
Semantic Integration of Semistructured and Structured DataSourcesS. Bergamaschi1;2, S. Castano3 and M. Vincini1(1) University of Modena (2) CSITE-CNR Bologna (3) University of Milanoe-mail: [sonia,vincini]@dsi.unimo.it e-mail: castano@dsi.unimi.itProviding an integrated access to multiple hetero-geneous sources is a challenging issue in global in-formation systems for cooperation and interoperabil-ity. In this context, two fundamental problems arise.First, how to determine if the sources contain se-mantically related information, that is, informationrelated to the same or similar real-world concept(s).Second, how to handle semantic heterogeneity to sup-port integration and uniform query interfaces. Com-plicating factors with respect to conventional viewintegration techniques are related to the fact thatthe sources to be integrated already exist and thatsemantic heterogeneity occurs on the large-scale, in-volving terminology, structure, and context of the in-volved sources, with respect to geographical, orga-nizational, and functional aspects related to infor-mation use. Moreover, to meet the requirements ofglobal, Internet-based information systems, it is im-portant that tools developed for supporting these ac-tivities are semi-automatic and scalable as much aspossible.The goal of this paper is to describe the MOMIS [4,5] (Mediator envirOnment for Multiple InformationSources) approach to the integration and query ofmultiple, heterogeneous information sources, contain-ing structured and semistructured data. MOMIS hasbeen conceived as a joint collaboration between Uni-versity of Milano and Modena in the framework of theINTERDATA national research project, aiming atproviding methods and tools for data management inInternet-based information systems. Like other inte-gration projects [1, 10, 14], MOMIS follows a \seman-tic approach" to information integration based on theconceptual schema, or metadata, of the informationsources, and on the following architectural elements:i) a common object-oriented data model, de�ned ac-cording to the ODLI3 language, to describe sourceschemas for integration purposes. The data modeland ODLI3 have been de�ned in MOMIS as subset ofthe ODMG-93 ones, following the proposal for a stan-dard mediator language developed by the I3/POBworking group [7]. In addition, ODLI3 introducesnew constructors to support the semantic integration

process [4, 5]; ii) one or more wrappers, to translateschema descriptions into the common ODLI3 rep-resentation; iii) a mediator and a query-processingcomponent, based on two pre-existing tools, namelyARTEMIS [8] and ODB-Tools [3] (available on Inter-net at http://sparc20.dsi.unimo.it/), to provide an I3architecture for integration and query optimization.In this paper, we focus on capturing and reason-ing about semantic aspects of schema descriptionsof heterogeneous information sources for supportingintegration and query optimization. Both semistruc-tured and structured data sources are taken intoaccount [5]. A Common Thesaurus is constructed,which has the role of a shared ontology for theinformation sources. The Common Thesaurus isbuilt by analyzing ODLI3 descriptions of the sources,by exploiting the Description Logics OLCD (Ob-ject Language with Complements allowing Descrip-tive cycles) [2, 6], derived from KL-ONE family [17].The knowledge in the Common Thesaurus is thenexploited for the identi�cation of semantically re-lated information in ODLI3 descriptions of di�erentsources and for their integration at the global level.Mapping rules and integrity constraints are de�ned atthe global level to express the relationships holdingbetween the integrated description and the sourcesdescriptions. ODB-Tools, supporting OLCD and de-scription logic inference techniques, allows the analy-sis of sources descriptions for generating a consistentCommon Thesaurus and provides support for seman-tic optimization of queries at the global level, basedon de�ned mapping rules and integrity constraints.1 Providing a shared ontologyIn order to illustrate the way our approach works,we will use the following example of integrationin the Hospital domain. Consider the Cardiologyand Intensive Care departments of a given hospi-tal, needing to share information about their pa-tients. The Cardiology department (CD) containssemistructured objects about patients with ischemicheart diseases, hypertension, and about physiciansand nurses who have access in the line of duty toinformation concerning patient's health. Fig. 1 il-
