4 Conclusion

In order to acquire and formalize the knowledge about geasei domains, ontologies were built for
describing the fields of basic geology, geological time aatihd, seismic interpretation and well iden-
tification. This appeared necessary since the previousdiations of geological ontologies proposed
by various organizations that we examined were orientecrdsvgoals that were fiierent from those
related to earth modeling. So, the ontologies developedisgnvtork specifically represent the view of
the geoscientists involved garth modeling

The Basic Geology ontology describes concepts from the dgggascience, which are shared through
all the geosciences disciplines. The Basic Geology onyolegs built around the concept Geological
Object, which is declined in Geological Units and Geolobg®aundaries. Since Geology is a historical
science, we also formalized themporal aspecbf geological descriptions. This formalization was
exposed with some detail since it provides a good examplerfderstanding some of thefd¢ulties that
are likely to be met when formalizing knowledge related tmeaomplex scientific domain. Geologic
ages may be expressed irffdrent ways. One consists in expressing thenatzolute agegfigures
expressed in million of years). However, since absolute aggy be determined with variable precision,
they are not the tool most commonly used by geoscientistgdological dating. Conversely, geologists
most commonly use geological time scales (GTS's) that defimevent-based chronology based on
eventssuch as apparition or disappearance of various fossil apeci

We studied GTS’s with some detail in order to acquire the nsé@ments that were necessary for repre-
senting geological ages defined in relation with such evasgth chronologies. In GTS’s, geological ages
are based on the beginning and end of specific events. Acgiydihe two basic concepts that are to be
considered when defining geological time ontologies@eechronologic BoundargndGeochronologic
Unit. The concept of Geochronologic Boundary is used for defitdng point within geological time.
Geological ages are represented by Geochronologic Unhighwean be of various ranks: Eon, Era,
Period, and so on. The lower and upper Geochronologic Baigwattached to a given Geochronologic
Unit respectively identify the time points at which this uinégins or ends. Mutual relationships between

163



Chapter 7. Building Ontologies for Geosciences

Geochronologic Units aridr Geochronologic Boundaries are commonly used for spegfage rela-
tionships between elements belonging to one given GTS. \&Westh however that by using inference
rules deduced from a set of sophisticated temporal rekstips based on the Allen’s interval algebra, itis
also possible to describe the relationships that existémtvelements belonging to twdldirent GTS's.
Since there presently exists no tool for operating time betwGTS'’s, the geological time formalization
that we developed appears as a significant contribution.

A direct consequence of the definition of the Geological Ton®logy is the need of a tool foffacting
the ages to geological objects. We thus proposédalogical Datingontology, which introduces abstract
concepts that make the link between concepts of the GealloGiime ontology and of the Basic Geology
ontology. We showed an example of a practical use of the @aalbTime and Geological Dating
ontologies using the results of thR@NVox Hus project.

We finally defined ontologies for the specific fields of geasces used in earth modeling activities. The
Seismic Interpretation and Well Identification ontologikat were defined re-use concepts described in
the Philippe Verney’s PhD Thesis. All the defined ontolodiese been described in the W3C standard
OWL language, and stored in the OntoDB ontology-based databThe problem of having to trans-
late “semantic web ontologies” to a data-centric semaefiository such as OntoDB was handled with
transformation rules from the OWL model to the OntoDB modge described the mappings operated
between OWL and OntoQL primitives, and we detailed someessshat prevent a direct mapping be-
tween the primitives of both models, such as the fact thabQhtcannot represent logical operation
among classes.

Significant new developments are presently undertakeiy tisshGeological Time and Geological dating
ontologies that we have defined. In complement to our onyofwgposition, we are presently studying
with Michel Perrin (Ecole des Mines) a methodology focadification of geological time units and
boundaries applicable to any time scale or stratigraphicesssion. We intend to define a full codification
of ISS and of regional European time scales. It will allow tiser to find easy answers to all questions
related to identification and correlation of geologicaldiomits and boundaries, such as “Which are the
units that are immediately next some given unit?”

In order to be fully operative, the above work will be compléty an interface allowing users to ask
guestions and to visualize answers in a suggestive way. rithefdce will allow the user to display
any part of any time scale and to show local correlations betwditerent time scales. The main time
scales (International scale, European scale etc.) wiltded in the system knowledge-based and the
user will be able to ask any questions related to these tireessions or to their mutual relationships.
The interface will also allow the user to enter any new chstratigraphic succession manually or in an
assisted way.

We believe that the Geological Time and Dating ontologiesngleted by the geological time codifi-

cation and implemented in a graphical interface will cangti a powerful tool for geoscientists. It not
only allows to attribute ages to geological data and to oblagically order them but, in contrast to the
formerly developed tools, it can also be used for easily ajpgy stratigraphic correlations between time
scales antr between stratigraphic successions of any type.
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Chapter

A use case for semantic annotation and ontology integratian
workflow for seismic interpretation and structural modeling

In this chapter we describe a use case concerning the régsaivdeling chain for petroleum exploration.
This will illustrate how the approaches proposed in Chdfitand Chaptdil5 can be employed in an actual
case study.

1 A scenario concerning the seismic interpretation activig

As we explained in Chapté&l 6, reservoir modeling workflowsive many diferent stages each con-
sisting in many elementary activities. We have chosen taiden here the activities related to seismic
interpretation, which usually correspond to the first stafgeservoir model building. One reason for this
choice is that, thanks to the work recently performed at IR ENSMP b)mmm the use case
can be used for fully illustrating a “white-box” scenario arinotation ¢f. SectionlCL.ZI1 of Chapter 4)
and validating the proposed approach.

For a full understanding of the use case, we will first briefdgctibe here two flierent approaches for
seismic interpretation. The first one corresponds diat@-centric approachbased on “manual” surface
recognition and handpicking. Itis the method most commaskd at present in the petroleum industry.
The second one corresponds to Kkmowledge-based approacupported by P.Verney's approach. In
contrast to “manual interpretation”, this approach basedagnitive vision enables to perform seismic
interpretation in a partly automated way and to keep the nngmiothe interpretation choices made by
the interpreter.

1.1 Presentation of the Alwyn prospect

The data on which the two considered approaches were agphetiose of thélwyn exploration field
operated by Total UK company in a portion of the North Seatlt@n the East of the ShetIaI@sThe

50These informations are presented with the authorisatidiot.
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geology of the Alwyn field is pictured on FiguteB.1.

Drillings

WEST

SHETLAND
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— | Nass 2 Massive Siatijord (Unlte A and 8) )
Nesa 1 . Intarbadded Statijord (Unite C,D andE}
| Lower Breni

(Etive, Bannoch Broom)

Figure 8.1: Geological section across the Alwyn explorafield

The zone of interest for oil prospecting is located underragien surface known @88CU (Base Cre-
taceous Unconformity), which corresponds to the uppettlohthe geological formations (the colored
part of Figurd.811). This zone shows a succession of 6 sed#meformations i.e.from bottom to top:
Cormorant and Statfjord FormationdermoTriassic) Dunlin Group (Lower Jurassic) Brent Group
(Middle Jurassicy Humber Group and Cromer Formatiofupper Jurassic). Among these formations,
the Brent group is of particular interest since it hosts s#veil reservoirs (pictured in black on Fig-
ure[81). It is itself divided into 4 units known from bottorm top as:Lower Brenf Ness 1 Ness 2
Tarbert

During late Jurassic, due to tectonitaets, all the above mentioned formations weited towards West
andsplit by faults These events were followed by an intensive phase of ero$ismBCU surface is the
resulting erosional surfac&edimentatiomesumed during Cretaceous inducing the deposition of other
formations, which are not represented on Fiduré 8.1. Thigdignly shows over BCU one particular
surface corresponding to the top of the Turonian deposits.

The available data for interpreting the Alwyn prospect ¢sirig a 3D seismic block illustrated in cross-
section on FigurE8l2 and in well logs related to 7 verticdlings.

1.2 “Manual” interpretation of Alwyn prospect

The Alwyn prospect is the support of a training session offie School dedicated to seismic interpre-
tation. In the course of this session, students perform aidnterpretation of the seismic and well log
data. Their interpretation is then validated by their suisers, who possess an extensive knowledge of
the Alwyn prospect.
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Figure 8.2: Seismic cross-section of the Alwyn block

The seismic data corresponding to the Alwyn block is prodigtethe SEG-Y format. The name of the
file in analyze isIL16601949.segy Figure[8.P shows a cross section of the Alwyn block chosetinéy
interpreter, which can be interpreted by considering:

e some of theeflectors which correspond to the various colored horizontal traxcethe figure and
which can be interpreted as parts of geological horizons;

e alignedhorizon gapswhich can be interpreted as portions of fault surfacasli mirrors).

The interpreter, who operates a manual interpretatiomctepoints that are part of some reflector or
that correspond to a horizon gap by manualigking these points over the cross section image. In a
second phase, the set of reflectors and gaps are re-inggtpnedrder to reflect real geological objects.
Reflectors that are aligned and visually similar are comsil@s corresponding to one safaizon
and aligned horizon gaps corresponding portions of faultars are used to identify fufault surfaces
The result of the manual picking operated by IFP School stisdtor horizon identification is shown
on Figurd8B. The horizons identified are: Top Dunlin on F@3&(1), Top Brent on Figute_8l3a(2),
BCU on Figurd?83a(3) and Top Turonian on Figlire B.3a(4). & éaults identified are illustrated on
Figure[8:3b.

Subsequently, the interpreter analyzesll log files From the interpretation of the well logs, /Bbe
produces for each well bore an ordered lisimdrkerseach corresponding to the intersection between
the well trajectory and some geological surface. The mogbiant reflectors identified from the seismic
image are then manually correlated with the markers idedtifi well logs. This allows the interpreter
to put labels on each of the identified horizons. It is thussjis to put these horizons in their right
geometric position, which is not given by seismics but onjyaell log data.

As a result of their extraction from the seismic image by hpiwiing, horizons or faults result from
seismic interpretation are represented as “clouds of gb(itt a format such aXYZ or PLO). At this
stage, the user is not able to store any other informationtahe identified surfaces or about their mutual
age relationships.

In order to build a structural earth model, files correspogdo interpreted seismics are imported into a
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(a) Interpreted horizons (b) Interpreted faults

Figure 8.3: Manual seismic interpretation of the Alwyn {@t-P School)

modeling application. The geoscientist assembles thectsbgecording to a definite topology in order
to produce a geologically consistent 3D model. Howeverlenthiis model is saved, the interpretation
hypotheses carried out by the expert in order to produceitammonly lost. As a consequence, there
exists no possibility for later checking out the consisteatthe model topology with the relative ages
of the surfaces, deduced from well log information or frorgiomal geology data. This is one of the
dramatic consequences of this manual data-centric agproac

1.3 Semi-automatic interpretation according to awhite-box annotation scenario

As a use case for illustrating the new method that he is pingp®.Verney has provided in his doc-
toral work MEQ) results obtained on the Alwyn pexst data by operating a semi-automatic
interpretation based on a cognitive vision approach.

In a first stage, P.Verney automatically extracts from theyil cross-section shown on Figlirel8.1 about
100 reflectors and almost 2000 horizon gaps (the exact nuwabies depending on the amplitude thresh-
old chosen for the interpretation). Each reflector and loorigap are represented by a unique cloud of
points file (in the cloud of points format nam@&d.O).

P.Verney performs the following phases of his interpretatn a largely automated way using a knowledge-
oriented approach that we will shortly describe in the cddaotizon identification. Verney’s method
for identifying geological horizons rests on tBeismic Interpretation ontologyvhich was presented

in Chaptel ¥ and illustrated on Figdre_1.8a on pagd 159. Titislagy stipulates that each horizon is
composed of various reflectors; that a fault is composed jp ¢faat disconnect horizons; a reflector is
associated to a well's marker; horizontal surfaces mayWweror upper than other surfaces. All of these
objects have been processed by some process (such as R&lggsavierging, or Reflectors Detection),
whose input is the seismic block.

Using this formal description, P.Verney is able to autonaly operate the fusion of reflectors which
have compatible visual features (amplitude, width andctive) and the same relationships with other
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above or bottom positioned reflectors. It is thus possiblautmmatically identify variousorizons
which can then be correlated with well markers using a hariwowell distance criterion. In a similar
way, P.Verney also defines a knowledge based method foiifigagtfaults

For characterizing the horizons that have been found, iamesnto adjust each of them to some of the
markers identified along the various well bore trajectorigébe well logs from the 7 wells that were

drilled in the Alwyn propect are represented in the LAS fotmidorizon adjustment is automatically

operated, each horizon being adjusted to the markers thdbeated at a minimum distance inferior to
a given threshold. At the end of the final operation, the usersave his interpretation by storing the
identified surfaces inloud of pointdiles.

In the semi-automated approach proposed by P.Verney, tlre task of the user actually consists in
providing thresholdvalues: the reflectoamplitude width and the tolerated angular uncertainty on di-
rections; the tolerated uncertainty on neighbor reflectotieal distances; the minimal distance for con-
necting a given horizon to some well marker.

The major diference between this semi-automated method and the “mamediiod described before
is that semi-automated methadtomatically stores in the course of the procedaliethe information
concerning:

e the name of the seismic image from which the surface waspiretd;
o the parameters selected by the user for the interpretatmsedure;

¢ the the identification, the calculated and the interpretepgrties of the geological objects (such
as mean amplitude and thickness);

¢ the relationships “is part of” and “is composed by” betweeftectors and horizons;

¢ the age and topological relationships of each of these tsbyeith all the others (such as relations
“is upper than” and “is lower than”);

¢ the date when the the seismic interpretation was carried out

e name of the person that acted as interpreter;

All these information being stored as external metadathishadependent of the data itself. Applying
the automatic method to the Alwyn prospect data, P.Vernemtified after automatic reflector fusion and
after correlation with well markers the following 6 main fmms:

e Top Dunlin (Figurd84a(1));

e Top Brent (Figur€8.4a(2));

e Top Turonian (Figur€8.3a(4));
e Top Ness 1;

e Top Etive.

The 3 main horizons (Top Dunlin, Top Brent and Top Turoniaghifed on Figur€8.4la were object of
a detailed comparison with those identified at IFP School fadlts were also identified for a seismic
amplitude thereshold of 900@f( Figure[84b).
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(2)

) -

(a) Interpreted horizons (b) Interpreted faults

Figure 8.4: Semi-automated seismic interpretation of tlveyA block (P.Verney)

1.4 Definition of the use case considered in the present chapot

For defining our use case, let us suppose that some geostigatits tamprove the structural models
that were performed starting from the Alwyn prospect daEr this, the user must first evaluate the
previously obtained results. For operating this evaluatibe geoscientist will be willing to get for each
previous interpretation answers to some questions sudioas tisted hereunder:

Q1 - Which horizons where identified that are younger than Laasl, older than Cretaceous ?

Q2 - From which seismic image comes the horizon BCU ?

Q3 - With which amplitude threshold the horizons Top Etive ang Brent were detected ?

Q4 - Which reflectors are associated with the Top Etive horizon?

Qs - Which wells made possible the association of horizonsaeitd from the seismic image to the
marker Top Etive?

Qs - When was made the interpretation which allowed the ideatifon of the horizon Top Brent?
Q7 - Who carried out this interpretation?

Qs - Among all horizons identified during seismic interpreatati specify those which are younger (or
older) than the Top Dunlin horizon.

Qg - Which faults were identified with an amplitude thresholdQ0 ?

Q10 - Which faults were identified when using at the same time @og# thresholds of 10000 and
9000 ?

Q11 - Which faults interrupt the horizon Top Ness 1?

170



2. Annotation-based approach applied to the use case dafisaigerpretation

Q12 - Retrieve the data files that represent the horizons that baen interpreted to be younger than
the Top Dunlin horizon, and the author of this interpretatio

Q13 - Which reflectors were interpreted by Philippe Verney asrgpan age younger than Lias and
older than Cretaceous ?

In the case of the “manual” interpretation performed at EMSPRo information is available that could

allow to answer these questions without asking them direéctthe operators of the interpretation them-
selves. In contrast, in the case of Verney’s interpretattimecessary information was stored to provide
these answers in an automatic way by using the methodolagh#s been exposed in the present work.

We will describe in the next section how the user’s inteigdiehs about the geological objects were
actually represented agmantic annotations over the dai&/e also show how the user’s questions were
transformed in semantic queries over the annotations.

2 Annotation-based approach applied to the use case of seignnterpre-
tation

The objective of this implementation was to transform dagiaterpretation generated by geoscientists
into formalized representations that are able to be stareahiontology-based database (OBDB) and
queried afterwards.

An engine forgenerating annotationver data artifacts was implemented. TBiggineering Annotation
Generation enginecan be related with thBata Interpretation module in different ways: it can be
internally coupledto the data interpretation engine, meaning that it knowddhmat in which data is
organized, or it can bexternalto the process.

In the use case presented in this chapter, the Engineeringtation Generation engine receives as input
the data and experts interpretation issued from the seismn@gpretation task. The engine “knows”
the format in which the expert interpretation is represerfées instances of an OWL ontol@y, and it
“knows” the data structure of the data issued from seisngéics PLO files). The Engineering Annotation
Generation engine transforms the data files into instanicé® &ngineering Metamodé€tf. Chaptelt)
and the interpretation into instances of thienotation Metamodehs we will present in Sectidn 2.1.

According to the definition of the three types of annotatioocpss that we gave in section Secfion1.2.1
of Chapter 4, we classified various tasks related to theweisenodeling workflow tasks according to
the way in which annotation is generated.

e We consider that the task of seismic interpretation can lecblof anwhite box annotation.
The seismic interpretation module identifies the objectaltpmatic interpretation and generates
metadata that is attached to the data files. The annotatioera@tion engine is coupled to the

51The seismic interpretation module stores its results in Clidls. However, for each interpretation cycle, it generates
different OWL file. The consequence is that it is not possible tretate objects interpreted inftBrent cycles. That is why the
output of the seismic interpretation module need to passigir the Annotation Generation engine, so as to the ananssattd
be made explicit and integrated in one only repository.
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seismic interpretation module and is able to operate thadbof the generated files. This is the
case described in this chapter.

e The task of Structural Modeling Task currently realizedndustry with modelers such as the
Gocadrapplication (Earth Decisions) is a typical task that can bjea of black box annota-
tion. The GOCAD suite is a commercial software, whose data madebdi open. Geologists’
annotation activates the system that creates instancdsaoithmade data model, which are linked
to the ontology. These data model instances have no agsaaidth the original data file used in
the application.

e Finally, a practical example ahtrusive annotation is the utilization of well logs for various
tasks. The set of files used to represent well informatiordaseribed using an XML-based stan-
dard called WITSML (Wellsite Information Transfer Standldviarkup Languagemms,

). This standard defines XML tags that are specific to #edemain. A well data file cre-
ated using WITSML is able to be processed lpaaserits information being thus transformed in
ontological instances in the knowledge b@é’.he link to the original data source is maintained
by the annotation.

2.1 Formalization of seismic data and interpretation

We applied the approach proposed in Chapler 4 in order to reBkcit experts’ knowledge about
seismic interpretation. The explicit representation addand knowledge about the seismic interpretation
task have been persisted as scripts in the OntoQL languags,ts be stored afterwards in OntoDB. Al
the scripts presented hereafter were automatically gertelsy the Engineering Annotation Generation
engine.

2.1.1 Creating Engineering Models

The first step consists in representing all data formats stk seismic interpretation tasls instances

of the Engineering MetamodeThe available metadata of seismic data models was redadbe min-
imum necessary structure that allows a uniform descriptibthose models (file name, identificator,
main attributes). The considered use case uses files of farmAS (for well files), DAT (for markers
files), SEG-Y (for seismic block files) and PLO (for surfacdssfj. These formats were represented as
Engineering Models, as illustrated in Section1.1.5 of Geap.

The following OntoQL statements encode the seismic metadantoDB using the Engineering Meta-
model primitives added in OntoDR:f{ Section[® of Chapter 4). They crea®ataClasentities for
representing the seismic data types.

CREATE #DataClass DataFile (
PROPERTIES (URI STRING, filename STRING, filepath STRING))

%2In computer sciencgarsingis the process of analyzing a text to determine its grammiagteucture with respect to a given
formal grammar. In this case, the grammar considered is tfieSWIL syntax, which declares precisely which are the pdssib
elements to be described in a WITSML document. The parsentramnvert WITSML elements into an OWL ontology.
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CREATE #DataClass LASFile UNDER DataFile;

’

CREATE #DataClass PLOFile UNDER DataFile;
CREATE #DataClass DATFile UNDER DataFile;

CREATE #DataClass SEGYFile UNDER DataFile (
PROPERTIES (xmlFilename STRING))

A class namedataFilewas created that defines the attributes URI, filename andafiiepvhich rep-
resent respectively the file unique identification, the féene and the relative path in which the file is
stored. The classeSEGYFile LASFile, DATFile and PLOFile are subclasses @ataFileand inherit
the main attributes URI, filename and filepath.

2.1.2 Creating Instances of Engineering Models

The actual data files produced as the output of the Seismacpirtation module are represented as
instances of the seismic data models.

The following OntoQL statements encode the creation of sfile® as instances of their file type. For
example, the well file whose file name is “A3.1as” is createdramstance oL ASFile, while the horizon
gap file “Top_Dunlin.plo” is created as an instancePafOFile.

INSERT INTO LASFile(URI, filepath, filename)

VALUES (’http://www.ifp.fr/SeismicInterp#A3’, ‘seismic/’, ‘A3.las’)
INSERT INTO PLOFile(URI, filepath, filename)

VALUES (’http://www.ifp.fr/SeismicInterp#Top_Dunlin’, ‘seismic/9000/’,
"Top_Dunlin.plo’)

Figurel85 illustrates the resulting engineering modetsiagtances in the metamodel structure.

2.1.3 Creating Instances of Ontologies

During the seismic interpretation task, the user identiigigcts which correspond to geological inter-

pretations of the data files produced by the Seismic Inteapom module. The objects identified and

their properties are the most important result after tha €ikts themselves. The geological objects are
instances of concepts of the geosciences ontologies.

The Seismic Interpretation and Well ontologies were ogtijndeveloped using the OWL language. As a
direct consequence, the instances of the ontology conaeptepresented within an OWL file. As it was
explained in Sectiofl 3 of Chapter 7, the OWL ontologies aeit ihstances can be mapped to OntoQL
scripts by means of the OWL-OntoQL mapping engine. The falg OntoQL statements encode the
creation in OntoDB of the objects interpreted from the Alvggismic block.

INSERT INTO Well(URI)
VALUES (’http://www.ifp.fr/SeismicInterp#A3’)
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Figure 8.5: Engineering models and instances for Seisnécgdretation

UPDATE Well SET name = ’A3’,
isPartOfBlock = (SELECT SeismicBlock.oid
FROM SeismicBlock WHERE SeismicBlock.URI =
"http://www.ifp.fr/SeismicInterp#AlwynReservoir’)
WHERE URI = ’http://www.ifp.fr/SeismicInterp#A3’
INSERT INTO Horizon(URI)
VALUES (’http://www.ifp.fr/SeismicInterp#Top_Dunlin_9000’)
UPDATE Horizon SET hasMeanAmplitude = ’8624.16°,
isUpperThan = ARRAY(SELECT Horizon.oid FROM Horizon
WHERE Horizon.URI = ’http://www.ifp.fr/SeismicInterp#horizon_43_9000’
OR Horizon.URI "http://www.ifp.fr/SeismicInterp#horizon_110_9000’
OR Horizon.URI "http://www.ifp.fr/SeismicInterp#Top_Etive_9000’),
hasLabel = 13, name = ’'Top_Dunlin’, isPartOfBlock = (SELECT SeismicBlock.oid
FROM SeismicBlock WHERE SeismicBlock.URI =
"http://www.ifp.fr/SeismicInterp#AlwynReservoir’),
isLowerThan = ARRAY(SELECT Horizon.oid FROM Horizon
WHERE Horizon.URI = ’'http://www.ifp.fr/SeismicInterp#BCU_9000’

OR Horizon.URI = ’'http://www.ifp.fr/SeismicInterp#Top_Nessl_9000’),
hasMeanThickness = 6’

WHERE URI = ’http://www.ifp.fr/SeismicInterp#Top_Dunlin_9000’

Figure[8.® illustrates the resulting Seismic ontology &pts and instances.
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Figure 8.6: Seismic Interpretation ontology concepts asthinces

2.1.4 Creating the Annotations of Engineering Models

The annotation generation enginereceives the files and the metadata output by the seismipiate
tation task and generates a specific annotation model. Tiatation model defines all attributes and
properties that are important for the semantic annotatiothe Seismic Interpretation task.

The following OntoQL statements encode the seismic aniootatodel in OntoDB using the Annotation
Metamodel primitives added in OntoDBf(Sectior P of Chapter 4). The seismic annotation is created as
an #Annotationentity, and defines the propertiasithor, date amplitude Thresholdwhich are specific
for the seismic interpretation task; and the propertiage isAnnotatedByand annotateswhich are
common for all annotation models. .

CREATE #Annotation SeismicAnnotation (

PROPERTIES (name STRING, author STRING, date STRING, amplitudeThreshold INT,
isAnnotatedBy REF(OWLRootClass), annotates REF(DataFile)))

2.1.5 Creating the Annotation Instances

The annotation instances are ik between the data files and the interpreted geological ahjddtis
link needs to be stored anyhow in order to be queried lateydhdouser that created it or by other users.

The seismic interpretation module outputs the interpiaidinks together with the ontology instances.
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Theannotation generation engineaeceives the interpretation information, organizes ibaging to the
structure of Seismic Annotation model, and finally traredait into an OntoQL script. The following
OntoQL stataments encode the creation in OntoDB of the atinatlinks between data produced from
and geological objects interpreted from the Alwyn seisnhick.

INSERT INTO SeismicAnnotation(name, annotates, isAnnotatedBy,
author, date, amplitudeThreshold)
VALUES (’seismicAnnotation3656’,
(SELECT PLOFile.oid FROM PLOFile
WHERE PLOFile.URI = ’'http://www.ifp.fr/SeismicInterp#Top_Dunlin’),
(SELECT Horizon.oid FROM Horizon
WHERE Horizon.URI = ’'http://www.ifp.fr/SeismicInterp#Top_Dunlin_9000’),
"Michel Perrin’, ’Wed Oct 21 20:17:52 2009’, 9000)
INSERT INTO SeismicAnnotation(name, annotates, isAnnotatedBy)
VALUES (’seismicAnnotation2578’,
(SELECT LASFile.oid FROM LASFile
WHERE LASFile.URI = ’http://www.ifp.fr/SeismicInterp#A3’),
(SELECT Well.oid FROM Well WHERE Well.URI = ’http://www.ifp.fr/SeismicInterp#A3’))

Figure[8Y illustrates the final structure of engineeringleis, ontologies and annotations resulted from
the seismic interpretation use case.
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Figure 8.7: Seismic Interpretation use case: engineeriogeis, ontologies and annotations

The generated scripts were executed on the OntoDB databisthevsupport of the OntoQLPIlus inter-
face. The data issued from the seismics and the expert iatatipn were stored in the same database
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where we find the local and global ontologies.

The use case is thus implemented in the three levels of Ontti@Bneta-schemé@M2), in which the
Engineering and Annotation Metamodels are represertie&éction[ of Chapter 4); theodel part
(M1), in which we have represented the geosciences onaslagi. Section[B of Chapter 7), the data
types €f. SectionZI1), and the typed-annotationt $ection[ZTH); and finally thmstances part
(M0), in which we stored data files representation annotati¢dl ontology instancesct. Section 2.1
and Sectiof 2.715).

2.2 Exploitation of the formalized use case of seismic intpretation

We are now able to give answers to user’'s questions forntliat¢he use case. We present next the
OntoQL queries corresponding to the user questions destcitbSectiod_1]l4, and we show the values
resulting from the execution of these queries over the OBRtire we stored the geoscience ontologies
and the seismic interpretation use case.

We will notice in this section that most of queries formuthfer answering the user questions need to
make use of multipl¢oins between various conceE.The reason of so many jointures is that we must
combine information issued from ontologies, annotatiomd engineering models in order to return a
significant answer. We are aware that these kinds of quergesather dificult for domains experts to
write by their own. Not only they need to understand the syifahe query language (either OntoQL
or SPARQL, or yet another) in order to write input commandsgigorrect expressions, but also they
must identify the fields to be joined to each concept.

For this reason, theLIB Editor was used for the design of user queries. The PLIB Editor isphacal
application implemented d;LD_&h.&.i.D.‘Lell.a_dOO?) over thelogyebased database (OBDB) management
system. Among several functionalities over the OBDB, PLIBt& proposes a®BE interfacﬂ The
QBE interface of PLIB hides the complexity of the OntoQL laage syntax by allowing the user to
choose the concepts and properties thathewants to search. A simple example is shown on F[gule 8.8.

In part (1) of Figurd_818 (the navigation tree), the user damose the concept to be queried by simple
selection. The concept chosenhitarker. In part (2), other concepts can be joined to the first entered
concept by means of the pop-up menu. The concept chosendinkd with Markeris Well. Below the
properties names of each concept, it is possible to add aquiteyia. The user searches for instances of
Markerwhich are part of som&V/ell whose name is ‘A2’. In part (3), the resulting OntoQL is desid.
This query can be executed directly in the PLIB Editor, or barcopied to be executed in OntoQLPIlus.
The OntoQLPIlus interface shows, together with the resbletahe number of instances returned and
the amount of time it took for them to be retrieved.

53A join operation is a means for combining fields from two tables bggusalues common to each. The query compares
each row of both tables to find all pairs of rows which satisky join-predicate criteria (which is specified in tloa" clause).

54QBE stands for “Query By Example”. A QBE interface providessar-friendly interface to the design of queries by just
filling in blanks or by selecting items.
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Figure 8.8: QBE interface for the design of OntoQL queries

2.2.1 Queries about geological ages

We show here an example of query that makes use of the gealaffiting relations. The user wants
to retrieve geological horizons that can be interpretedeftsgoyounger than the Lias (Lower Jurassic)
epoch and also older than the Cretaceous period.

2.2.2 Queries specific to the seismic interpretation objest

The objects considered in queries described in Table 8.2ltel8ID are issued from the seismic in-
terpretation. The user questions to which we answer in #aan are entirely related to these objects,
therefore, the “terms” (concepts and relations) employadidrmulating the queries in OntoQL lan-

guage is that from the local ontologies (Seismic and Welblogfies). So, all the horizons about which
the questions are posed @&ismic horizongbelonging to the Seismic Interpretation ontology), antl no
stratigraphic horizongbelonging to the Basic Geology ontology).

Some of the questions listed in the present section are fatetlin the way in which users are likely to
ask them, that is using pure geological vocabulary. Howdeerbeing answered by the system, these
guestions must be first reformulated as queries using adotalogy vocabulary. The reason for this is
that the objects that will be queried are defined as instaotasgiven LO: the Seismic Interpretation
ontology (or the Well ontology) and are thus pure seismi@ctsj (or well objects). Accordingly in the
corresponding queries, the term “Horizon” refers to thecemb of Seismic Horizonthe term “Fault” to
Dip Fault and relations such as youngeflder thanare expressed as uppefower than
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2.2.3 Queries that integrate dfferent local ontologies

In Chapteib, we explained that it is the integration dfatient local ontologies that will allow the users
(i.e. the geoscientists) to formulate questions in tlogn language (that is, the basic geology). We
describe in the next sections how the local ontologies h@en mapped to the global ontology that
describes the geological concepts, and how this mappiowsithe users to reformulate some of the
previous queries in order to use a more significative voeaiul

2.2.3.1 Creating correspondence between LO concepts and Goncepts using thes-case-ofre-
lation The last step for the validation of the use case if to allowsise formulate queries in their
own language. For instance, geologists will be wanting wigi&te in their queries geological objects
rather than seismic objects and geological properigBIderThanisYoungerThah rather than seismic
properties isUpperThafisLowerThar) in the seismic image. All this supposes creating corredpnoe
among the various domains related to the earth modelingfleark

When developing ontologies for local domains of expertisgh as seismics and drilling, the main ob-
jective is allowing experts of these domains to make theimkadge explicit. One of the most important
information that we want experts to describe is the relatiqrs that exist between concepts in local
earth science domains and concepts of the Basic GeologloggptdEstablishingsubsumption relation-
shipsbetween Local ontologies (LO) and the Global ontology (Gikiely to enable the user to answer
queries that cannot be addressed at present, because ve¢ imuver the relation among local objects
identified in diferent phases of the geological modeling procesChapteb).

A practical example is when the geologists refersegmic horizongwhich are objects identified by
seismic interpretation) as beiggological horizonsDespite the fact that they are almost homonymous,
the two concepts representidrent ideas and haveffirent attributes. A seismic horizon has charac-
teristics linked to the seismic processus, such as amplitud! thickness. A geological horizon has
characteristics that are related to some geology, sucheaaratstructure. The fact that the geoscientist
may refer to some horizon interpreted from a seismic imagegeological horizon is an occurrence of
asubsumptiomelation between a local and a global concept.

For aligning the concepts of LO and GO, we establish subsompelationships, notably this-case-
of relation, i.e., LocalConceps-case-ofGlobalConcept. We depict in FiguEe B.9 some subsumption
relations established by domain experts, representecasésecase-ofrelations.

The is-case-ofrelations established in this case are typicallyosteriori case-ofelations, since all
classes involved in the relation had already been created. cbrrespondences between LOs and GO
are thus created when all ontologies have already beerdsto@ntoDB. Theis-case-ofrelations are
manually defined by experts, directly in the form of OntoQIpessions.

In the following example, we show the creation of the coneegto: StratigraphicBoundarfwhich is
the “technical” name of geological horizons) agdo:FaultBoundaryfrom the GO, of the concepts
seismic:Horizon seismic:Reflectqrseismic:DipFaultand seismic:HorizonGagrom the Seismic LO,
and of the concepwell:Markerfrom the Well LO.
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Figure 8.9:is-case-ofrelation between LO and GO concepts

CREATE #Class StratigraphicBoundary UNDER GeneticBoundary (

DESCRIPTOR (#synonym = ‘Horizon’)

PROPERTIES (URI String, isContemporaneousTo REF(GeoTemporalEntity) ARRAY,
isOlderThan REF(GeoTemporalEntity) ARRAY, isYoungerThan REF(GeoTemporalEntity) ARRAY,
hasStratigraphicAge REF(GeochronologicUnit), hasInstantAge REF(GeochronologicInstant),
hasStructure REF(GeologicalStructure) ARRAY, pendage INT) )

CREATE #Class FaultBoundary UNDER MacroFractureBoundary (

DESCRIPTOR (#synonym =‘Fault’)

PROPERTIES (URI String, isContemporaneousTo REF(GeoTemporalEntity) ARRAY,
isOlderThan REF(GeoTemporalEntity) ARRAY, hasStratigraphicAge REF(GeoTemporalEntity),
isYoungerThan REF(GeoTemporalEntity) ARRAY, hasInstantAge REF(GeoTemporalEntity),
hasStructure REF(GeologicalStructure) ARRAY, pendage int,
interrupts REF(GeologicalBoundary) ARRAY, goesThrough REF(GeologicalBoundary) ARRAY,
stopsOn REF(GeologicalBoundary)))

CREATE #Class Fault UNDER MacroFracture (

DESCRIPTOR (#synonym =‘Fault’)

PROPERTIES (URI String, isContemporaneousTo REF(GeoTemporalEntity) ARRAY,
isOlderThan REF(GeoTemporalEntity) ARRAY, hasStratigraphicAge REF(GeoTemporalEntity),
isYoungerThan REF(GeoTemporalEntity) ARRAY, resultsFrom REF(GeologicalEvent),
isComposedOf REF(FaultBoundary) ARRAY, hasStructure REF(GeologicalStructure) ARRAY,
depth INT, thickness INT)

CREATE #Class Horizon UNDER InterpretedSurface (
DESCRIPTOR (#synonym =‘SeismicHorizon’)
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PROPERTIES (URI String, isUpperThan REF(Reflector) ARRAY,
isComposedBy REF(Marker) ARRAY, isLowerThan REF(Reflector) ARRAY,
hasMeanAmplitude STRING, hasMeanThickness INT, isPartOfBlock REF(SeismicBlock)))

CREATE #Class Reflector UNDER ComponentSurface (

DESCRIPTOR (#synonym =‘SeismicReflector’)

PROPERTIES (URI String, isUpperThan REF(Reflector) ARRAY,
hasBeenMarkedBy REF(Marker) ARRAY, isLowerThan REF(Reflector) ARRAY,
hasMeanAmplitude STRING, hasMeanThickness INT))

CREATE #Class DipFault UNDER SeismicFault (

DESCRIPTOR (#synonym =‘SeismicFault’)

PROPERTIES (URI String, isComposedBy REF(HorizonGap) ARRAY,
isPartOfBlock REF(SeismicBlock)))

CREATE #Class HorizonGap UNDER ComponentSurface (
PROPERTIES (URI String, disconnects REF(Horizon) ARRAY, isPartOfBlock REF(SeismicBlock)))

CREATE #Class Marker (
PROPERTIES (URI String, isPartOf REF(Well), isLocatedOn REF(Position) ))

We must then represent the following alignment between dineepts.

e The conceptseismic:Horizonseismic:Reflectoandwell:Marker are aposteriori case of the con-
ceptgeo:StratigraphicBoundary

e The conceptseismic:DipFaultand seismic:HorizonGajare aposteriori case of the
conceptgeo:FaultBoundary

The respective OntoQL expressions are shown next:

CREATE #AposterioriCaseOf Horizon CASEOF StratigraphicBoundary
WITH (Horizon.name MAP StratigraphicBoundary.name,
Horizon.URI MAP StratigraphicBoundary.URI,
Horizon.isLowerThan MAP StratigraphicBoundary.isOlderThan,
Horizon.isUpperThan MAP StratigraphicBoundary.isYoungerThan)

CREATE #AposterioriCaseOf Reflector CASEOF StratigraphicBoundary
WITH (Reflector.name MAP StratigraphicBoundary.name,
Reflector.URI MAP StratigraphicBoundary.URI,
Reflector.isLowerThan MAP StratigraphicBoundary.isOlderThan,
Reflector.isUpperThan MAP StratigraphicBoundary.isYoungerThan)

CREATE #AposterioriCaseOf Marker CASEOF StratigraphicBoundary
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WITH (Marker.URI MAP StratigraphicBoundary.URI,
Marker.name MAP StratigraphicBoundary.name)

CREATE #AposterioriCaseOf DipFault CASEOF Fault
WITH (DipFault.name MAP Fault.name,
DipFault.URI MAP Fault.URI,
DipFault.isComposedOf MAP Fault.isComposedOf)

CREATE #AposterioriCaseOf HorizonGap CASEOF FaultBoundary
WITH (HorizonGap.name MAP FaultBoundary.name,
HorizonGap.URI MAP FaultBoundary.URI,
HorizonGap.disconnects MAP FaultBoundary.interrupts)

The URI andnameproperties are mapped so that the user can retrieve therm\&itta posteriori case-
of query.