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‘‘pill’’Figure 1: Cardiology department (CD)lustrates a portion of the data. There is one com-plex root object with four complex children objects,two patients, one physician, and one nurse. In theIntensive Care department (ID) there is a relationaldatabase containing information similar to informa-tion of the Cardiology department: it stores databoth on patients with diagnoses of trauma, myocar-dial infraction and on medical sta�. There are fourrelations: Patient, Doctor, Test, and Dis Patient (seeFig. 2), where Dis Patient instance is a subset ofPatient instance and contains information about dis-charged patients. For integration and query, we con-sider schema descriptions of the sources. For struc-tured data sources, the schema is already availableand is used. To represent semistructured data at theintensional level, we associate an object pattern witheach set of objects having the same label in the sourcegraph [5]. Object patterns for all the objects in oursemistructured source are shown in Fig. 3.Schemas of structured data sources and object pat-terns are translated in the ODLI3 language. In ourexample, the object patterns de�ned for the CD sourceand the schema of the ID source are translated byde�ning a ODLI3 class for each object pattern andeach relation, respectively. The main extensions in-troduced in ODLI3 are the union and optional con-structors, to capture heterogeneities of semistruc-tured data. In particular, the union constructor ex-presses alternative data structures in a class de�ni-tion (this to capture, for instance, that the addresscan be de�ned as a string in one object of the sourceand as a non-atomic address object containing as itsvalue three atomic objects (city, street, zipcode)in another object of the source). A detailed descrip-tion of the union and its management in OLCD isgiven in [5]. The optional (*) constructor is intro-duced for expressing the fact that an attribute canbe optional for some instances of the class.As an example, the ODLI3 representation of theCD.Patient object pattern is as follows.interface Patient( source semistructuredCardiology_Department ){ attribute string name;

Patient (code, first name, last name,address, test, doctor id)Doctor (id, first name, last name, phone,address, availability, position)Test (number, type, date, laboratory,result)Dis Patient (code, date, note)Figure 2: Intensive Care Department (ID)Patient-pattern (Patient,fname,address,exam�,room,bed,therapy�,physician�g)Physician-pattern (Physician,fname,address,phone,specializationg)Nurse-pattern (Nurse,fname,address,level,patientg)Exam-pattern (Exam,fdate,type,outcomeg)Figure 3: The object patterns for the CD sourceattribute string address;attribute set<Exam> exam*;attribute integer room;attribute integer bed;attribute string therapy*;attribute set<Physician> physician*;};1.1 Generation of a Common ThesaurusTo provide a shared ontology for the sources,a dictionary of terminological relationships describ-ing common knowledge about ODLI3 classes andattributes of source schemas is constructed, calledCommon Thesaurus. The following kinds of relation-ships are represented in the Common Thesaurus:syn (Synonym-of), de�ned between two terms tiand tj , with ti 6= tj , that are considered synonyms.syn is symmetric, that is, ti syn tj ) tj syn ti.bt (Broader Terms), or hypernymy, de�ned be-tween two terms ti and tj such as ti has a more gen-eral meaning than tj . bt is not symmetric. Theopposite of bt is nt (Narrower Terms): ti bt tj ) tjnt ti.rt (Related Terms), or holonymy, between twoterms ti and tj that are generally used together inthe same context. rt is symmetric: ti rt tj ) tj rtti.Discovering