The propertiegsLowerThanand isUpperThanof the conceptseismic:Horizonand seismic:Reflector

are respectively mapped to the properig&/derTharmandisYoungerTharof the concept
geo:StratigraphicBoundaryr'he reason is that these pair of properties express the is@aretheorder

of appearanceof the objects. But they areféierently expressed, since in seismics there does not exist
the notion of time relation between objects. This way, ther issable to retrieve one part of the topology
of seismic objects, by means afposteriori case-ofueries.

Finally, the propertydisconnect®f the concepseismic:HorizonGajs mapped to the properipterrupts
of the concepygeo:FaultBoundaryAlso, the propertyisComposedObf the concepseismic:DipFault
is mapped to the properigComposedObf the concepyeo:Fault

2.2.3.2 Querying ontologies using thés-case-ofoperator By means of thes-case-ofrelation,
instances of the concepseismic:Horizon seismic:Reflectoand well:Marker are considered to be in-
stances alsmf the conceptStratigraphicBoundary As a result, in the case when the user wants to
retrievecases of StratigraphicBoundagbjects from all the specific domains of the workflow/dte
just need to search for instances of the con&patigraphicBoundaryWe show in Tabl€811 and Ta-
ble[BI2 some queries that are interesting for the user telfermed over the subsumption hierarchies
of the implemented use case. The first take back the queryildeddn Tabld 8B and show that it can
be performed using the vocabulary of the global ontologye $écond retrieves faults and horizons from
the seismics using relations and concepts of the globalagyo

The ontology integration approach (which maps ontologgsgisubsumption relation) can also be com-
bined with thesemantic annotation of engineering modafgproach ¢f. Sectio_LR of Chapter 4). This
is possible as we illustrate in the examples of Tablel8.13TaMde[B. 1. Those queries take back the
guestions answered in Talplel8.1 and in T&bIk 8.8 and shovt thaossible to retrieve the data files that
are associated to the interpreted objects, while keepingddhe global vocabulary.
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In order to appropriately answer queryidQa “shortcut strategy” must be used. As indicated by the
a.isAnnotatedBy.name S.nameéline, a comparison was made between the name of the globettobj
(StratigraphicBoundalyand the name of the local object (that annotated by Philfgsaey). The query
retrieved as result only local objects whose name was the sarthe global object found (those that are
younger than Lias and older than Cretaceous).

The reason for this name comparison is that the instancestibee the same name in the twéelient
ontologies are, in realitthe same instance his is due to a subtle misunderstanding between expeits an
knowledge engineers concerning the process of seismigietation. In a first moment, the output of
seismic interpretation was believed to be objects that alse instances of Seismic ontology concepts.
The Seismic ontology being a local ontology (LO), those digi@ad no direct relation with objects from
the Basic Geology ontology, i.e. with the global ontologyQ)G

However, the detailed analysis of the quens®@y the expert brought to light the following issue: the
objects output by seismic interpretation have thaimegjiven by an object already existing in the Global
ontology. The Top Brent object, for example, is an actuatigiraphic boundary that gave the name to
the corresponding object issued from the seismics. Thagspond to the sameal object. Since this

requirement had not been identified from the beginning,uecgire for instance mapping was not defined.

The implicit mapping defined imuery time i.e. the name comparison, ifective while the instances
have the exact same name. However, since this will not beyalie case, an expliditstance mapping
would be necessary in order to establish that the two obgetequivalent. This issue will be discussed
in details in the Future Works section.

2.3 Summary of results

The above given execution times related to the queries miesen this chapter must be appreciated
considering that these queries were processed on a conguutigped with 2 Gbytes of RAM memory
and with an Intel Core 2 Duo processor with 2 GHz under the Wivgloperational system.

The OntoQLPIlus interface was built under the Java Developridé 6. The OntoDB OBDB was de-
veloped on top of the relational database system Postgre®Qse version used in this work is Post-
greSQL Database Server 8.2.

After the implementation of the complete use case, the da&lpgical schema contains 737 tables,
among system tables (e.g. the table that represernt plusteriori case-ofelations), meta-schema tables
(e.g. the tables that represent the enti@#gss DataElemenandAnnotatior) and domain specific tables
(e.g. the tables that represent the seismic ontology ctsicephe database contains 21070 rows sizing
up 22 Mbytes of data.

Due to the distinction made in the extended OntoDB alutats, annotationand ontology elements,
we are able to produce separate statistics for each of thesemts. The queries described as follows
address thenetamodel part of OntoDRnabling thus the user to retrieve information associatdy to
ontologies #Clas$, only to annotations#Annotatior) or only to data elementgZDataElement

SELECT DISTINCT COUNT(#0id) from #Class
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SELECT DISTINCT COUNT(#o0id) from #Annotation

SELECT DISTINCT COUNT(#0id) from #DataElement

The TabldB.15 sums up the number of elements inside the OBDB.

Regarding the Basic Geology ontology, the Geological Timlogies and the Seismic and Well local
ontologies, 151 ontology concepts and 4334 instances weated.

Considering finally the extended part of the OBDB, in relatto the Seismic interpretation task, we
have described 5 data elements (instances dDdtaElemenentity) and 1 annotation element (instance
of Annotationentity); and created 2344 instances of data elements antliBgances of the annotation

element. A comparison of the OntoQL queries with SPARQL e presented in Appendd C.
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3 Conclusion

One of the main contributions of this work is the formalipatiof a use case for the application of
knowledge-based techniques which has a potential intesestdustry. The set of activities that was
chosen concerns earth modeling workflows and more spedifisaismic interpretation We presented

all the data sets related to this activity, the way in whiahéRpert’s interpretation is generated, and a set
of significant questions, among many possible ones, thas usay ask about the domain data.

We described the steps that enable us to apply the approatohdlproposed fosemantic-based annota-
tion of engineering modelgf. Chaptef}) to seismic interpretation models. We showed baegresent

(i) seismic data as instances of the Engineering Metamdiileinterpreted objects as instances of the
Local Ontologies, and (iii) experts’ interpretations themives as instances of the Annotation Metamodel.
As a result, all the seismic data and the associated intatjmes were stored in one same repository.

As a consequence of this implementation, we showed how forpeithe exploitation of the use case.
We have demonstrated that the user is able to retrieve nbgaous information about the interpreted
objects by means of the Annotation element. One part of tlestipns asked by the users can be an-
swered by querying the annotation. This is notably the cdmwhe user needs tdidirentiate one same
object that was interpreted inftBrent ways by several experts, or to retrieve all objecteg$rom one
same interpretation cycle, or simply to be re-directed éodita files that are associated to the interpreted
object.

We also described how thé& posteriori approach of ontology integratioref( Chapteillb) was applied
to the use case. The local ontologies related to the seisigipietation (Seismic and Well ontologies)
were mapped to the Basic Geology ontology by mearssgdsteriori case-afelationship. This mapping
was defined by the domain experts so that it has been posstalglishing a subsumption relation (such
as a subclass hierarchy) between concepts from pre-existitologies that were not related to one same
domain of expertise. The posteriori case-afelations allow to integrate the various geosciences dasnai
using the Basic Geology as a common thread.

We then demonstrated the applicability of the subsumpttations established between local and global
ontologies. The user formulates queries using the termerided in the global ontology (Geology)
which are shared through the whole earth modeling activitye a posteriori case-ofelations define

a navigable hierarchy between ontology concepts that wgrarately created. Therefore, the extended
SELECToperator can navigate through all the hierarchies of subdwtasses (subclassagpriori case-

of classes ana posteriori case-oflasses). Thanks to the subsumption links, the query atitcaig
returns instances from the global and local ontologies.hdhtbecomes possible to address multiple
domains in one same query.

At the present stage, the main goal has been to check thditysabthe methodology by domain users
and the quality and relevance of the output. Consequendyid/not intend to optimize our approach in
terms of speed of processing.

Discussion of the obtained results with domain experts slotliat some work remains to be done for
fully demonstrating the usability of our approach i.e. tokend easily operative by users in view of their
particular goals.
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In order to formulate the semantic-based queries presémtibis chapter, the user is supposed to have
a complete mastery of the query language (in this case Ontb@lit could be the same for any query
language, such as SPARQL). The PLIB ontology editor presemt Sectio_2]2 can be of help when
formulating queries that demands ontology concepts to inego But the query designer still lacks a
more ergonomic interface, and also a graphical tool forgisircase-ofquantifiers, for example.

The results retrieved by the semantic-based queries aamgieers that were expected by the experts who
formulated the queries. This demonstrates that our sodtigaable to automatically provide fully rele-
vant answers to various types of questions. Before the imgh¢ation of the semantic-based framework,
no information was available that could allow to answer ¢hggestions without asking them directly
to the operators of the interpretation themselves. Thamkke complementary approaches above im-
plemented, we are able at present to formulate semantidegubiat (i) integrate information from the
various engineering models and (i) retrieve informatibattwere made explicit through annotations.
The results obtained in this work strengthen our feeling the considered methodology and that the
implemented framework have an interest for engineeringaiosn

We also created SPARQL versions of the user questions, &r dodperform a comparison to our ap-
proach. The conclusion is that, if we implement all ontoésgidata and annotations as OWL objects in a
OWL document, itis, indeed, possible to retrieve the sarselt®for one part of the questions (those that
query directly the concepts of the local ontologies). Hosvethe queries that use the global vocabulary
in order to retrieve local concepts from various ontologiesnot possible to be defined in SPARQL, due
to the lack of ara posteriori case-obfperator. Another disadvantage is that in a RDF-based apprave
lack the metamodel level, which makes the methodology geaed thus applicable to other domains.

In relation to the results obtained from the OntoDB-OntoQipra@ach, the users would appreciate a
means of creating correspondences betwestancesthat is, to be able to express that some instance
of alocal objectis equivalent to some instance ofglbbal object The typical example is to create a
correspondence between an instance of a geological hasizd@n instance of a seismic horizon. This
will be object of further work on the mapping relations, ant lbe described in the Future Works section.
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Table 8.1: Q: Which horizons where identified that are younger than Laasl, older than Cretaceous ?

SELECT StratigraphicBoundary.name

FROM StratigraphicBoundary, unnest(StratigraphicBoundary.isOlderThan) older,
unnest(StratigraphicBoundary.isYoungerThan) younger,
GeochronologicUnit cret, GeochronologicUnit lias

WHERE cret.name = ’'Cretaceous’ AND lias.name = ’'Lias’

AND cret.oid IN (older.oid) AND lias.oid IN (younger.oid)

OntoGL WorkBench [Modified]
AR IRs IRE ]

SELECT StratigraphicBoundary. hame

[ »

FROM StratigraphicBoundary,

unnest (StratigraphicBoundary. is0lderThan] older,

unnest (StratigraphicBoundary. isTYounger Than) wvounger,
GeochronologicUnit cret, GeochronologicUnit lias

WHERE cret.nawe = 'Cretaceous' AHD lias.namwe = 'Lias’

AND cret.oid IH (older.oid) AHD lias.oid IN (younger.oid)

-

Session Command History |select stratigraphichoundary.name, ulder.n...| - | Clear

T T T T T T T T T T
name
op_kess
op Brent
op Etive

3 rows returned in 5485.0 milliseconds

Explanation For the moment, the user is able to retrieve the geologimatdns
(StratigraphicBoundahythat have beeexplicitly dated as being younger than

Lias and older than Cretaceous, that is, the horizons ToptBFep Etive and Top Nessl1
resulted from the query.

The Geological Dating ontology and the inference rules iiesad in

SectioZ1.Z]4 of Chapter 7 have been developed to allowsdes to add temporal
information about geological objects and also to infendstitemporal relationships
from those that were explicited. However, the ontologieplamented in this work are
not able to make use of inference rules. This is due to thealfatthe OntoDB database
do not dispose at present of a repository for storing infegemles and neither of an
inference engine. The inclusion of inference rules in théoDB database

is an issue that will be discussed in the Future Works section
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Table 8.2: Q: From which seismic image comes the horizon BCU ?

SELECT DISTINCT filename FROM DataFile AS file

JOIN SeismicAnnotation AS a JOIN SeismicBlock AS sb
JOIN Horizon AS h ON h.isPartOfBlock = sb.oid

ON sb.oid = a.isAnnotatedBy ON a.annotates = file.oid

WHERE h.name = ‘BCU’

OntoQL WorkBench [Modified] :
oo abdRE

SELECT DISTIHCT filensone £from HMLFile A file
JOIH Seismicinnotation AS a JOIN SeismicBElock AS sh

JOIH Horizon AS h OH h.isPartOfBElock = skh.oid
OH sh.oid = a.isiAnnotatedBEy OH a.annotates = file.oid

WHERE h.ns=stne = 'BCU!

-

Session Command History |select distinct filename from xmifile as file j... | b | Clear

T
filename
alwyn R esenairsuney xml

1 rows returned in 314 1.0 milliseconds

Explanation This query selects thidenamefrom an instance of somBataFilg
which isannotatedby someSeismicBlockcontaining the givemHorizon ‘BCU’. The result is the

filename ‘alwynReservoirSurvey.xml’
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Table 8.3: Q: With which amplitude threshold the horizons Top Etive ang Brent were detected ?

SELECT h.name, a.amplitudeThreshold FROM SeismicAnnotation AS a
JOIN Horizon AS h ON a.isAnnotatedBy = h.oid
WHERE h.name = ‘Top_Etive’ OR h.name = ‘Top_Brent’

l OntoQL WorkBench [Modified]

bl O =

SELECT h.name,

a.amplitudeThreshold

FROM Seismiclnnotation AS a
JOIHN Horizon AS h OH a.ishAnnotatedbBy
WHERE h.name = 'Top Etive!

DR h.nsame

h.oid
'Top_ Brent'

[ b

-

Session Command History |select h.name, a.amplitudethreshold from s... | - | Clear
D P rEy
narne amplitudeThreshold
op_Brent 9000
op_Etive 10000
op_Brent 10000
op_Etive 9000

4 rows returned in 2703.0 milliseconds

Explanation This query selects th@mplitude Thresholgroperty of the

SeismicAnnotationnstances that are related to the givéorizoninstances ‘Top_Etive’
and ‘Top_Brent'. The result is all the amplitude threshatds/hich these horizons were detecte
i.e. 9000 and 10000. It means that process of detection were executed, one with each of tf
thresholds, which were both capable of detecting the gi¥enzoninstances.

ne
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Table 8.4: Q: Which reflectors are associated with the Top Etive horizon ?

SELECT r.name FROM Reflector AS r WHERE r.URI IN
(SELECT n.URI FROM Horizon h, unnest(h.isComposedBy) as n}
WHERE h.name = ‘Top_Etive’)

M OntoQL WorkBench [Modified] :
AR IR IR

SELECT r.name FROM Reflector AS r

WHERE r.URI IH
[SELECT n.URI FROM Horizon h, unnest (h.isComposedEBy) as n
WHERE h.nsme = 'Top Etive')

[ b

Session Command History |Select r.name from reflector as r where r.ur...| - | Clear

]
ar]
=
o
Lx
o
=]
=
]
=
ll

14 rows returned in 1719.0 milliseconds

Explanation This query selects theameof the Reflectorinstances that
compose the giverlorizoninstance ‘Top_Etive'.
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Table 8.5: @: Which wells made possible the association of horizonsaetd from the seismic image
to the marker Top Etive ?

SELECT DISTINCT W.name, H.name, R.name

FROM Well as W, Marker as M, Reflector as R,
unnest(R.hasBeenMarkedBy) as mark, Horizon as H,
unnest(H.isComposedBy) as reflect

WHERE M.name = ‘Top_Etive’

AND M.isPartOf = W.oid

AND M.oid IN (mark.oid) AND R.URI IN (reflect.URI)

OntoQL WorkBench [Modified] :
oo a @

SELECT DISTIHCT W.namwe, H.name, R.name
FROM Well as W, Marker as M, Reflector as R,
unnest (F. hasBeenMarkedEBy) as mark, Horizon as H,

unnest (H. isComposedEBy) as reflect

WHERE HM.name = 'Top Etive!

AHD IM.isFartof = W.oid

AHD M.oid IH (mwark.oid) AHD R.URI TIH (reflect.URI)

-

Session Command History |select distinct w.name, h.name, r.name fro... | - ‘ Clear

T
narme narme narme
Top_Etive Feflector_12
Top_Etive Feflector_R1
Top_Etive Feflector_22
Top_Etive Feflector_BE6
Top_Etive Feflector_49
Top_Etive Feflector_74
Top_Etive Feflector_10
Top_Etive Feflector_114

P - ol tor A0

10 rows returned in 2157.0 milliseconds

Explanation This query selects theameof the Well instances that are
associated to thMarkerinstance ‘Top_Etive’, which have been used to mRgflectorinstances
that composeé+orizoninstances of the seismic image.
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Table 8.6: @: When was made the interpretation which allowed the ideatitbon of the horizon Top

Brent ?

SELECT a.date FROM SeismicAnnotation AS a
JOIN Horizon AS h ON a.isAnnotatedBy = h.oid
WHERE h.name = ‘Top_Brent’

OntoQL WorkBench [Modified]
Ploo ablE

SELECT DISTIHCT h.naswe, s.date

FROM Zeiswmicinnotation AS a

JOIH Horizon AS h OH a.ishinnotatedBy = h.oid
WHERE h.name = 'Top Brent!

-

Session Command History |select distinct h.name, a.date from seismic... | hd | Clear

L e Tt T T T T T e T T e T e T T T T T T Tt T e T T e T S T R I e B B L R B S R R R T B R R RN R R RN R R R NN,
date

ed Oct 21 16:24:23 2009

ed Oct 21 20:17:92 2009

2 rows returned in 2625.0 milliseconds

Explanation In this query, Top Brent is bothseismic horizorand a
geological horizon The annotation has been made during the seismic intetipretask, therefore
the user is searching here for the instance of the seismiepbn
This query selects thdateproperty of theSeismicAnnotatiorobjects that are related to the given
Horizoninstance ‘Top_Brent'. The dates of the twdfdrent interpretations that have identified

the given horizon are resulted.
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Table 8.7: Q: Who carried out this interpretation ?

SELECT a.author FROM SeismicAnnotation AS a
JOIN Horizon AS h ON a.isAnnotatedBy = h.oid
WHERE h.name = ‘Top_Brent’

OntoQL WorkBench [Modified] :
blO|e |=E

SELECT DISTIHCT h.nstne, &.author
FROM Zeismichinnotation AS a
JOIH Horizon AS h

DH a.iskinnotatedBy = h.oid
WHEBE h.nam= = 'Top Brent'

Session Command History |select distinct h.name, a.author from seis...

author
Michel Perrin
Fhilippe Werney

2 rows returned in 2906.0 milliseconds

Explanation This query selects thauthorproperty of theSeismicAnnotation
objects that are related to the givelorizoninstance ‘Top_Brent’. The names of the authors of the
different interpretations that have identified the given horiae resulted.

(WO
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Table 8.8: @: Among all horizons identified during seismic interpreatati specify those which are
younger (or older) than the Top Dunlin horizon.

SELECT DISTINCT upper.name, lower.name

FROM Horizon AS upper, Horizon AS lower, unnest(upper.isUpperThan) as h

WHERE lower.oid IN (h.oid)

AND lower.name = ‘Top_Dunlin’

OntoQL WorkBench [Modified] :
A W=

SELECT DISTIHCT upper.hsme, lower.hstne
FROM Horizon AS upper, Horizon AS lower,

[ »

unnest (upper.isUpperThan) as h
WHERE lower.oid IN (h.oid)
AND lower.name = 'Top Dunlin'

Session Command History |select distinct upper.name, lower.name fro... ‘ - | Clear

R R R Ty

narme narme
BCL Top_Dwnlin =
op_Brent Tap_Dunlin 3
op_Etive Tap_Dunlin L8
op_Messi Top_Dwnlin
harizon_12 Tap_Dunlin
haorizon_121 Tap_Dunlin
harizan_122 Top_Dunlin -

22 rows returned in 1593.0 milliseconds

Explanation This query selects theameof all Horizoninstances that are

younger than the giveRorizoninstance ‘Top_Dunlin’. It should be noticed that Top_Durif both
an instance of aeismic horizorand of angeological horizon However, we emphasize here that the
user is posing queries about the seismic interpretatioectdjwhose mutual relations are of type
isLowerTharisUpperThaninstead ofisOlderThaiiis YoungerThan Since the user must employ the
“vocabulary” defined by the seismic ontology relationgshe must know that, in some cirscumstances,
the seismic property that gives the idea of bejgngerthan is the propertysUpperThanand
inversely, the seismic property that gives the idea of beidgr than is the propertysLowerThan
55 In SectioZZZ311 we show how to execute this query usingxiaet vocabulary desired by
the user, that is, using the relati@YoungerTharto retrieve the results.
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Table 8.9: @: Which faults were identified with an amplitude threshold®Q0 ?

SELECT f.name FROM DipFault AS f
JOIN SeismicAnnotation AS a ON a.isAnnotatedBy = f.oid

WHERE a.amplitudeThreshold = 10000

OntoOL WorkBench [Modified]
ALElERElE=

SELECT DISTIHCT F.nawme FROM DipFault AS F
JOIH Jeiswmichnnotation A OFH A.isinnotatedBy = F.oid
WHERE L.amwplitudeThreshold=10000

Session Command History |select distinct f.name from dipfault as f join ... | - |

CieConlt 1€ -
44 rows returned in 2547.0 milliseconds

Explanation It should be noticed that the faults which is about the eqsediescribed here and
in Table[8ID are also seismic objects, and not geologigaktth This query selects tmmmeof
all DipFaultinstances that are associated to s@®aésmicAnnotationvhoseamplitude Thresholds equals

to 10000.
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Table 8.10: Qo: Which faults were identified when using at the same time @og# thresholds of 10000

and 9000 ?

SELECT fl.name SeismicAnnotation AS al

JOIN DipFault AS f1 JOIN DipFault AS f2

JOIN SeismicAnnotation AS a2 ON a2.isAnnotatedBy = f2.oid
ON (fl.0id <> f2.0id AND fl.name = f2.name)

ON al.isAnnotatedBy = fl.oid

WHERE al.amplitudeThreshold = 9000

AND a2.amplitudeThreshold = 10000

OmoQL WorkBench [Modified]
b O =

SELECT fl.nawme FROM SeismicAnnotation AS al
JOIH DipFsult AS £1 JOIH DipFault AS f£2
JOIH Seismicinnotation AS a2

OH &2.iskinnotatedBy = f£2.o0id

O (fl.o0id <> f2.o0id AND fl.name = £2.nsme)
OH al.isinnotatedBy = £f1l.o0id

WHERE al.asmplitudeThreshold = S000

AHD a2 .awmplitudeThreshold = 10000

[ b

Session Command History |select f1.name from seismicannotation as ... | b | Clear

44 rows returned in 4906.0 milliseconds

Explanation This query selects theameof all DipFaultinstances

that are at the same time associated to s&@ismicAnnotationvhoseamplitude Thresholds equals to
9000 and to some oth&eismicAnnotationwhoseamplitude Thresholds equals to 10000. It results
DipFaultinstances that have been detected by tvWiedint identification processes: one using amplitude
threshold of 9000 and the other using amplitude thresholtD600.
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Table 8.11: @: Among all horizons identified during seismic interpradati specify those which are
younger (or older) than the Top Dunlin horizon.

SELECT DISTINCT younger.name, older.name

FROM StratigraphicBoundary AS younger,
StratigraphicBoundary AS older,
unnest(younger.isYoungerThan) as h

WHERE older.oid IN (h.oid) AND older.name = ‘Top_Dunlin’

WITH APOSTERIORI

OntoQL WorkBench [Modified]
PO O ==

SELECT DISTIHCT wounger.hame, older.hnsame
FROM StratigraphicBoundary AS vounger,
StratigraphicBoundary AS older,

[ »

unnest (vounger. is¥YoungerThan) as h
WHERE oclder.oid IH (h.oid)

AND older.name = 'Top Dunlin'

WITH APOSTERIORI -

Session Command History |select distinct younger.name, ulder.na...| - | Clear

B A T
narme narme

BCL Top_Dunlin =
op_Brent Top_Dunlin L
op_Etive Tap_Dunlin |8
op_Mess Top_Dunlin

horizon_12 Top_Dunlin

harizan_121 Tap_Dunlin

horizon_122 Top_Dunlin |

22 rows returned in 4359.0 milliseconds

Explanation This user question presented apparently corresponde tnehthat was already object of

geology in termes ois YoungerThafisOlderThanrelationships. In this case, the query gives as result
the instances afieo: StratigraphicBoundamlus the instances of theeposteriori case-ofoncepts of
geo:StratigraphicBoundarwhich are younger than the Top Dunlin horizon .

The answer is of course the same as that of query of Talllet®dugh it was obtained by a totally
different procedure. The execution time required in the cad@fuery (4359 milliseconds) is
significantly longer that that required for answering quefrifable[8¥ (1593 milliseconds).

However, this difterence in the times of execution is the price to pay for alhguthe

formulation of queries using the user's own language.

the query described in Tale’B.8. However, while that queytie be reformulated by the user in terms
isUpperThafisLowerThanrelationships, it can now be directly formulated by the uséhe language of

of

197



Chapter 8. A use case for semantic annotation and ontoléggration: workflow for seismic interpretation and struatum

Table 8.12: Qq: Which faults interrupt horizon Top Ness 1?

SELECT Fault.name FROM Fault, StratigraphicBoundary, FaultBoundary,
unnest(FaultBoundary.interrupts) as interrupts,
unnest(Fault.isComposedBy) as composed

WHERE FaultBoundary.oid IN (composed.oid)

AND StratigraphicBoundary.oid IN (interrupts.oid)

AND StratigraphicBoundary.name = ‘Top_Nessl’

WITH APOSTERIORI

OntoQL WorkBench [Modified]
Al E]Ell=

SELECT Fault.nsmme FROM StratigraphicBoundary, FaultBoundary,
unnest (FaultBoundary. interrupts)] as interrupts

WHERE Fault.isComposedBy = FaultBoundary.oid

AND ZtratigraphicBoundary.oid IN (interrupts.oid)

AND StratigraphicBoundary.nsme = 'Top Hess1!'
WITH APOITERIORI

Session Command History ‘ Clear

2 rows returned in 797.0 milliseconds

Explanation This query retrieves all the instancesgefo:Faultplus the instances
of the a posteriori case-otoncepts ofjeo:Faultwhich interrupt some instance (including the
a posteriori case-dhstances) ofjeo:StratigraphicBoundaryhose name is Top Ness 1.
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Table 8.13: Q.: Retrieve the data files that represent the horizons that baen interpreted to be
younger than the Top Dunlin horizon, and the author of thisrpretation.

SELECT younger.name, file.filename, a.author
FROM DataFile AS file, SeismicAnnotation AS a,
StratigraphicBoundary AS younger,
StratigraphicBoundary AS older, unnest(younger.isYoungerThan) as h
WHERE older.oid IN (h.oid) AND older.name = ’Top_Dunlin’
AND a.isAnnotatedBy = younger.oid AND a.annotates = file.oid
WITH APOSTERIORI

OntoQL WorkBench [Modified] -
DD B |=3|E

SELECT wvounger.name, file.filename,
FROM DataFile A5 file,
FtratigraphicBoundary AS wyounger,

[ b

a.author
Seismichnnotation AS a,

StratigraphicBoundary AS older,

unnest (younger.isYoungerThan) as h
WHERE older.oid IH (h.oid)
AND older.name = 'Top Dunlin'
AHD a.ishinnotatedBy = vounger.oid

AHD a.annotates = file.oid
WITH APOITERIORI

-

Session Command History |select younger.name, file.filename, a.author ... |v| Clear

T e T T T T T T T T R T T T T T T e T T T T T T T R T T T T T T T T T T T T4 R T T T T T T A T T T T T T R T T T T T T T R T T T A T T R T T R T T4 T T T e T T R e A T T T T T T T T T Ta T T T T
narme filename author

op_Mess Top_Mess1 pla Michiel Perrin

op_Mess Top_Mess1.plo Philippe WVerney

horizon_133 horizon_133.plo Fhilippe Verney

harizon_136 harizan_136 plao Philippe WYerney

haorizon_121 harizan_121.pla Philippe WVerney

horizon_f& horizon_B.plo Fhilippe Verney

26 rows returned in 6235.0 milliseconds

Explanation This user question presented corresponds to the query
described in TablEZB1 1, but in this case we are able to find the

original files that have been interpreted. The query abosedaarches

the instances of geological horizons (using #heosteriori case-ofuantifier)
that are younger than the Top Dunlin horizon. After, it finkls t
SeismicAnnotationinstances that are associated to the retrieved horizons
and, from the annotation, retrieves the names of the dased#sociated to
these horizons and the author of the interpretation.
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Table 8.14: @3 Which reflectors were interpreted by Philippe Verney adrtaan age younger than
Lias and older than Cretaceous ?

SELECT S.URI, S.name FROM StratigraphicBoundary as S,

unnest(S.isOlderThan) AS older, unnest(S.isYoungerThan) AS younger,

SeismicAnnotation AS a, GeochronologicUnit AS cret, GeochronologicUnit AS lias

WHERE cret.name = ’Cretaceous’ AND lias.name = ’Lias’

AND cret.oid IN (older.oid) AND lias.oid IN (younger.oid)

AND a.isAnnotatedBy.name = S.name AND a.author LIKE ’Philippe Verney’

WITH APOSTERIORI

OntoQL WorkBench [Modified]
b B |aE

SELECT DISTIHCT 5.URI, 3.n=smme FROM 3tratigraphicBoundary as 3, ol
unnest (3. i=s01lderThan) AS older,
unnest (3. isYounger Than) AS younger,

Seismiclinnotation AS a,
GeochronologiclUnit AS cret, GeochronologicUnit AS lias
WHERE cret.nhatme = 'Cretaceous' AHD liss.naste = 'Lias’
AHD cret.oid IH (older.oid)
AHD lias.oid IH (yvounger.oid)
AHD a.isAinnotatedbBy.nsmme = 3. name
AHD a.author LIKE 'Philippe Verney'
WITH APOSTERIORI

Session Command History |select distinct s.uri, s.name from stratigraph... | - | Clear

LRI narme
hittp:ifwnnnie ifp fifSeismicinterp®Top_Brent Top_BErent
hitpfhsanae iff friSeismicinterp#®T op_Etive Top_Etive
hitpShsanae ifp friSeismicinterp®Top_Mess1  [Top_Messi

3 rows returned in 9015.0 milliseconds

Explanation A very significant question that is likely to be asked by géestists

is related to finding which were the original objects (thasaed from seismics, for example)

that constitute the horizons that have a given geologiocal ag

The above OntoQL expression selects all geological hositlbat are younger than Lias and

older than Cretaceous. After, it projects only the geolalgimrizons whose name is the same than
the name of local objects that were interpreted by Philipp®y (i.e. that are annotated by
SeismicAnnotationinstances whose author is Philippe Verney). The answer edoth seismic object
or well objects, or objects from other local ontologies whitave been mapped to the geology ontology
concepts. The user is not obliged to choose, sinca thesteriori case-ofuantifier is employed.

192}
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3. Conclusion

M2 - Metamodel entities | M1 - Model classes| MO - Instances

Class 151 4334
Annotation 1 3724
DataElement 5 2344
Total 157 10402

Table 8.15: Summary of number of elements created for theaseimplemented in the OBDB

201






Conclusion and Future Work

Conclusion

The approaches proposed in this work are a contribution ridsva complete semantic integration of
engineering models. Among the several issues related tnesring model management, we particularly
addressed here those related to:

e Semantic annotation of engineering modelsThe proposed annotation model enables to make
explicit interpretations made about tigdentificationof domain objects within engineering models.

e Ontology integration. Depending on their level of expertise, experts may idgr#dme object
as being moragyeneralor morespecific depending whether it is an instance of a more general
ontology concept or of a more specific one. This required axmehaligning semantic unrelated
ontologies.

e Representation and persistence.Thanks to metamodeling techniques it was possible to pro-
duce a uniform representation of ontologies, data and ations. All these representations were
persisted in an ontology-based database, which ensurssalability of the proposal.

e Querying. When engineering models are annotated by experts usingthaid ontologies, these
models can be queried by users using significant vocabulary.

e Application to an engineering domain. The approaches proposed in this work were applied to a
real use case in the activity of earth models building penfx by petroleum companies.

Annotation of Engineering Models

The first contribution of this work is the proposal of an agmio ofsemantic-annotation of engineering
models since none of the annotation tools proposed so far conidesemantic annotation issue from
the perspective ofomputer-based model&A significant number of tools and frameworks are indeed
available for providing ontology-based annotation, batfhe best of our knowledge, there presently
exists no technique allowing to complete those models bywdécomments or explanations, or to attach
more semantics to the technical data produced by modeliwig. t@\Ithough corporate knowledge can
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be found for a large part in text repositories, such as pr@ecumentation and reports, some of this
knowledge is also the result of the expertise that was intred into engineering models by their builders.

For instance, in the case of petroleum exploration, whid¢hésobject of the case study presented in the
second part of this work, it appears that non-explicit iptetation carried out during earth modeling

is the most important knowledge introduced into the mod8lsch strategic knowledge cannot be lost.
Consequently, in view of the lack that exists in current dation models, we proposed an annotation
model fit for being applied to computer-based models in gdner

In order to provide a means for processing these types oftatime, we proposed a model annotation
approach which is composed of two metamodels:

e an Engineering Metamodglvhich can be used as a common metamodel for the representati
of any data model used by engineering models and also faftianations between fiierent file
formats;

e an Annotation Metamodelwhich defines thennotationas a separate, explicit entity which is
placed in the same abstraction level than the constructsnfiotogies and data elements.

An annotation entity allows to create a link between an eldgnoé the engineering metamodel and
the domain ontologies. The consequence of annotating eagity models is the creation of a set of
ontological representations of the raw data that are usdddse models.

Ontologies

One of the main challenges was to make an abstraction of flezatit types of information, languages,
file formats, and to raise engineering models atkih@wledge levelln view of this goal, we studied and
applied methodologies presently available for makingieitthe knowledge related to some domain and
notably those related to ttantologyresearch field. Ontology is one of the today hot keywordsroega
ing the issue of describing data semantics. Just like caangubgramming languages, each ontology
language proposes specific constructors that are moresoadiepted to certain categories of issues. The
main goal of some ontologies isferencewhile that of others istructured characterizatiowf knowl-
edge. Ontology engineers should choose the ontology mbdels¢ more adapted to the problems that
they intend to solve. The choice of RDF triple as a represientanstead of conventional databases
was influenced by the desire to create modular and open damhat could be linked only through
the associated URIs. Another benefit presented by RDF mepieon is portability. Any kind of data
and metadata represented as triples is portable from gule &iore to the other. On the contrary, in
conventional databases data and metadata descriptiondfepe the implementation and on the vendor.

Ontology-based databases

The broad expressiveness of Semantic Web languages anabiiy to provide various ways for ex-

pressing entities are also their weak point when consigdtie implementation of an actual database
for managing large amounts of data. RDF-based databasasyatang technology and may not support
features that more mature relational database implen@mahave optimized long time ago, such as
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performance, redundancy and transaction control.

For these reasons, in this work, we considered the impleatientof Semantic Welontologies in a
more structured context, making use of an ontology-bastabdae (OBDB) system implemented over
a relational model. In view of this issue, the OntoDB OBDB wlasigned in order to provide a database
architecture for storing ontologies and their instancestdres ontology instances in an horizontal rep-
resentation that ensures better performance when numpropsrties are used in queries. It provides a
meta-schema pathat can be altered and increased, allowing the user to mgslenew constructs.

OntoQL is an ontology query language that provides defimjitrnanipulation and query languages for
both data and ontology. OntoQL is based on a core model ag=htaining primitives supporting the
exploration of diferent ontology models.

One of the most attractive characteristics of OntgDBtoQL is their metamodeling capability. This was
capital for the implementation of our approach, since owal geas defining a general framework that
would be independent of any particular application field emalsequently potentially applicable to many
engineering domains. Another advantage of OntdoQL was that it enables the user to perform all
operations about data and ontologies in one same tool. Tdéreisiable to query data using OntoQL,
but also to modify, to insert and to delete data from the detebby simply using the Data Definition
Language and the Data Modification Language of OntoQL. This icontrast with RDFOWL-based
approaches, in which the user modifies the ontology usinghésiagy editor, which must be connected
to the ontology repository in order to be queried. The apghassed in this work allows to centralize all
ontology management operations in the OntoDB repository.

Ontology integration

This work addressed the issue of how to integrate and expédégrogeneous engineering models so
as to dfer a coherent view of dierent domains and allow the emergence of new knowledgeargiev
for the engineers. In theory, describing data resources &gnshof ontologies guarantees that these
data resources are able to be adequately integrated. Hoveeielogies can be themselves sources
of heterogeneity. In the case of information systems reél&wemultidisciplinary domains, users must
eventually deal with a bunch of fiérent ontologies, each of which describes informationteeldo
one specific domain, with the result that ontologies thewesaiay contribute to increase heterogeneity.
Consequently, in order to provide engineering models natégn, one goal of the present work concerned
the issue of handling ontology heterogeneity.

The first step towards a semantic integration process derisisdentifying the nature of the hetero-
geneity. The problem that we handled in this work conceresiritegration of sources coming from
different domains of interegsuch as Biology and Chemistry fields when considering fetaince the
Biochemistry domain, which integrates these two fields}his case, integration is realized for allowing
the emergence of new knowledge from disparate domains. CHmie seen as a casepafrspectival
representationin which sources from dierent fields represent models havingfelient purposes with
respect to the domain of interest.

The integration obemantic unrelated domairis not trivial, and, to our knowledge, it is not frequently
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described in the literature concerning semantic integmaglystems. When dealing with concepts whose
meanings are eventually orthogonal, automatic matchiigiigues are unhelpful. For this reason, in this
work, the understanding of the semantic structure thagiate the ontologies is left to the domain ex-
perts, who are responsible for defining mappings betweediffezent ontologies. Moreover, we wanted
to prevent anulti-ontologyintegration structure, in which the correspondence batvtae ontologies
would be directly established from one ontology to the gtserthat the number of mappings would
drastically increase for each new ontology to be integra@ahversely, the integration architecture that
we proposed is composed of sevdrakal ontologiegLO), which formalize the semantic concepts of
specific expertise fields involved in engineering modelangl of aGlobal ontology(GO), which repre-
sents the common concepts shared by all local fields. Theeptsof the LOs are then manually mapped
to the concepts of the GO applying engineering domain rules.

The relationship that we proposed to be used for ontologypinggs an enrichment of the subsumption
relation, thes-case-ofrelation, that is not typically implemented in ontology net&l The reason for this

is that we wanted to avoid definirgjrongsubsumption relations, such as those of a subclass higrarch
In this work, ontologies are kept completely independeritilevbeing correlated by means oflight
subsumption relation, which defines a concept as betageaof another. One advantage of this relation
is that it can be created inaposteriorifashion. This means that one can create a subsumptiororelati
between concepts that have been already defined, withcatirggean existential dependence between
them. Theis-case-ofrelation creates partial inheritance hierarchies betveesicepts. The consequence
is that one is not obliged to impgmap all the properties of some subsuming (more general)epdnc
just those that are adequate for the subsumed (more spexficgpt. This relation allows to define
navigable hierarchies between concepts ffiedent ontologies. The user is able to query a subsuming
concept and receives as answer the instances of all thededabsumed concepts.