terminological relationships fromsource schemas is a semi-automatic activity inMOMIS. The designer is assisted by ODB-Tools andthe activity proceeds in the following steps.Automated extraction of relationships.By exploiting ODB-Tools capabilities and semanti-cally rich schema descriptions, an initial set of bt, nt,and rt can be automatically extracted. In particular,by translating ODLI3 into OLCD descriptions, ODB-Tools extracts bt/nt relationships among classes di-rectly from generalization hierarchies, and rt rela-tionships from aggregation hierarchies, respectively.Other rt relationships are extracted from the speci-�cation of foreign keys in relational source schemas.When a foreign key is also a primary key both inthe original and in the referenced relation, a bt/ntrelationship is extracted (this case occurs between



ID.Dis Patient and ID.Patient relations). In case ofsemistructured sources, ODB-Tools extracts rt rela-tionships, due to the nature of relationships de�nedin the semistructured data model.Another set of relationships can be automaticallyextracted exploiting the WordNet [12] lexical system.In this case, synonyms, hypernyms/hyponyms, andrelated terms can be automatically proposed to thedesigner, by selecting them according to relationshipsprede�ned in the lexical system.Example 1 Consider the CD and ID departments.The set of terminological relationships automaticallyextracted by ODB-Tools are the following:hID.Patient rt ID.Doctori1 , hCD.Nurse rt CD.Patienti,hCD.Patient rt CD.Physiciani, hCD.Patient rt CD.Exami,hID.Patient bt ID.Dis Patienti, hID.Patient rt ID.Testi.The relationships derived from WordNet are thefollowing: hID.Doctor bt CD.Physiciani, hID.Test synCD.Exami, hCD.Patient.name bt ID.Patient.first namei,hCD.Patient.name bt ID.Patient.last namei.Integration/Revision of new relationships.In addition to the terminological relationships auto-matically extracted, other relationships can be sup-plied directly by the designer, interacting with thetool, to capture speci�c domain knowledge on thesources schemas (e.g., new synonyms).Example 2 In our Hospital doamin, the designersupplies the following terminological relationships forclasses and attributes:hID.Doctor bt CD.Nursei , hID.Patient syn CD.PatientihCD.Patient.physician bt ID.Patient.doctor idihCD.Nurse.level syn ID.Doctor.positionihCD.Exam.outcome syn ID.Test.resultiTerminological relationships can, in general, cor-relate ODLI3 classes whose types present structuralcon
icts with respect to the semantics of generaliza-tion and equivalence relationships. To promote ter-minological relationships to the rank of semantic rela-tionships, that is, syn to equivalence, bt to general-ization, and rt to aggregation, we need to solve struc-tural con
icts producing a new \virtual schema" con-taining modi�ed description of each local source. Thevirtual schema can then be used to enrich the The-saurus with new relationships, by exploiting ODB-Tools inference techniques. To promote a syn rela-tionship into a valid equivalence relationship it is nec-essary to \uniform" the types of both classes, that is,to give the same structure to both classes. The sameproblem arises for the bt relationship, whose trans-formation implies the addition of the attributes ofthe generalization class to the ones of the specializa-tion class. Finally, when an rt relationship holds, anew aggregation attribute is de�ned between the twoclasses.1We use dot notation for specifying the source where a giventerm is used.