Application to Petroleum Engineering

We described a use case for the application of knowledgeebshniques. It concerns tharth model-
ing workflowsperformed by petroleum companies for building hydrocarteservoir models and more
preciselyseismic interpretationwhich is the first in a chain of several interconnected arul\fedge-
intensive activities operated during these workflows.

We presented all the data sets related to this activity amavtty in which interpretations are generated.
We defined domains ontologies for describing the fields wrealin the earth modeling workflow: the
Basic Geology ontology, the Geological Time and Dating mgies, the Seismic interpretation and
the Well identification ontologies. These ontologies werst fiepresented in the OWL language, and
afterwards persisted in an ontology-based database. Tie B&ology ontology was chosen as the
upper ontology (GO) to which specific ontologies (Seismid ®ell local ontologies - LO) are mapped
by means ofis-case-ofrelations. A typical example of subsumption in these domasnis the one
which results from defining the local conceptismic horizorandwell markeras a case of geological
horizon The resulting subsumption relation allows to retrievetallocal objects by formulating a query
using the global vocabulary. The advantage is that the uses dot need to know which are the local
ontologies mapped to the global ontology. So, in the casenvitie user is not an expert in the local
domains, hishe can formulate a query by addressing the global concepts.
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Theis-case-ofrelation defines mapping in the concept level. When disngdsie results of the use case
concerning seismic interpretation, which we dealt with,andre particularly the implementation of the

a posteriori case-oapproach to the developed Geo-ontologies, the usersdddisat they would like

to be given a means of creating a subsumption link directtwéeninstances They need to be able to
express that some instance dbaal object(for instance a seismic horizon) is a case of some instance
of aglobal object (for instance a geological horizon). In the use case thabpezated, this link was
artificially created by adding search criteria when perfogra query over the instances. For example,
we retrieved some geological horizons that correspondegivem seismic horizons by specifying that
their respective names were the same.

This issue clearly illustrates the kind offiiculties that we went trough when having to define the
knowledge-model of some domain. Even when the domain digsiavish to share their expertise
so that it can be acquired and formalized, they tend to pteékein knowledge using automatic shortcuts
that cannot be perceived by knowledge engineers. Thesedjatharticulated knowledge that someone
applies in daily tasks but is not able to describe in wordsHaeen called tacit knowledge by Nonaka
et al. L’LQQE). In this work, we succeeded to acquire and fozen¢ghe main objects that form the basic
conceptualization of the domains involved in earth modglithat is, theontologies Along with the
ontologies, which represent the explicit part of knowledgis necessary to identify the tacit knowledge
applied by experts, that is, tiveay howthey perform the identification of objects. This would ragui
work turned to the representation of reasoning and infelekiiowledge, which was not the first goal of
this work.

In collaboration with experts of the domain, we also defineiag many possible ones a set of signifi-
cant questions about the domain data, which were likely tquezied by users. We then demonstrated
the applicability of the approaches proposed in our worksfilving the knowledge management issues
related to the use case. The typical user questions thatlaees could not be handled without using a
knowledge-management approach, because the answersrédatteel queries require crossing informa-
tion issued from objects that were created when performiffgrént activities such as seismic or well
interpretation. For answering this type of questions by mseaf a knowledge-management approach,
we had to establish relationships between concepts belgrigidiferent ontologies. We also defined
annotation entitieswhich can be queried by the users and enable them to rethiev®ntexts in which
interpretations were made. We finally demonstrated theatyildy of the knowledge oriented method-
ology that we propose by providing in an automatic way andciteptable operating times, answers to
the selected queries that were those expected by the users.

Future work

The present work must be considered an initial frameworklflowing knowledge driven management of
engineering domains, which guarantees a “first level” ofidedge management. This work has opened
various perspectives concerning what remains to be doneler to develop a complete framework for
engineering models integration.
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Conclusion and Future Work

Development of the three annotation processes

We implemented a use case of engineering model annotatibie itase when the user performg/laite-
box annotatiorprocess. It still lacks the implementation of the two otldamitified annotation processes:
theblack-box annotatiomnd theintrusive annotatiorprocesses.

Enhancing the annotation model

Another future research concerning annotation is the pitisgiof annotatingpartsof data artifacts. One
way of doing that is using XPointers on XML files, in order tomiahe beginning and the end of the
section to be annotated. In other file formats, the physiddtesses inside the data file can be used.
Other ways to improve the annotation model is to add accghsto annotations and correctness values.
We also leave for future work the exploration of mechanisarsspecifying which authors have access
to annotations and how this mightect the workflow.

Handling the is-case-ofoperation

The OntoQL language has been extended in order to suppattahgon ofis-case-ofrelations between
ontology concepts. However, it still lacks the possil@htiof modifying and deleting somis-case-

of relation. We must emphasize that those operations are oitdse overa posteriori case-afelations.
The reason is that concepts that have been definegasteriori case-ather concepts, had not had their
structurechanged, since the existing properties were angppedto each others. Modifyirdeleting
the a posteriori case-ofelation will only have influence on thesultsof queries over the subsuming
concept: instances of the previously subsumed concepttm@tbe able to be retrieved anymore. On
the contrary, when creating @riori case-ofrelation, the structure of the subsumed concept is strongly
affected by the subsumption, sincénitportsproperties from the subsuming concept. Eheriori case-

of relation cannot be, thus, modified or deleted.

An important perspective for this-case-ofrelation is the possibility of being used to creat@pping
expressionsinstead of using just the subsumption relation to creatari@spondence betweerfférent
concepts, it should be possible to define logical and mattieahaxpressions between the concepts. For
example, one should state that the subsumed propertiessporrds to twice the subsuming property
(propA= 2= propB). This possibility should be implemented as an extensidheis-case-ofoperator

in the OntoQL language and of thecase-ofprimitives in OntoDB.

Ontology integration

The strategy of ontology mapping applied in this work is thfatreating correspondences in the concep-
tual level. A mapping relation (this-case-ofrelation) is established between ontology concepts, ahd no
between their instances. However, when faced with thetsesblained from the OntoDB-OntoQL ap-
proach, the users expressed the wish of also creating pomdsnces betweenstances Notably, they
want to be able to express that some instanceloéa@ objectis equivalent to some instance ofbal
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object In order to establish this relation, one needs to defineatioel similar to the built-in OWL prop-
erty owl:sameAs which links an individual to an individual. Such awl:sameAsstatement indicates
that two URI references actually refer to the same thinginH&iduals have the same “identity”.

However, this instance mapping is seen asrderpretation made by the experfThe consequence is
that the mapping link will need to kennotatedin the same way as trengineering models annotation
Therefore, unlike the cited OWL property, we need to defirstaince-to-instance links that can have
their own attributes, such as author, date and used tooherend, this will be represented simply as
an extension in the annotation model in order to allow toter@a annotation entity between instances
of different ontologies. The biggest issue, however, is to idetdtjether with the experts the way how
these instances will be created and linked. Consideringsbease that has been dealt with in Chdpter 8,
the way in which the expert produces an interpretation isekalt of a complicated proced@e This is

the reason why we preferred to leave this work to be done amigefaomplement to the thesis.

Reasoning

During the work of ontology building, inference rules werdfided that allow to discover new possible
temporal relations between time scale elements from tlatioak established by the expert. However,
the OntoDB database does not dispose at present of a regdsitstoring inference rules and neither
of an inference engine. The next implementation of the OBtexhitecture, caIIed)ntoDBdeL

) will enable the user to define derivation functionsiclwtare similar to domain-specific inference
rules.

An alternative implementation that can replace the infeeamechanism is to implement inference rules
astrigger@ in the database. Triggers can be encoded to be fired each tirev gemporal relation is
entered in the database. The trigger code should ensuredhion of every possible derived temporal
relation from the furnished one. However, the trigger codestve defined so as to avoid too complex
treatments (for example, recursivity).

Applicability to other domains

We can imagine that the approaches proposed in this workoteaimally applicable to other engineering
domains. From the experience brought by this work we stabectiteria that should be present in such
domains:

e Domains whose activities rely in computer-based models;

e Models whose objects can be described by concepts and pegpiersome ontology.

%6|n the procedure described by Verhéy (4009), an algorithteatie when a seismic horizon ¢toseto some well marker
according to a given threshold. If it is the case, the seigmitzon is given the name of the geological horizon corragpw
to this neighbour well marker. The seismic horizon intetgien thus depends on a particular procedure which takeypas
among others interpretations concerning well markers.

57A trigger is a procedural code that is automatically exettitieesponse to certain events on a particular table or vieav i

database.
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Conclusion and Future Work

An example of engineering domain to which this approachdatbelapplied is tairplane tooling design
due to the complexity of the activity and of the models inealy

Tooling: Geological Knowledge Editor

Moreover, possible future implementations are expectamh the propositions made in this work.

At first, the major item that remains to be completed is théwske tool designed by the IIFENSM-
P/ENSMA partners by the nam@eological Knowledge EditofGKE). The GKE was originally devel-
oped as a graphical interface that allowed expert useretiegeological objects, such as horizons and
faults, and to manually define the order in which they weraraged in a stratigraphical sequence. The
output of the first version of GKE was a Geological Evolutiath&ma (GES), i.e. a graph-representation
that formalizes the order of occurrence among various gﬂ'}:ﬂbevents@ﬁi 8). The new version
of the GKE that is presently being prepared at ENSMA will beatqtype, which will implement the
main ideas proposed in this the@We will describe them in the next sections.

GKE and Metamodels

The development of the new version of the GKE is based on tlipdgecModeling Framework (EMF).
EMF is a code generation facility for building Java applicas based on model definitions. From a
UML model specification described, EMF provides tools anatime support for producing a set of
Java classes, in order to provide viewing and a basic editoe. EMF framework will enable the GKE
to implement the metamodels proposed in Part 1l of this theShe GKE will then be able to use the
constructs of the Engineering Metamodel for representiegiriput and output data files of some inter-
pretation task. Moreover, it will represent the interptieta provided by the user using the Annotation
Metamodel. The flexibility and modularity acquired withglinplementation will hopefully demonstrate
the practical advantage of having proposed models in a fee¢h-

GKE and Ontologies

The most time consuming process in this work was with no ddebihing the domain ontologies. Nev-
ertheless, we are aware that this work is not finished. Eaoh & new use case is identified, we imagine
new manners in which the concepts should have been orgamegedpossible specializations for con-
cepts, or, most commonly, new attributes and propertie® tadded. Ontology building is a continuous
process and we do not believe that there is a way to ensure fimal and complete ontology is achieved.
Therefore, the tools that rely on domain ontologies neeetorbpared for ontology evolution. This pos-
sibility is already being studied and put in practice with ttevelopment of the GKE. Notably, the EMF
framework allows to use ontologies as the base model forith@aleditors. This means that each time
an ontology changes, the input forms automatically chamgerdingly. However, there not yet exists
an appropriate solution for making evolving instances ofaalifired ontology. Evolution and versioning

8The new version of the GKE is being implemented by a groupufestts of the LISI laboratory, in the ENSMA, Poitiers,
under supervision of Jean-Frangois Rainaud and under myconsulting.
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is a dificult issue, which has become an important topic of ontolapearch. Moreover, as already
explained in the Conclusions of Chaplér 7, the GKE will inmpéant the geological time and dating
ontologies as well as the geological codification, which alilow the user to find easy answers to all
questions related to identification and correlation of ggwial time units and boundaries.

GKE and ontology-based queries

One tool that is notably lacking in the proposed work is aaysthat would enable the user to pick
concepts in the hierarchy of the ontology in order to builérigs about the various domains. We are
aware that formulating queries can be a challenging expegidor users that are not acquainted with
computer-based languages. Moreover, the users need t@hdsien of the domain ontology structure
in order to choose the right concepts for their queries. T$iealization of the ontology in a hierarchical
structure was already part of the original version of GKE wailtlbe kept. A new module will be added

in order to create OntoQL queries for selecting instanca® fihe chosen concepts, and also for adding
search criteria to the selection: attribute filtering andicé of the concepts hierarchy in which to search
(is-a, a priori case-ofor a posteriori case-dfierarchy).
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Appendix

UML Overview

1 Introduction

The UML, or Unified Modeling Lan uammw), is a textaad graphical notation used to
formalise our understanding of systefisThere is a growing interest in the use of UML class diagrams

as a modeling language to represent domain ontolobleﬁ_l@]dizet_a].LZO_d@. This appendix presents
an overview of the features of UML that are used for repraesgrihe ontologies developed in this work.

UML defines thirteen types of diagrams, divided into threiegaries:Structure Diagrams, Behavior
Diagrams andInteraction Diagrams. In order to represent ontologies, we are interested inraiag
that represent static application structure (Structuragiams), more specifically, thélass Diagram
and theObject Diagram.

e TheClass diagramdescribes the structure of a system, by showing its clagsssattributes and
operations, and the associations between classes.

e TheObject diagram presents a set of objects and attributes, and the links betite objects.

In UML, an object represents a particular instance of a cl&ss this reason, in this worlgbjectsare
represented together to thelassesfusing the two diagrams in a Class and Object diagram.

2 UML constructs for classes and objects

In terms of ontology representation, we focus here on thet imasic representation constructs of the
UML profile.

In a class diagram, classes are depicted as a rectanglehvathtiorizontal sections (see FiglrelA.1(1)):

e the class name (e.@ersop,

59see httpywww.uml.org
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Appendix A. UML Overview

Vehicle | (2)
Z} (1}
Person
Car - University
name: Skring
brand: String birthdate: Date univMame: String
noCfCourses: Integer
getAgel): Integer (4 1 J

reqgisteredal
(6} 3) Z‘&
4

Student StudentsOrganisation
Wheel memberOf
reqistrationID: Integer name: Skring
{5 0.*
(T}
Paul : Student registeredat Sorbonne : University

name = Paul
birthdate = 10/10/1975
reqiskrationID = 15475

univMame = Sorbonne
noCfCourses = 500

Figure A.1: Example of UML diagram: classes and objects

e the class attributes specified by their name (eagyneand birthdatg, type (e.g.Stringand Date
and visibility (public, by default),

¢ the class operations specified by name (g&tAgg, argument list (which is empty), return type
(e.g. Intege)) and visibility (public, by default).

For the purposes of representing ontologies, we considgr i) all attributes can be considered to
have public visibility (since ontologies are built to be s@d) and (i) ontology classes do not present
operations. An special type of classes abstractclasses, which do not have instances. An abstract
class name is depicted in italics (e.g. the clasbiclein Figure[A7(2)).

There are three types of relationships that can be createeée classes:

e Generalisation which corresponds to the subsumption relation knowisasor subclass-ofin
ontologies. It is represented by lines with a large arrowlh@acompleted triangle) at the top
pointing to the super class. It comprises inheritance ofbates and operations from the most
general class (e.g. claf®rsoris a generalisation of classtudentin Figure[A1(3)).

e Associationrepresented by solid lines between two classes with anapewhead if the associa-
tion is known by only one of the classes (e.g. cl8sdenthas an association nameehisteredAt
with classUniversityin Figure[A7(4)). Semantic relations in ontologies candygresented with
the associationconstruct.

e Aggregation which is the typicalwholgpart relationship. It is depicted by a diamond at the
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2. UML constructs for classes and objects

aggregate end of the link (e.g. claStudenthas an aggregation relationship nammedmberOf
with classStudentsOrganisatiom Figure[A(5)). UML includes a stronger type of aggregati
(composite aggregation), notated by a solid black diamartdch implies that the ‘part’ does
not exist without the ‘whole’ (e.g. clas@/heelhas a composite aggregation relationship with
classCarin Figure[A1(6)). However, we do not make a distinction begw the two types of
aggregation in ontologies.

The ends of association and aggregation relationships rmagnhotated with multiplicity indicators
which denote how many instances of the class are expectéihvtitis association. Considering the
multiplicity labels on the associatiomegisteredAtand memberOf an Studentcan be registered at only
oneUniversity, and can be member of any numbeSitidentsOrganisatiofincluding none). ACarcan
have exactly 4 wheels.

An object is depicted as a rectangle, with two horizontatisas (see FigureAl1(7)): in the top it shows
the name of the instantiated object separated from the o®® by a .’ and underlined, to show an
instantiation (e.gPaul:Student In the botton part, the values of object’s attributes asgned using the
notationattributename= value(e.g.univName= S orbonng A link between two objects is represented
as a solid line, with no arrowheads or multiplicity labelsg(ethe link registeredAtbetweenPauland
Sorbonné.
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Appendix

Geological Time Scale

1 International Stratigraphic Chart

The 2009 version of the International Stratigraphic Chegiven here for visualization (Figute.1). The
original version can be downloaded from the web site of therfirational Commission on Stratigraphy.

5%httpy/www.stratigraphy.org
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Appendix B. Geological Time Scale
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Appendix

SPARQL queries for the Seismic Interpretation Use Case

We present here the SPARQL version of the OntoQL querieepted in SectiohZA.2 of Chapter 8 in
order to show that if &emantic Wetapproach was chosen in detriment of the data-centric approa
it would be possible to create equivalent SPARQL queriesARSPL was chosen because it is a W3C
Candidate Recommendation towards a standard query laadoiathe Semantic Web. We take back the
list of user questions presented in Secfion 1.4 of Chaptas &llows.

Q1 - Which horizons where identified that are younger than Laasl, older than Cretaceous ?
Q2 - From which seismic image comes the horizon BCU ?

Q3 - With which amplitude threshold the horizons Top Etive ang Brent were detected ?
Q4 - Which reflectors are associated with the Top Etive horizon?

Qs - Which wells made possible the association of horizonsaeted from the seismic image to the
marker Top Etive?

Qs - When was made the interpretation which allowed the ideatifon of the horizon Top Brent?
Q7 - Who carried out this interpretation?

Qs - Among all horizons identified during seismic interpretati specify those which are younger (or
older) than the Top Dunlin horizon.

Qg - Which faults were identified with an amplitude thresholdQ0 ?

Q10 - Which faults were identified when using at the same time @ogad thresholds of 10000 and
9000 ?

Q11 - Which faults interrupt the horizon Top Ness 1?

Q12 - Retrieve the data files that represent the horizons tha hegn interpreted to be younger than
the Top Dunlin horizon, and the author of this interpretatio

Q13 - Which reflectors were interpreted by Philippe Verney asrgaan age younger than Lias and
older than Cretaceous ?
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Appendix C. SPARQL queries for the Seismic Interpretatiae Qase

The TablddL presents the SPARQL queries and their resultedéaguestion®), to Q3 in the list of user
guestions . We consider the given SPARQL prefD®EFIX s: <http://www.ifp.fr/SeismicInterp#>
andPREFIX g: <http://www.ifp.fr/BasicGeology#>.

Qn | SPARQL query
Q1 | SELECT DISTINCT ?hname
WHERE {?h rdf:type g:StratigraphicBoundary.

?h g:name ?hname.

?lias g:name "Lias". 7?cret g:name "Cretaceous".

?h dating:isYoungerThan ?lias. ?h dating:isOlderThan ?cret}
Q2 | SELECT DISTINCT ?filename

WHERE { ?block rdf:type s:SeismicBlock.

?h s:isPartOfBlock ?block. 7?h s:name "BCU".

7annot s:annotates ?datafile. 7annot s:isAnnotatedBy ?block.

?datafile s:filename ?filename }

Q3 | SELECT DISTINCT ?hname ?thold

WHERE { ?h rdf:type s:Horizon.

{?h s:name "Top_Etive"} UNION {?h s:name "Top_Brent"}.

?annot s:isAnnotatedBy ?h. 7?h s:name 7hname.
?annot s:amplitudeThreshold ?thold }

Qs SELECT DISTINCT ?hname ?rname

WHERE { ?h s:name "Top_Etive".

?h rdf:type s:Horizon. ?h s:name ?hname.

?h s:isComposedBy ?r. 7?r s:name ?rname. }
Qs SELECT DISTINCT ?mname ?7wname
WHERE { ?h rdf:type s:Horizon. 7?h s:name "Top_Etive".

?h s:isComposedBy ?r. ?r s:hasBeenMarkedBy?m.

?m s:isPartOf ?w. ?m Ss:name ?mname. 7w S:name ?wnhame. }
Qs SELECT DISTINCT ?hname ?date

WHERE { ?h rdf:type s:Horizon. 7?h s:name "Top_Brent".

?h s:name 7hname.

?annot s:isAnnotatedBy ?h. ?annot s:date ?date. }
Q7 SELECT DISTINCT ?hname ?author

WHERE { ?h rdf:type s:Horizon.

?h s:name "Top_Brent". 7?h s:name ?hname.

?annot s:isAnnotatedBy ?h. ?annot s:author ?author.}
Qs SELECT DISTINCT ?hname2
WHERE { ?hl s:isUpperThan ?h2. 7?hl s:name "Top_Dunlin".

?h1l s:name ?hnamel. ?h2 s:name ?hname?2.

?hl rdf:type s:Horizon. ?h2 rdf:type s:Horizon. }
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Qo SELECT DISTINCT ?fname ?thold

WHERE { ?f rdf:type s:DipFault. 7?f s:name ?fname.

?annot s:isAnnotatedBy ?f.

?annot s:amplitudeThreshold ?thold.

FILTER (?thold = 10000.0). }

Q10 | SELECT DISTINCT ?fnamel

WHERE { ?f1 rdf:type s:DipFault. ?f2 rdf:type s:DipFault.

?f1 s:name ?fnamel. ?f2 s:name ?fname2.

?annotl s:isAnnotatedBy ?fl.

?annot2 s:isAnnotatedBy ?f2.

?annotl s:amplitudeThreshold ?tholdl.

?annot2 s:amplitudeThreshold ?thold2.

FILTER ((?tholdl = 10000 && ?thold2 = 9000)

&& (?fnamel = ?fname2 ) && (?£f1 != ?7£2)).}

Q11 | SELECT DISTINCT ?fname ?thold

WHERE { ?f rdf:type s:DipFault. 7?f s:name ?fname.
?f s:isComposedBy ?hg. 7?hg s:disconnects ?h.

?h s:name "Top_Nessl1"}
Q12 | SELECT DISTINCT ?filename
WHERE { ?hl s:isUpperThan ?h2. 7?hl s:name "Top_Dunlin".

?h1l s:name ?hnamel. ?h2 s:name ?hname2.

?hl rdf:type s:Horizon. 7?h2 rdf:type s:Horizon.
?annot s:isAnnotatedBy ?h2.

7annot s:annotates ?datafile.

?datafile s:filename ?filename.}

Q13 | SELECT DISTINCT ?rname

WHERE {?r rdf:type s:Reflector. 7?r s:name ?rname.

?lias s:name "Lias". 7?cret s:name "Cretaceous".
?h rdf:type g:StratigraphicBoundary. ?h g:name ?hname.
?h s:isYoungerThan ?lias. 7h s:isOlderThan ?cret.
?annot s:isAnnotatedBy ?r.
?annot s:author "Philippe Verney".
FILTER (?hname = ?rname )}

Table 1: User questions in SPARQL

The first choice to execute the SPARQL queries was to use CEBRIEE Conceptual Resource Search
Engine developed by the Edelweiss team of IN@A.However, CORESE typically processes only a
subset of OWL Lite ontologies. The OWL documents output ey Sieismic Interpretation module are
incompatible with OWL Lite, since they make use of restaos and class uni(ﬂ It would be then nec-

81httpy/www-sop.inria.ffedelweisgsoftwargcoresg
62We could load the OWL document within CORESE, but some gegmieduced errors related to the union classes.
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Appendix C. SPARQL queries for the Seismic Interpretatiae Qase

essary to create a simplified version of the OWL document.tiRergpoint is that when using CORESE
as query interface, the ontologies are stored as an ext@m&DWL file) directly into the disk, and
must be loaded in the engine’s main memory. The load operatists a significative time (the loading
time is not told by CORESE interface). The queries are thefopeed over the loaded ontologies, but
once the user finishes the application, the main memory &eade This approach becomesfiiment
for very large ontologies, such as those of domains thatym®tiuge quantities of data like engineering
and scientific domains.

We decided to execute the queries in the SPARQL query pamfbiteégé 3.3.@ This panel allows the
Protégé user to execute SPARQL queries over the loadedoggtohly. The OWL document used was
the OWL version of the seismic interpretation use case. Tign3c Interpretation engine outputs, for
each interpretation cycle, one OWL document with the irstarof seismic objects resulted from the
interpretation. We fusioned two files that were resultednftavo different interpretations. The instances
in the fusioned OWL document correspond to the instancdsuéie stored in the OntoDB ontology.

Concerning the formulation of the queries, the maiffiedence between OntoQL and SPARQL queries
is that objects in SPARQL queries do not need tayped An RDF-based repository is a gathering

of triples that have the ontology as container. In OntoDBtlencontrary, each instance has a specific
container: the table that represents the instance’s dapsrdn a RDF-based repository, any triple that
satisfies the condition given by the claudéHERE, are included in the results, while in OntoDB, the

user needs to explicitly indicate the name of the concept frdhich héshe wants to retrieve instances.

SPARQL may present an advantage because of its flexibilitglation to object typing, however, the
language still lacks of some important operators propose8®L, such asCOUNT and GROUPRBY,
which help the visualization of the resuits. These operators are present in OntoQL, since it is an
extension of SQL.

Using SPARQL queries the user is able to answer one part ajubstions asked by the user, notably,
those that query directly the concepts of the target onyolégr example, quer®; uses only concepts
from the Basic Geology, and queri€s to Q1o query directly the concepts of the local ontologies. How-
ever, the queries that use thlebal vocabularyin order to retrieve local concepts from various ontologies
are not possible to be defined in SPARQL, due to the lack pbsteriori case-obperator. Querie®1

to Q13 can be handled by addressing directly the concepts fronottad bntologies, instead of those of
the global ontology @13 in order to be answered demands the OWL document with thanoss of the
Basic Geology to be fusioned to the OWL document with theaimsts of local ontologies). But this
looses the advantage of tagoosteriori case-ostrategy.

Another disadvantage is that in a RDF-based approach, vketltec metamodel level, which makes
the methodology generic and thus applicable to other dasnafs we explained in Sectidn"4.B.1 of
Chapter 2 RDF-based ontologies cannot have their metaslassdified, unless they become OWL Full
ontologies. But then they loose some guarantees (such ded¢hability of basic inference) which OWL

DL and OWL Lite provide for reasoning systems and which dtutst an advantage when developing
OWL ontologies.

53httpy//protege.stanford.eglogsparg)
64The COUNT operator allows to retrieve the number of rows resulted byesquery. TheGROUPBY operator groups
similar results by one or more columns.
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Finally, other RDF-based repositories, such as SESA[M@ma_eLdILZQ_d)Z) or the recently launched
OWLIM (kiua.kmLet_a.ll,lZQQB) could have been used in ordelinhplement the database. But the
objective of this work was not to make a comparison of thieiency of diferent semantic repositories
nor prove that the repository employed in this thesis is th& In dficiency. The approach OntoDB-
OntoQL was used mainly because it provides metamodelingbilities, also because it enables the
storage of the data and knowledge in a fixed repository, thes dot need to be loaded in main memory,
and finally because it manages huge quantity of data. Wevediimt these points are important for the
implementation of an engineering use case.
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Glossary

Absolute dating: Geological age measured obtained by radiometric measuntsirexpressed in million
years (My)

Al : Artificial Intelligence

AKSIO : Active Knowledge Systems for Integrated Operations

BSU: Basic Semantic Unit

CO2 storage site: Underground site fit for CO2 storage
Cross-section: A sketch showing the arrangement of geological terraina@h vertical section plane
CSV: Comma Separated Values: type of file in which data is sepaifag commas

DAML : DARPA Agent Markup Language: one of the first languagesdpresenting ontologies
DCMI : Dublin Core Metadata Initiative - httfadublincore.org

DDL : Data Definition Language

Deposit: The result of geological sedimentation

Dip : The local 3D orientation of a geological surface

DML : Data Manipulation Language

DQL : Data Query Language

Drilling : A means of exploring underground along a linear traject@eytical or inclined)

e-Wok Hub : Environmental Web Ontology Knowledge Hub

Earth model : A 3D (or 4D) model showing underground geological arrangem
Energistics: Energy Standards Resource Centre, the new name of PO S@rtiams
EpiSEM : Epicentre Shared Earth Model

Erosion : Removal of geological matter due to a surface mechanitatte
EXPRESS: Information modeling language defined in ISO 10303-114199

Fault : A planar or suplanar discontinuityffacting geological terrains
Fluid migration : Hydrocarbon migration from source rocks to a reservoir
FOAF : Friend of A Friend

GAV : Global-As-View
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Glossary

Geological map: A map (produced for instance by a Geological survey) shgilie geology of a given
region

Geological structure: Description of the geometrical features of a geologicg¢ctand of its eventual
deformations

Geological survey: A governmental institution responsible caring about ggal heritage

Geological time: Time at the geological scale (millions and billions of y®ar

GEON : Geosciences Network

Geophysics: A geoscience for studying underground geology by meansydipal methods

GeoSciML : Geoscience Markup Language

GIF : Graphics Interchange Format: a common bitmap image format

GML : Geography Markup Language

GPS: Global Positioning System

GTS: Geological Time Scale

Horizon : A sedimentary geological boundary

Horizon gap : The split of some geological horizon due to its interruptity a fault
HTML : Hyper Text Markup Language: the predominant markup laggudar web pages
Hydrogeology: A geoscience dedicated to the study of underground water

ICS : International Commission of Stratigraphy

[IP : Integrated Information Platform

ISO : International Organization for Standardization
ISS: International Stratigraphic Scale

IUGS : International Union of Geological Sciences

JPEG : Joint Photographic Experts Group: a file format commonbdu®r image compression
KM : Knowledge Management

LAV : Local-As-View
Lithology : A geoscience dedicated to the study of rocks as such (symopgtrology)

Marine fossil : Fossil associated with a marine environment

MDA : Model Driven Architecture

MDE : Model Driven Engineering

Metamorphism : Mineralogical transformation of rocks submitted to temgber¢pressure gradients
underground

MOF : Meta-Object Facility

MPEG : Moving Pictures Expert Group: international standarddiodigvideo compression

NADM : North American Geologic Map Data Model

O3R: Oilfield Ontology Repository

O40IL : Open Qilfield Ontology Organization
OBDB : Ontology-Based Database

ODM : Ontology Definition Metamodel
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OMG : Object Management Group

On lap surface: A stratigraphical surface interrupting younger horizons

OWL : Web Ontology Language: a knowledge representation lajguaased on an RDF syntax, that
provides a very complete set of elements for the descrigtf@ntologies

Palaeogeography Regional description of past environments

Petrology : A geoscience dedicated to the study of rocks as such (symolityrology)
Petrophysics: Study of rock physical properties

PLIB : Parts LIBrary - Norme ISO 13584

POSC: Petrotechnical Open Standards Consortium

QBE : Query-By-Example
QVT : QueryView/Transformation

RDF : Resource Description Framework: the W3C specificatiomfodeling information that is imple-
mented in web resources

RDFS : Resource Description Framework Schema: a knowledge geptation language, based on an
RDF syntax, that provides the basic elements for the ddgmmipf ontologies

Reflector: Part of a geological horizon on which seismic waves areatfte

Regional geology. Geological description of a given geological area

Relative dating: Chronological ordering of two geological items by a oldesifyounger relationship

RESCUE: REServoir Characterization Using Epicentre

Reservoir : An underground volume where fluids (oil, gas, water) acdabaed

Reservoir model: A 3D earth model for reservoir description

Sedimentary basin: A marine area where sediments were deposited

Sedimentation: Mechanical accumulation of particles deposited by gyavit

Sedimentology: A geoscience dedicated to the study of sedimentary presess

Seismics: A geophysical method based on the study of undergroundagatijon of acoustic waves

SEM : Shared Earth Modeling

SPARQL : SPARQL Protocol And RDF Query Language

SQL : Structured Query Language

STEP: STandard for the Exchange of Product data - Norme 1SO 10303

Stratigraphical age : Geological age determined in reference with a Geologioa Scale (opposite
Absolute age)

Stratigraphical model : An earth model describing the arrangement and the lithoébgontent of
geological units in a given underground volume

Stratigraphy : Study of stratigraphic successions

Stratotype : A reference set of sedimentary units used for defining acggodl age

Structural Geology : Study of spatial arrangements of geological units and ci emd geological units
deformations

Structural interpretation : Specifying the spatial and chronological relationshipsigen geological
objects

Structural model : A 3D earth model showing the spatial arrangement of gecébgiurfaces in a given
underground volume
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Glossary

Surface picking: Hand operated or automated sampling of a seismic horizon
SWEET : Semantic Web for Earth and Environmental Terminology

Tectonic boundary: A geological surface corresponding to some discontini@gample: a fault)
Tectonics: A geoscience dedicated to the study of rock deformationgsses

UML : Unified Modeling Language

Unconformity : A geological structure corresponding to a younger horimberrupting older ones

URI : Uniform Resource ldentifiers: a string of characters useidéntify or name a resource on the
Internet

URL : Uniform Resource Locator: the addressing system useeivW/W, which contains the method,
the server and the path of the file to be accessed

W3C : World Wide Web Consortium: the main international staddasrganization for the World Wide
Web

Well log : Registration of a given physical parameter along a wekttary

Well marker : A point along a well trajectory interpreted as correspogdio the intersection between
the well trajectory and some geological horizon

Well/Well bore : The linear possibly kilometer long cavity resulting fromderground drilling

WITSML : Wellsite Information Transfer Standard Markup Languagstandard for transmitting tech-
nical data about drilling between organizations in thegletrm industry

WSDL : Web Services Description Language - hfigww.w3.org TR/wsdI2Q

WWW : World-Wide Web: the hypertext-based Internet servicaldsebrowsing Internet resources

XML : eXtensible Markup Language
XPointer : XML Pointer Language

234



Bibliography

Relevant Publications

Y. Ait-Ameur, N. Belaid, M. Bennis, O. Corby, R. Dieng, J. Doiyu P. Durville, C. Fankam, F. Gandon,
A. Giboin, P. Giroux, S. Grataloup, B. Grilheres, F. Husssbnlean, J. Langlois, P. H. Luong, L. Mas-
tella, O. Morel, M. Perrin, G. Pierra, J.-F. Rainaud, |. AdBane, E. Sardet, F. Tertre, and J. F. Valiati.
Semantic hubs for geological projects. BSWC Workshop on Semantic Metadata Management and
Applications (SeMMA)Tenerite, Spain, 2008.

L. Mastella, M. Perrin, M. Abel, J.-F. Rainaud, and W. Tou#mhowledge management for shared earth
modelling. In69th EAGE Conferencé Exhibition incorporating SPE EUROPEC 200IZondon,
2007a. EarthDoc. URIhttp://www.earthdoc.org/detail.php?paperid=D021&edition=27.

L. Mastella, Y. Ait-Ameur, M. Perrin, and J.-F. Rainaud. @logy-based model annotation of hetero-
geneous geological representations. In J. C. Hammoudilide,Fand Slimane, editordith Interna-
tional Conference on Web Information Systems and Techies|¢¢/EBIST,)pages 290-293, Funchal,
Madeira, Portugal, 2008-08-18 2008a. INSTICC Press. ISB8989-8111-27-2.

L. Mastella, Y. Ait-Ameur, M. Perrin, and J.-F. Rainaud. Axtation a base ontologique de modéles:
application aux modéles en géologie pour le stockage delndZ6eme Congrés INFORSID - Atelier
Systémes d’Information et de Décision pour I'Environnetneages 1-10, Fontainebleau, 2008b.

L. Mastella, M. Perrin, Y. Ait Ameur, M. Abel, and J. F. RaimauFormalising geological knowledge
through ontologies and semantic annotation.70th EAGE Conferencé& Exhibition incorporating
SPE EUROPEC 200&kome, 9-12 June 2008c. EarthDoc. Ulkttp://www.earthdoc.org/detail.
php?paperid=1024&edition=40.

L. Mastella, Y. Ait-Ameur, S. Jean, M. Perrin, and J. Rainal®mantic exploitation of engineering
models: An application to oilfield models. In Springer, ediProceedings of the 26th British National
Conference on Databases: Dataspace: The Final Frontielume 5588 of_ecture Notes in Computer
Sciencepages 203-207, Birmingham, UK, 2009a. Springer.

235


http://www.earthdoc.org/detail.php?paperid=D021&edition=27
http://www.earthdoc.org/detail.php?paperid=I024&edition=40
http://www.earthdoc.org/detail.php?paperid=I024&edition=40

Bibliography

L. Mastella, Y. Ait Ameur, S. Jean, M. Perrin, and J. F. RathaGemantic exploitation of persistent
metadata in engineering models: application to geologiuadlels. In IEEE, editorfProceedings of
3rd International Conference on Research Challenges iorination Science (RCI)ages 129-138,
Fez, Morocco, 2009b. IEEE.

L. S. Mastella, M. Abel, L. F. D. Ros, M. Perrin, and J.-F. Raid. Event ordering reasoning ontol-
ogy applied to petrology and geological modelling. IFSA 2007 - Soft Computing in Petroleum
Applications Special Sessiovolume 42, pages 465-475, 2007b.

M. Perrin, J.-F. Rainaud, L. S. Mastella, and M. Abel. Knaige related challenges foffieient data
fusion. InProceedings SEBAPGSPE Joint Workshop in Data Fusion: Combining Geological,
Geophysical and Engineering Datdancouver, BC, 2007.

M. Perrin, P. Durville, S. Grataloup, L. Mastella, S. Liofs,Morel, and J.-F. Rainaud. Knowledge issues
for automatic identification of co2 storage sites by mearseaiantic web technology. BAGE CO2
Geological Storage Workshop Workshop on CO2 Sequestr&iatapest Hungary, 28-29 September
2008. EarthDoc. URLhAttp://www.earthdoc.org/detail.php?pubid=15267.

J.-F. Rainaud, L. Mastella, P. Durville, Y. Ait-Ameur, M. i@, S. Grataloup, and O. Morel. Two use
cases involving semantic web earth science ontologiesfarvoir modeling and characterization. In
W3C Workshop on Semantic Web in ®ilGas Industry Houston, US, 9-10 December 2008. URL:
http://www.w3.0rg/2008/11/0ogws-agenda.html.

References

S. Alexaki, V. Christophides, G. Karvounarakis, D. Plexakis, and K. Tolle. The ics-forth rdfsuite:
Managing voluminous rdf description bases. 2imd International Workshop on the Semantic Web
2001.

J. Allen. Maintaining knowledge about temporal interval@mmunications of the ACN26(11):832—
843, 1983.

H. A. Babaie, J. S. Oldow, A. Babaei, H. G. A. Lallemant, andJAWatkinson. Designing a modular
architecture for the structural geology ontolog8PECIAL PAPERS-GEOLOGICAL SOCIETY OF
AMERICA 397:269, 2006.

D. Beckett and T. Berners-Lee. Turtle - terse rdf triple laage - w3c team submission 14 january 2008,
14 January 2008 2008. URhttp://www.w3.org/TeamSubmission/turtle/.