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Figure 4: Generation of the Common ThesaurusValidation of relationships.In this step, ODB-Tools is employed to validate ter-minological relationships de�ned for attributes in theThesaurus, by exploiting the virtual schema. Valida-tion is based on the compatibility of domains associ-ated with attributes. This way, valid and invalid ter-minological relationships are distinguished. In par-ticular, let at = hnt; dti and aq = hnq ; dqi be twoattributes, with a name and a domain, respectively.The following checks are executed on terminologicalrelationships de�ned for attribute's name in the The-saurus using ODB-Tools: hnt syn nqi: the relation-ship is marked as valid if dt and dq are equivalent, orif one is a specialization of the other;hnt bt nqi: the relationship is marked as valid if dtcontains or is equivalent to dq ;hnt nt nqi: the relationship is marked as valid if dtis contained in or is equivalent to dq .When an attribute domain dt is de�ned using theunion constructor, a valid relationship is recognizedif at least one domain of dt is compatible with dq .Example 3 Referring to our Thesaurus resultingfrom Examples 1 and 2, the output of the validationphase is the following (for each relationship, control
ag [1] denotes a valid relationship while [0] an invalidone):hCD.Patient.physician bt ID.Patient.doctor idi [0]hCD.Patient.name bt ID.Patient.first namei [1]hCD.Patient.name bt ID.Patient.last namei [1]hCD.Nurse.level syn ID.Doctor.positioni [0]hCD.Exam.outcome syn ID.Test.resulti [1]Inference of new relationships.In this step, inference capabilities of ODB-Tools areexploited. A new set of terminological relationshipsis inferred by ODB-Tools, by exploiting the \virtualschema" de�ned in the revision/integration step andby deriving new generalization and aggregation rela-tionships.Example 4 Terminological relationships inferred inthis step are the following:hID.Patient rt CD.Physiciani , hID.Patient rt CD.ExamihCD.Patient rt ID.Doctori , hCD.Patient rt ID.TestihID.Dis Patient rt ID.Doctori



hID.Dis Patient rt ID.TestihID.Dis Patient rt ID.DoctorihID.Dis Patient rt CD.PhysicianiInferred semantic relationships are represented asnew terminological relationships enriching in theThesaurus. The result of the overall process is theso-called Common Thesaurus (see Fig. 4). A graph-ical representation of the Common Thesaurus for CDand ID departments is reported in Fig. 5, wheresolid lines represent explicit relationships (i.e., ex-tracted/supplied), dashed lines represent inferred re-lationships, and superscripts indicate their kind.2ODB-Tools performs validation and inference stepsby exploiting subsumption (i.e. generalization) andequivalence computation. As we showed in [2, 6],the computation of subsumption and equivalence inOLCD is decidable. Furthermore, even if from apurely theoretical point of view this computation isPSPACE-hard (as proved in [6]), these problems canbe e�ciently solved by transforming a schema in acanonical form. These results imply that comput-ing the canonical extension of a schema is di�cult orthat the canonical extension of a schema has a worst-case size that is exponential in the size of the orig-inal schema. However, the intractability previouslymentioned rarely occurs in practice as a schema isgenerally formulated in such a way as to be \almost"canonical. Hence, we can conclude that transforminga schema to its canonical extension is feasible in poli-nomial time for most cases that appear in practice.2 Building the mediator integrated viewIn this section, we describe the process for the def-inition of the mediator global schema, that is the me-diator integrated view of data stored in local sources.ODLI3 classes having a semantic relationship in dif-ferent sources are identi�ed. For this purpose, a�n-ity coe�cients (i.e., numerical values in the range[0; 1]) are evaluated for all possible pairs of ODLI3classes, based on the (valid) terminological relation-ships in the Common Thesaurus. A�nity coe�cientsdetermine the degree of semantic relationship of twoclasses based on their names (Name A�nity coe�-cient) and their attributes (Structural A�nity co-e�cient). A comprehensive value of a�nity, calledGlobal A�nity coe�cient, is �nally determined asthe linear combination of the Name and StructuralA�nity coe�cients. Global a�nity coe�cients areused by a hierarchical clustering algorithm, to classifyODLI3 classes according to their degree of a�nity.The output of the clustering procedure is an a�n-ity tree, where ODLI3 classes are the leaves and in-termediate nodes have an associated a�nity value,2For the sake of simplicity, only relationships between classnames are reported.