L. Bellatreche, G. Pierra, D. N. Xuan, D. Hondjack, and Y. Andur. An a priori approach for automatic
integration of heterogeneous and autonomous databasekectare Notes in Computer Science -
Database and Expert Systems Applicatiomslume 3182004, pages 475-485. Springer, Verlag,
2004.

L. Bellatreche, N. Dung, G. Pierra, and D. Hondjack. Conitiidn of ontology-based data modeling to
automatic integration of electronic catalogues withinieagring database<Computers in Industry
57(8-9):711-724, 2006.

236


http://www.earthdoc.org/detail.php?pubid=15267
http://www.w3.org/2008/11/ogws-agenda.html
http://www.w3.org/TeamSubmission/turtle/

M. Benerecetti, P. Bouquet, and C. Ghidini. Contextual oeaxy distilled. Journal of Experimentat~
Theoretical Artificial Intelligencel2(3):279-305, 2000.

S. Bergamaschi, S. Castano, and M. Vincini. Semantic iategr of semistructured and structured data
sources ACM Sigmod Record®8(1):54-59, 1999.

T. Berners-Lee, Mjt.cs, R. Fielding, U. C. Irvine, L. Masinter, and X. Corpomati Uniform resource
identifiers (uri): Generic syntaxthe Internet SociefyRFC 2396, 1998.

T. Berners-Lee, J. Hendler, and O. Lassila. The semantic 8ebntific american284(5):28—-37, 2001.
URL: http://www.w3.0rg/2001/sw/.

D. Bhagwat, L. Chiticariu, W. Tan, and G. Vijayvargiya. Ameantation management system for relational
databasesThe VLDB Journal The International Journal on Very Large ®8tases14(4):373-396,
2005.

L. Bi, Z. Jiao, and S. Fan. Ontology-based information ireéign framework for mechatronics system
multi-disciplinary design. Ir6th IEEE International Conference on Industrial Inforneatj 2008.
INDIN 2008 pages 831-836, 2008.

S. Bloehdorn, K. Petridis, C. SaaffioN. Simou, V. Tzouvaras, Y. Avrithis, S. Handschuh, |. Kormpa
siaris, S. Staab, and M. Strintzis. Semantic annotatiomafjies and videos for multimedia analysis.
In The Semantic Web: Research and Applicatismaume 3532005 ofLecture Notes in Computer
Sciencepages 592-607. Springer, 2005.

R. Blumberg and S. Atre. The problem with unstructured d&&1 Review 13:42-49, 2003. URL:
http://www.dmreview.com/issues/20030201/6287-1.html.

L. H. Boff and M. Abel. Autodesenvolvimento e competéncias: O casoad@thador de conhecimento
como especialista. In R. Ruas, C. S. Antonello, and L. Hf Balitors, Aprendizagem Organizacional
e Competénciagpages 70-86. Bookman, Porto Alegre, 2005.

P. Bouquet, F. Giunchiglia, F. Harmelen, L. Serafini, and tdckenschmidt. C-owl: Contextualizing
ontologies. InThe SemanticWeb - ISWC 20Q@®cture Notes in Computer Science, pages 164-179.
Springer Verlag, 2008 2003. URLhttp://www.springerlink.com/content/2bkbjnxx5r0a897w.

B. Braunschweig and J.-F. Rainaud. Semantic web applitatior the petroleum industry. I18nd
European Semantic Web Conference - ESWC 2d@8aklion, Greece, 2005.

D. Brickley and R. Guha. Rdf vocabulary description languad: Rdf schema - w3c recommendation
10 february 2004, 10 February 2004 2004. UlKttp://www.w3.org/TR/rdf-schema/.

D. Brickley and L. Miller. The friend of a friend (foaf) projé, 2000. URLhttp://www.foaf-project.
org/.

S. Brockmans, R. \Volz, A. Eberhart, and Pfiler. Visual modeling of owl dI ontologies using uml. In
ISWC 2004 volume 3298 ot ecture Notes in Computer Scienpages 198—-213. Springer, 2004.

237


http://www.w3.org/2001/sw/
http://www.dmreview.com/issues/20030201/6287-1.html
http://www.springerlink.com/content/2bkbjnxx5r0a897w
http://www.w3.org/TR/rdf-schema/
http://www.foaf-project.org/
http://www.foaf-project.org/

Bibliography

J. Broekstra, A. Kampman, and F. van Harmelen. Sesame: Aigerehitecture for storing and query-
ing rdf and rdf schema. lhecture Notes in Computer Science - In The Semantic Web - BBWZ
volume 2342, pages 54-68. Springer, 2002.

A. Brush, D. Bargeron, A. Gupta, and J. Cadiz. Robust aniootgtositioning in digital documents.
In Proceedings of the SIGCHI conference on Human factors inpotimg systemspages 285—292.
ACM New York, NY, USA, 2001.

P. Buneman, R. Bose, and D. Ecklund. Annotation in scierddi@: A scoping report. Technical report,
Technical Report. University of Edinburgh, 2005, Edinthyriylay 1, 2005 2005.

J. Bézivin. On the unification power of mode8oSyM - Software and Systems Modeli(@):171-188,
2005.

Y. Callec, D. Janjou, T. Baudin, C. Luquet, J. M. Pellé, antaille. Echelle des temps geologiques.
BRGM, 2006.

D. Calvanese, G. Giacomo, and M. Lenzerini. Ontology ofgraéon and integration of ontologies. In
Proceedings of the 2001 Description Logic Workshop (DL 2004ges 10-19, 2001.

M. Carrara and N. Guarino. Formal ontology and conceptuallyais: a structured bibliography. Techni-
cal report, Dept. of Philosophy, University of Padova andd$EB-CNR, Padova, March 1999 1999.
URL: http://old.ulstu.ru/people/SOSNIN/umk/Basis_of_Artificial_Intelligence/mirrors/
www.ladseb.pd.cnr.it/intor/ontology/Papers/Ontobiblio/Ontobiblio.doc.

J. Carrall, C. Bizer, P. Hayes, and P. Stickler. Named grgmitsenance and trust. Proceedings of the
14th international conference on World Wide \Wehges 613—622. ACM New York, NY, USA, 2005.

S. Chawathe, H. Garcia-Molina, J. Hammer, K. Ireland, Y.@&apstantinou, J. Ullman, and J. Widom.
The tsimmis project: Integration of heterogeneous infarmasources. IrProceedings of the 10th
Meeting of the Information Processing Society of Jageayes 7—18, Tokyo, Japan, 1994.

F. Chum. Use case: Ontology-driven information integramd delivery: A survey of semantic web
technology in the oil and gas industry. W3C Semantic Web Usse€ and Case Studies, 2@&04
2007. URLhttp://www.w3.0org/2001/sw/sweo/public/UseCases/Chevron/.

D. Core. Dublin core metadata initiative, 2000. URttp://dublincore.org/.

L. Cosentino. Integrated Reservoir Studiesnstitut Francais du Pétrole Publications. Gulf Pubhghi
Company, Paris, editions technip edition, 2001.

S. Cox and S. Richard. A formal model for the geologic timdesead global stratotype section and
point, compatible with geospatial information transfeanstards. Geospherg1(3):119-137, 2005.
URL: http://geosphere.geoscienceworld.org/cgi/content/abstract/1/3/119.

M. Cutkosky, R. Engelmore, R. Fikes, M. Genesereth, T. GtubheMark, J. Tenenbaum, and J. Weber.
Pact: An experiment in integrating concurrent engineesystems. |[EEE Computer 26(1):28-37,
1993.

238


http://old.ulstu.ru/people/SOSNIN/umk/Basis_of_Artificial_Intelligence/mirrors/www.ladseb.pd.cnr.it/infor/ontology/Papers/Ontobiblio/Ontobiblio.doc
http://old.ulstu.ru/people/SOSNIN/umk/Basis_of_Artificial_Intelligence/mirrors/www.ladseb.pd.cnr.it/infor/ontology/Papers/Ontobiblio/Ontobiblio.doc
http://www.w3.org/2001/sw/sweo/public/UseCases/Chevron/
http://dublincore.org/
http://geosphere.geoscienceworld.org/cgi/content/abstract/1/3/119

K. Czarnecki and S. Helsen. Classification of model tramsétion approaches. IRroceedings of the
2nd OOPSLA Workshop on Generative Techniques in the Caftéx¢ Model Driven Architecture
2003.

I. Davies, P. Green, S. Milton, and M. Rosemann. Using metdaisdor the comparison of ontologies.
In EMMSAD 20032003.

J. Davis and D. Huttenlocher. Shared annotation for codiperéearning. InThe first international
conference on Computer support for collaborative learrtaigle of contentsgpages 84—88. L. Erlbaum
Associates Inc. Hillsdale, NJ, USA, 1995.

L. F. De Ros, M. Abel, L. Mastella, K. Goldberg, F. Victoretind E. Castro. Advanced acquisition
and management of petrographic information from reserneaiks using petroledge system.ARAPG
Annual Convention and Exhibitiph.ong Beach, CA, 2007.

H. Dehainsala. Explicitation de la sémantique dans les base de données e Baslonnées a base
ontologique et le modéle OntoDPhD thesis, ENSMA et Université de Poitiers, Poitiers, Nag9
2007.

H. Dehainsala, G. Pierra, and L. Bellatreche. Ontodb: Amlogl-based database for data intensive
applications. IrProceedings of the 12th International Conference on Dasalfaystems for Advanced
Applications (DASFAA’ 07)Springer, 2007.

C. Diamantini and N. Boudjlida. About semantic enrichmehstoategic data models as part of enter-
prise models. IBusiness Process Management Workshephime 4108006 ofLecture Notes in
Computer Scien¢ggages 348—359. Springer, 2006.

R. Dieng-Kuntz and N. MattaKnowledge Management and Organizational Memorigsuwer Aca-
demic Pub, 2002.

A. Doan and A. Halevy. Semantic-integration research irdédt@base communityAl magazine26(1):
83-94, 2005.

Energistics. Witsml - the wellsite information transfearstiard markup language, 2007. URikxp://

WWw.witsml.org.
J. Euzenat and P. Shvaik@ntology Matching Springer, 2007.

J. R. FanchiShared Earth Modeling: Methodologies for Integrated Resg&rSimulations Gulf Profes-
sional Publishing, 2002.

C. Fankam. Ontodb2: support of multiple ontology modelsinibntology based database.Rroceed-
ings of the 2008 EDBT Ph.D. workshomlume 326, pages 21-27, Nantes, France, 2008. ACM.

C. Fankam, S. Jean, and G. Pierra. Numeric reasoning in thargie web. IlESWC First International
Workshop on Semantic Metadata Management and Applica(®@asMA) volume 346, pages 84—
103. CEUR Workshop Proceedings, 2008. URttp://ceur-ws.org/Vol-346/7.pdf.

J. Farrell and H. Lausen. Semantic annotations for wsdl - @8ommendation 28 august 2007, 2007.
URL: http://www.w3.0org/TR/sawsdl/.

239


http://www.witsml.org
http://www.witsml.org
http://ceur-ws.org/Vol-346/7.pdf
http://www.w3.org/TR/sawsdl/

Bibliography

R. Fikes and T. Kehler. The role of frame-based representatireasoningACM, 1985.

R. Fikes, P. Hayes, and I. Horrocks. Owl-gl: a language faludéve query answering on the semantic
web. Web Semantics: Science, Services and Agents on the WoddMWeigi2(1):19-29, 2004.

R. Fjellheim and D. Norheim. Aksio - an application of seni@nteb technology for knowledge manage-
ment in the petroleum industry. Kth International Semantic Web Conference - ISWC 2@GBway,
Ireland, 2005.

A. Gangemi, N. Guarino, C. Masolo, A. Oltramari, and L. Sddee Sweetening ontologies with dolce.
In Knowledge Engineering and Knowledge Management: Ontesognd the Semantic Welmlume
2473 ofLecture notes in computer sciengages 223—-233. Springer, 2002.

D. Gasevic, D. Djuric, and V. Devedzic. Bridging mda and omiasogies.Journal of Web Engineering
4(2):119-134, 2005.

F. Geerts, A. Kementsietsidis, and D. Milano. imondrian: igual tool to annotate and query scientific
databases. I\dvances in Database Technology - EDBT 20@8ume 3896 ofLecture Notes in
Computer Scienggpages 1168-1171. Springer, 2006.

F. Giunchiglia and P. Shvaiko. Semantic matchingnowledge Engineering Review8(3):265-280,
2003.

F. Gradstein, J. Ogg, and A. G. Smith, edito’s.Geologic Time Scale 2004Cambridge University
Press, 2004.

P. Grenon, B. Smith, and L. Goldberg. Biodynamic ontologyplging bfo in the biomedical domain.
Studies in health technology and informatipages 20—-38, 2004.

P. Grosso, E. Maler, J. Marsh, and N. Walsh. Xpointer framtkwov3c recommendation 25 march
2003, 2003. URLhttp://www.w3.org/TR/xptr- framework/.

T. Gruber. A translation approach to portable ontology Hjations. Knowledge acquisition5(2):
199-219, 1993.

T. Gruber. Toward principles for the design of ontologiesdufor knowledge sharinginternational
Journal of Human and Computer Studid8(56):907-928, 1995. URIkttp://citeseer.ist.psu.
edu/gruber93toward.html.

T. Gruber. Ontology (to appear in the encyclopedia of datatsystems). In L. L. Ozsu and M. Tamer,
editors,Encyclopedia of Database Systemslume 23. Springer-Verlag, 2008.

T. Gruber, J. Tenenbaum, and J. Weber. Toward a knowledgaiméddr collaborative product develop-
ment. Artificial Intelligence in Design1992.

N. Guarino.Formal ontology in information systemEDS Press, 1998.

G. Guizzardi, G. Wagner, and H. Herre. On the foundationsnufas an ontology representation lan-
guage. IrEngineering Knowledge in the Age of the SemanticWelome 32572004 ofLecture Notes
in Computer Scien¢gages 47—62. Springer, 2004.

240


http://www.w3.org/TR/xptr-framework/
http://citeseer.ist.psu.edu/gruber93toward.html
http://citeseer.ist.psu.edu/gruber93toward.html

A. Gomez-Pérez, A. Moreno, J. Pazos, and A. Sierra-Alonsmvwiedge maps: An essential technigue
for conceptualizationData & Knowledge Engineering33(2):169-190, 2000.

S. Handschuh, S. Staab, and A. Maedche. Cream: creatinipnalametadata with a component-
based, ontology-driven annotation framework.Pimceedings of the 1st international conference on
Knowledge capturegpages 76—83. ACM New York, NY, USA, 2001.

D. L. M. Harmelen and F. van. Owl web ontology language owswi Technical report, W3C
Recommendation, 10 February 2004, 10 February 2004 2004.L: Htkp://www.w3.org/TR/

owl-features/.

S. Harris and N. Gibbins. 3store:fiteient bulk rdf storage. IfProceedings of the 1st International
Workshop on Practical and Scalable Semantic Systems (B®S@ages 1-15, 2003.

S. Harris and N. Shadbolt. Spargl query processing witheothonal relational database systemsieb
Information Systems Engineering - WISE 2005 Workshagsme 3807 of_ecture notes in computer
science pages 235-244. Springer, 2005.

J. Heflin and J. Hendler. Searching the web with shoeAARI Workshop on Atrtificial Intelligence for
Web Search (WS-00-Qlpages 35-40. AAAI Press, Menlo Park, CA, 2000. URttp://www.cs.
umd. edu/projects/plus/SHOE/pubs/aiweb2000. ps.

I. Herman and S. Stephens. Semantic web education and clutregarest group: Case studies and use
cases, 2007. URIhttp: //www.w3.0rg/2001/sw/sweo/public/UseCases/.

V. Hubka. Theory of Technical SystemBerlin/Heidelberg: Springer-Verlag, 1984.

S. Jean. OntoQL, un langage d’exploitation des bases de données @ da®logique. PhD thesis,
ENSMA, Poitiers, Octobre 2007 2007.

S. Jean, G. Pierra, and Y. Ait-Ameur. Ontogl: an exploitatianguage for obdbs. INLDB PhD
Workshopvolume 29, 2005.

S. Jean, Y. Ait-Ameur, and G. Pierra. Querying ontology Hadatabases. the ontoql proposal.1Bth
International Conference on Software Egineering and Krealge Engineering (SEKE-200§)ages
166-171, 2006a.

S. Jean, A.-A. Yamine, and G. Pierra. Querying ontology tha@s¢abase using ontogl (an ontology query
language). In R. Meersman, Z. Tari, and et al., editBrsceedings of On the Move to Meaningful
Internet Systems (ODBASEplume 4275 ofLecture Notes in Computer Sciengeages 704—-721.
Springer, 2006b.

S. Jean, Y. Ait-Ameur, and G. Pierra. An object-orienteceldaslgebra for ontologies and their instances.
In S. B. Heidelberg, editorAdvances in Databases and Information Systerokime 4692007 of
Lecture Notes in Computer Scienpages 141-156. Springer, 2007.

J. Kahan, M. R. Koivunen, E. Prud’Hommeaux, and R. R. Swickndtea: an open rdf infrastructure
for shared web annotation€omputer Networks39(5):589-608, 2002.

241


http://www.w3.org/TR/owl-features/
http://www.w3.org/TR/owl-features/
http://www.cs.umd.edu/projects/plus/SHOE/pubs/aiweb2000.ps
http://www.cs.umd.edu/projects/plus/SHOE/pubs/aiweb2000.ps
http://www.w3.org/2001/sw/sweo/public/UseCases/

Bibliography

Y. Kalfoglou and M. Schorlemmer. Ontology mapping: the estaf the art. Knowledge Engi-
neer Reviewl18(1):1-31, january 2003 2003. URhttp://eprints.ecs.soton.ac.uk/10519/01/
ker02-ontomap.pdf&e=10342.

A. Kalyanpur, J. Hendler, B. Parsia, and J. Golbeck. Smemasitic markup, ontology, and rdf editor.
In Proceedings of 3rd International Semantic Web Conferet®e&/C-2004), Japan (Posteid004.

A. Kiryakov, B. Popov, |. Terziev, D. Manov, and D. OgnydhoSemantic annotation, indexing, and
retrieval. Web Semantics: Science, Services and Agents on the Wodd\Vin2(1):49—-79, 2004.

A. Kiryakov, D. Ognyanov, and D. Manov. Owlim - a pragmatiersmtic repository for owl.Lecture
Notes in Computer Sciencg807:182, 2005.

A. Kleppe, J. Warmer, and W. BastMDA explained: the model driven architecture: practice and
promise Addison-Wesley, 2003.

G. Klyne and J. J. Carroll. Resource description framewdi®.( Technical report, W3C Recommenda-
tion, 10 February 2004, 2004. URRttp://www.w3.org/TR/rdf-concepts/.

C. Kobryn. Uml 2001: a standardization odyss€ammunications of the ACM2(10), 1999.

K. Lin and B. Ludaescher. Geon: Ontology-enabled map iatégr. In2004 ESRI International User
Conference - ESRI Professional Papdredlands, California, 2004. URhttp://gis.esri.com/
library/userconf/proc0®4/abstracts/al796.html.

Y. Lin, D. Strasunskas, S. Hakkarainen, J. Krogstie, anddiv/tirg. Semantic annotation framework
to manage semantic heterogeneity of process models. Int$eiBelberg, editorProceedings of the
18th Conference on Advanced Information Systems Engintgérecture Notes in Computer Science,
pages 433-446. Springer, 2006.

B. Ludascher, K. Lin, S. Bowers, E. Jaeger-Frank, B. Bragamd C. Baru. Managing scientific data:
From data integration to scientific workflow&eolnformatics, Data to Knowledgpages 109-129,
2006.

A. Maedche, B. Motik, N. Silva, and R. Volz. Mafra - a mappimgriework for distributed ontologies.
In Knowledge Engineering and Knowledge Management: Ontesogind the Semantic Welmlume
2473 ofLecture Notes in Computer Scienpages 69-75. Springer, 2002.

Z. Malik, A. Rezgui, and A. K. Sinha. Ontologic integratiohgeoscience data on the semantic web. In
Geoinformatics 2007 Conferencgan Diego, California, 2007.

C. Matuszek, J. Cabral, M. Witbrock, and J. DeOliveira. Atmdduction to the syntax and content of
cyc. InProceedings of the 2006 AAAI Spring Symposium on Formgled Compiling Background
Knowledge and Its Applications to Knowledge Represematial Question Answeringages 44—49,
2006.

T. Mens and P. Van Gorp. A taxonomy of model transformatiglectronic Notes in Theoretical Com-
puter Sciencel52:125-142, 2006.

242


http://eprints.ecs.soton.ac.uk/10519/01/ker02-ontomap.pdf&e=10342
http://eprints.ecs.soton.ac.uk/10519/01/ker02-ontomap.pdf&e=10342
http://www.w3.org/TR/rdf-concepts/
http://gis. esri. com/library/userconf/proc04/abstracts/a1796.html
http://gis. esri. com/library/userconf/proc04/abstracts/a1796.html

B. Motik. On the properties of metamodeling in owdournal of Logic and Computatiori7(4):617,
2007.

B. Motik, I. Horrocks, and U. Sattler. Bridging the gap beemeow! and relational databasedVeb
Semantics: Science, Services and Agents on the World Wiger(®§74-89, 2009.

R. D. Murphy, L. Mark, S. Rugaber, V. Balaji, J. Chastang, indtiini, C. DeLuca, D. Middleton, and
Sylvia. Earth system curator: metadata infrastructureliorate modeling Earth Sci Inform 1(3-4):
131-149, 2008.

N. A. G. M. D. M. S. C. Nadm. Nadm conceptual model 1.0 - a cohedpmodel for geologic map
information (us geological survey open-file report). TéchhReport U.S. Geological Survey Open-
File Report 2004-1334, North American Geologic Map Data Mpa004. URLhttp://pubs.usgs.
gov/01/2004/1334.

W. Nejdl, M. Wolpers, and C. Capelle. The rdf schema spetifinaevisited. InNorkshop Modellierung
200Q 2000.

I. Nonaka, H. Takeuchi, and H. Takeucfiihe knowledge-creating company: how Japanese companies
create the dynamics of innovatio@xford University Press, New York, 1995. ISBN 0195092694.

D. Norheim and R. Fjellheim. Aksio - active knowledge mamagat in the petroleum industry. In
ESWC2006 - 3rd European Semantic Web ConfereBiedova, Montenegro, 2006.

N. Noy and D. McGuinness. Ontology development 101: A guideréating your first ontology. Tech-
nical report, Stanford University - Knowledge Systems Lalbary, Stanford, CA, 2001.

N. F. Noy. Semantic integration: A survey of ontology-basggroaches.SIGMOD Record, Special
Issue on Semantic IntegratipB3(4), December 2004 2004. URhttp://citeseer.ist.psu.edu/
wache®lontologybased.html.

G. Olsen, M. Cutkosky, J. Tenenbaum, and T. Gruber. Colkth@r engineering based on knowledge
sharing agreement€oncurrent Engineering3(2):145-159, 1995.

S. Omdal. The integrated information platform (iip) foreesir and subsea production systems. Tech-
nical report, Norwegian Oil Industry Association (OLF) Z0®0OSC IntOPS SIG Regional Meeting,
May 2006 2006.

OMG. Meta obiject facility (mof) core, January 2006 2006. UlRktp://www.omg.org/spec/MOF/

index.htm.

OMG. Unified modeling language (uml), February 2009 2008 Lttt tp://www.omg.org/spec/UNML/

index.htm.

OMG. Xml metadata interchange (xmi), December 2007 2009L:(hktp: //www.omg.org/spec/XMI/

index.htm.
OpenSpirit. Openspirit corporation, 2000. UFRttitp://www.openspirit.com/.

243


http://pubs.usgs.gov/of/2004/1334
http://pubs.usgs.gov/of/2004/1334
http://citeseer.ist.psu.edu/wache01ontologybased.html
http://citeseer.ist.psu.edu/wache01ontologybased.html
http://www.omg.org/spec/MOF/index.htm
http://www.omg.org/spec/MOF/index.htm
http://www.omg.org/spec/UML/index.htm
http://www.omg.org/spec/UML/index.htm
http://www.omg.org/spec/XMI/index.htm
http://www.omg.org/spec/XMI/index.htm
http://www.openspirit.com/

Bibliography

J. Pan and |. Horrocks. Metamodeling architecture of weblogy languages. In I. C. e. al., editor,
The emerging semantic web: selected papers from the firsii@enwWeb Working Symposiupages
21-45. IOS Press, 2002.

J. Pan and I. Horrocks. Rdfs(fa) and rdf mt: Two semanticsdts. InProc. ISWC 2003Lecture notes
in computer science, pages 30—46. Springer, 2003.

M. Park, J. Lee, C. Lee, J. Lin, O. Serres, and C. Chung. figient and scalable management of
ontology. InProceedings of the 12th International Conference on Dasab8ystems for Advanced
Applications (DASFAA’07) - LNGSolume 4443, pages 975-980. Springer, 2007.

A. Patil, S. Oundhakar, A. Sheth, and K. Verma. Meteor-s watvise annotation framework. In
Proceedings of the 13th international conference on WoridéWVel pages 553-562. ACM New
York, NY, USA, 2004.

M. Perrin. Geological consistency: an opportunity for ssidface assembling and quick model explo-
ration. INGOCAD ENSG Conference - 3D Modeling of Natural Objects : Alléhge for the 2000’s
volume 3, pages 4-5, Nancy, France, june 1998 1998.

M. Perrin, B. Zhu, S. Schneider, and J.-F. Rainaud. Ontoelirigen applications for geological mod-
eling. In B. Braunschweig, M. Alvarado, R. Banares-Alcaatand L. Sheremetov, editondCAI
Workshop on Intelligent Computing in Petroleum Induspgiges 76—-81, Acapulco, Mexico, 2003.
Mexican Petroleum Institute.

M. Perrin, B. Zhu, J.-F. Raihaud, and S. Schneider. Knowvdedigven applications for
geological modeling.  Journal of Petroleum Science and Engineering7(1-2):89-104,
20055/15 2005. URL:http://www.sciencedirect.com/science/article/B6VDW-4FSCVBF-1/2/
044229251698fal45chld44elaccd254.

G. Pierra. Context-explication in conceptual ontologiElse plib approach. I€oncurrent Engineering
(CE 2003) pages 243-254, Madeira, Portugal, 203003.

G. Pierra. The plib ontology-based approach to data intiegraln Proceedings of the 18th IFIP World
Computer Congress (WCC’2004oulouse, France, August 2004 2004. Springer.

Posc. Epicentre specification v. 3.0. Petrotechnical Opdtw&re Corporation, 2001. URIkttp://
WWW.posc.org/Specitications/Epicentre_V30/index.html.

V. Quint and I. Vatton. An introduction to amay#orld Wide Web JournaP(2):39-46, 1997.

E. Rahm and P. Bernstein. A survey of approaches to autosaiema matchingThe VLDB Journal
10(4):334-350, 2001.

J. F. Rainaud. A short history of the last 15 year's quest for interoperabil-
ity in the petroleum e&p industry. Oil & Gas Science and Technology - Spe-
cial issue - Software Interoperability for Petroleum  Ajpgplions 60(4):597—-
605, 2005. URL: http://www.ifp.fr/information-publications/publications/

a-short-history-of-the-last-15-year-s-quest-for-it-interoperability-in.

244


http://www.sciencedirect.com/science/article/B6VDW-4FSCVBF-1/2/044aa925f698fa145cb1d44e1accd254
http://www.sciencedirect.com/science/article/B6VDW-4FSCVBF-1/2/044aa925f698fa145cb1d44e1accd254
http://www.posc.org/Specifications/Epicentre_V30/index.html
http://www.posc.org/Specifications/Epicentre_V30/index.html
http://www.ifp.fr/information-publications/publications/a-short-history-of-the-last-15-year-s-quest-for-it-interoperability-in
http://www.ifp.fr/information-publications/publications/a-short-history-of-the-last-15-year-s-quest-for-it-interoperability-in

J.-F. Rainaud, M. Perrin, and Y. Bertrand. Innovative kremigle-driven approach for shared earth model
buidling. In67th EAGE Conferencg Exhibition incorporating SPE EUROPE®ladrid, Spain, June
13, 2005 2005.

R. G. Raskin and M. J. Pan. Knowledge representation in tmastc web for earth and environmental
terminology(sweet) Computerss geosciences31(9):1119-1125, 2005.

S. M. Richard. Geoscience concept models. In A. K. Sinhagedeoinformatics: Data to Knowledge
pages 81-107. Geological Society of America Special Pa@&rZ06.

J. Rothenberg. The nature of modeling. In L. E. Widman, K. Ap&ro, and N. R. Nielsen, editors,
Artificial Intelligence, Simulation, and Modelin§lew York, John Wiley and Sons, Inc, 1989.

N. Sandsmark and S. Mehta. Integrated information platflinreservoir and subsea production sys-
tems. Proceedings of the 13 thProduct Data Technology Europe Sgimm (PDT 2004), October,
Stockholm2004.

D. A. Schenck and P. R. Wilsorinformation modeling: the EXPRESS wayxford University Press,
USA, 1994.

D. C. Schmidt. Guest editor’s introduction: Model-drivemgéeering. [IEEE Computer39(2):25-31,
2006.

R. Schroeter, J. Hunter, and D. Kosovic. Vannotea - a colihe video indexing, annotation and
discussion system for broadband networks.Khowledge Markup and Semantic Annotation Work-
shop, K-CAP 2003Sanibel, Florida, 2003. URLhttp://ezproxy.library.uq.edu.au/login?
url=http://www.itee.uq.edu.au/~eresearch/papers/2003/schroeter-kcap03.pdtf.

A. Seaborne and E. Prud’hommeaux. Spargl query languagdfforechnical report, W3C Recommen-
dation, 15 January 2008, 2008. UFHttp://www.w3.org/TR/rdf-sparql-query/k

C. Sperberg-McQueen. Xml and semi-structured dai&M Queue 3(8):34—41, December 8, 2005
2005.

P. Spyns, R. Meersman, and M. Jarrar. Data modelling venstdogy engineering. ACM SIGMOD
Record 31(4):12-17, 2002.

M. Stefik. The next knowledge medium\l magazine7(1):34—-46, 1986.

D. Stenmark, V. Technol, and S. Gothenburg. Informationkveawledge: The role of intranets in
knowledge management. Proceedings of the 35th Annual Hawaii International Coafare on
System Sciences - HIC§fages 928937, 2002.

G. Toye, M. Cutkosky, L. Leifer, J. Tenenbaum, and J. Glickem Share: a methodology and envi-
ronment for collaborative productiondevelopment. Sacond Workshop on Enabling Technologies:
Infrastructure for Collaborative Enterprisepages 33—47, Morgantown, WV, USA, 1993.

A. Tripathi and H. Babaie. Developing a modular hydrogeglogtology by extending the sweet upper-
level ontologies.Computers and Geoscien¢él(9):1022—-1033, 2008.

245


http://ezproxy.library.uq.edu.au/login?url=http://www.itee.uq.edu.au/~eresearch/papers/2003/schroeter-kcap03.pdf
http://ezproxy.library.uq.edu.au/login?url=http://www.itee.uq.edu.au/~eresearch/papers/2003/schroeter-kcap03.pdf
http://www.w3.org/TR/rdf-sparql-query/

Bibliography

T. Tudorache Ontologies in Engineering: Modeling, Consistency and Uasd€s VDM Verlag, 2008.

V. Uren, P. Cimiano, J. Iria, S. Handschuh, M. Vargas-Verayigtta, and F. Ciravegna. Semantic anno-
tation for knowledge management: Requirements and a sofitte state of the ariWeb Semantics:
Science, Services and Agents on the World Wide ¥&h14-28, 2006.

M. Uschold and M. Gruninger. Ontologies: principles, methoand applicationsKnowledge Engi-
neering Reviewl1(2):93-155, 1996. URIlkttp://citeseer.ist.psu.edu/uschold96ontologie.
htmll

M. Uschold and M. Gruninger. Ontologies and semantics fandess connectivitySIGMOD Record
33(4):58-64, 2004. URLhttp://www.sigmod.org/sigmod/record/issues/0412/12.uschold-9.
pdf.

M. Uschold, M. King, A. I. A. Institute, and U. o. EdinburghTowards a Methodology for Building
Ontologies Atrtificial Intelligence Applications Institute, Univetg of Edinburgh, 1995.

P. Verney. Modélisation géologique 3D : formulation de la géologie dadale & partir de données de
sismique 3D par une méthode semi-automatique supenidée thesis, Ecole des Mines de Paris, 17
September 2009 2009.

D. Vrandecic, V. J., P. Haase, D. T. Tran, and P. Cimiano. Aamedel for annotations of ontology
elements in owl dl. Irend Workshop on Ontologies and Meta-Modeligg06.

H. Wache, T. Vogele, U. Visser, H. Stuckenschmidt, G. Sarukt. Neumann, and S. Hiibner. Ontology-
based integration of information: A survey of existing aggmhes. In H. Stuckenschmidt, editor,
Proceedings of the IJCAI-01 Workshop: Ontologies and mfation Sharingpages 108 -117, Seattle,
WA, 2001.

H. Wang, N. Noy, A. Rector, M. Musen, T. Redmond, D. Rubin, &.T. Tudorache, N. Drummond, and
M. Horridge. Frames and owl side by side.9th International Protégé Conferenggage 4, Stanford,
CA, 2006.

C. Welty and D. Ferrucci. What's in an instance? Technicgbd®eTechnical Report 94-18, RPI
Computer Science Dept, 1994.

K. Wilkinson, C. Sayers, H. Kuno, and D. Reynoldsffifient rdf storage and retrieval in jena2. In
Proceedings of the 1st International Workshop on Semangio &id Databases (SWDB’Q3)ages
131-150, 2003.

M. Winston, R. Ch#in, and D. Herrmann. A taxonomy of part-whole relatio®@ognitive Science: A
Multidisciplinary Journal 11(4):417-444, 1987.

D. Xuan, L. Bellatreche, and G. Pierra. Ontology evolutiod aource autonomy in ontology-based data
warehousesEntrepbts de Données et I'Analyse en ligne (EDA-P&pes 55-76, 2006.

S. Zdonik and G. Mitchell. Encore: An object-oriented agmio to database modelling and querying.
Data Engineering14(2):53-57, 1991.

246


http://citeseer.ist.psu.edu/uschold96ontologie.html
http://citeseer.ist.psu.edu/uschold96ontologie.html
http://www.sigmod.org/sigmod/record/issues/0412/12.uschold-9.pdf
http://www.sigmod.org/sigmod/record/issues/0412/12.uschold-9.pdf

A. Zhdanova and P. Shvaiko. Community-driven ontology miatg. In The Semantic Web: Research
and Applicationsvolume 4011 ot ecture Notes in Computer Scienpages 34—49. Springer, 2006.

Q. Zheng, K. Booth, and J. McGrenere. Co-authoring withcstned annotations. IRroceedings of the
SIGCHI conference on Human Factors in computing systgages 131-140. ACM New York, NY,
USA, 2006.

Z. Zuo and M. Zhou. A distributed description logic approdgohsemantic annotation. IRroceed-
ings of the Fourth International Conference on Parallel abigtributed Computing, Application and
Technologies, PDCAPpages 219-221, 2003.

247






Exploitation sémantique des modéles d’ingénierie :
application a la modélisation de réservoirs de pétrole.

RESUME: Ce travail propose des solutions innovantes en vue de ['exploitation des modéles
d’ingénierie hétérogenes. |l prend pour exemple le domaine de la prospection pétroliére. Les stratégies
de prospection sont élaborées a partir de représentations tridimensionnelles du sous-sol appelées
modeles géologiques. Ceux-ci reposent sur un grand nombre de données hétérogenes générées au fur
et a mesure de la conduite de I'exploration par des activités telles que la prospection séismique, les
forages, l'interprétation des logs de puits. A fin d’optimisation, les utilisateurs finaux souhaitent, pouvoir
retrouver et réutiliser a tout moment les données et les interprétations attachés aux différents modeles
successivement générés. Les approches d' intégration des connaissances susceptibles d’étre mises en
ceuvre pour résoudre ce défi, doivent étre dissociées aussi bien des sources et des formats de données
que des outils logiciels en constante évolution. Pour cela, nous proposons d’utiliser /'annotation
sémantique, technique courante du Web sémantique permettant d’associer la connaissance a des
ressources au moyen d' « étiquettes sémantiques ». La sémantique ainsi explicitée est définie par un
certain nombre d’ ontologies de domaine, qui, selon la définition classique, correspondent a autant « de
spécifications formelles de la conceptualisation » des domaines considérés. En vue d’intégrer les
modeles d’ingénierie considérés, nous proposons une architecture, qui permet de relier des concepts
appartenant respectivement a des ontologies locales et a une ontologie globale. Les utilisateurs peuvent
ainsi avoir une vision globale, intégrée et partagée de chacun des domaines impliqués dans chaine de
modélisation géologique. Un prototype a été développé qui concerne la premiere étape de la chaine de
modélisation (interprétation séismique). Les expérimentations réalisées prouvent que, grace a
I'approche proposée, les experts peuvent, en utilisant le vocabulaire de leur domaine d’expertise,
formuler des questions et obtenir des réponses appropriées.

MOTS CLES : Intégration et interopérabilité de modéles, Ontologies, Base de Données & Base
Ontologique, Méta-modélisation, Annotation sémantique, Modélisation de réservoir pétrolier

Semantic exploitation of engineering models:
application to petroleum reservoir models.

ABSTRACT: This work intends to propose innovative solutions for the exploitation of heterogeneous
models in engineering domains. 1t pays a special attention to a case study related to one specific
engineering domain: petroleum exploration . Experts deal with many petroleum exploration issues by
building and exploiting three-dimensional representations of underground (called earth models). These
models rest on a large amount of heterogeneous data generated every day by several different
exploration activities such as seismic surveys, well drilling, well log interpretation and many others.
Considering this, end-users wish to be able to retrieve and re-use at any moment information related to
data and interpretations in the various fields of expertise considered along the earth modeling chain.
Integration approaches for engineering domains needs to be dissociated from data sources, formats and
software tools that are constantly evolving. Our solution is based on semantic annotation, a current
Web Semantic technique for adding knowledge to resources by means of semantic tags. The
“semantics” attached by means of some annotation is defined by ontologies, corresponding to “formal
specifications of some domain conceptualization”. In order to complete engineering model exploitation,
it is necessary to provide model integration. Correspondence between models in the ontology level is
made possible thanks to semantic annotation. An architecture, which maps concepts from local
ontologies to some global ontology, then ensures that users can have an integrated and shared global
view of each specific domain involved in the engineering process. A prototype was implemented
considering the seismic interpretation activity, which corresponds to the first step of the earth modeling
workflow. The performed experiments show that, thanks to our solution, experts can formulate queries
and retrieve relevant answers using their knowledge-level vocabulary.

KEYWORDS : Model integration and interoperability, Ontologies, Ontology-based databases, Meta-
modeling, Semantic annotation, Petroleum reservoir modeling.
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