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Cl2Figure 6: The A�nity treeholding for the classes in the corresponding cluster.The a�nity-based evaluation and clustering proce-dures are performed with the help of the ARTEMIStool environment (for a detailed see [4]). The a�nitytree obtained for our example is shown in Fig. 6.Clusters for integration are interactively selectedfrom the a�nity tree using a threshold based mech-anism. For each selected cluster in the tree, a globalclass gci representative of the classes contained in thecluster (i.e., a class providing the uni�ed view of allthe classes of the cluster) is de�ned. The generationof gci is interactive with the designer. Let Cli be aselected cluster in the a�nity tree. First, the GlobalSchema Builder component of MOMIS associates tothe gci a set of global attributes, corresponding tothe union of the attributes of the classes belonging toCli, where the attributes with a valid terminologicalrelationship are uni�ed into a unique global attributein gci. The attribute uni�cation process is performedautomatically for what concerns names according tothe following rules:for attributes that have a syn relationship, only oneterm is selected as the name for the correspondingglobal attribute in gci; for attributes that have abt/nt relationship, a name which is a broader termfor all of them is selected and assigned to the corre-sponding global attribute in gci.For example, the attribute uni�cation process forcluster Cl1 of Fig. 6 produces the following set ofglobal attributes:name, code, address, exam*, room, bed, therapy*,date, note, physician*To complete global class de�nition, information onattribute mappings and default values is providedby the designer in the form of mapping rules . Anexample of ODLI3 speci�cation for the global class



Hospital Patient (de�ned in correspondence of clus-ter Cl1) is shown in the following:interface Hospital Patientf attribute namemapping rule (ID.Patient.first name andID.Patient.last name),CD.Patient.name;attribute physicianmapping rule CD.Patient.physician,Id.Patient.doctor idattribute deptmapping rule CD.Patient = `Cardiology',ID.Patient = `Intensive Care',ID.Dis Patient = `Intensive Care'g A mapping rule is de�ned for each global attributea and speci�es: i) information on how to map a onthe corresponding class attributes of the associatedcluster and ii) default/null values de�ned for a basedon values of attributes of cluster classes. For example,the mapping rule de�ned for the global attribute namein the global class Hospital Patient above, speci�eswhich attributes have to be considered in each class ofthe cluster Cl1: an and correspondence is de�ned forname, stating that the concatenation of the attributesfirst name and last name of ID.Patient have to beconsidered. The mapping rule de�ned for the globalattribute dept speci�es the value of this attribute forthe instances of classes CD.Patient, ID.Patient andID.Dis Patient. The global schema of the mediatoris composed of the global classes de�ned for all theclusters of the a�nity tree.Integrity constraint rules can also be speci�ed forglobal classes of the mediator global schema, to ex-press semantic relationships holding among the dif-ferent sources. Let us suppose that in our Hospitaldomain a relationship exists between the result of theexam and the department of the patient. For ex-ample, the fact that all the patients with an examresult `Heart risk' are `Cardiology' patients can beexpressed by the following integrity constraint rulein the global schema:rule R1 forall X in Hospital_Patient:(X.exam.result=`Heart risk') then X.dept=`Cardiology';3 Semantic optimization of global queriesThe Query Manager module of MOMIS processes aglobal query Q by exploiting the semantic optimiza-tion techniques supported by ODB-Tools [3], in orderto reduce the access plan cost of Q. Q is replaced by anew query, Q0, that incorporates any possible restric-tion which is not present in Q but is logically impliedby Q on the global schema. The transformation isbased on logical inferences from integrity constraintsrules de�ned in the mediator global schema. Letus consider, as an example, query Q1: Retrieve thenames of the patients with exam result `Heart risk'.Q1: select name from Hospital_Patientwhere exam.result = `Heart risk'

The Query Manager, using the query optimizer ofODB-Tools, executes the semantic expansion of Q1by applying rule R1 and giving Q10:Q1': select name from Hospital_Patientwhere exam.result = `Heart risk'and dept = `Cardiology'Semantic expansion is performed in order to addboolean factors in the \where clause": this processmakes query plan formulation more expensive (be-cause a heavier query has to be translated for eachinvolved source) but single sources' query processingoverhead can be lighter in case secondary indexes onadded predicates exist in the involved sources (i.e.dept in the example).Furthermore, the introduction of a boolean factor canbe useful for query plan formulation as it is in our`Heart risk' example. Once the Query Manager hasproduced the optimized query, a set of subqueriesfor the local source wrappers is generated. For eachsource, the Query Manager expresses the subqueryin terms of its local schema, by using mapping rulesassociated with the global class. In order to gener-ate each local query, the Query Manager checks andtranslates every boolean factor in the where clause.In particular, a local query is generated only whenall attributes of the where clause have a not-null cor-respondence in the local source. Referring to our ex-ample, the algorithm will exclude the ID.Dis Patientclass and the ID.Patient class, so that we derive onlythe following subquery for the CD wrapper:select R.name from Patient Rwhere exists X in R.exam:X.outcome = `Heart risk'In such a way, an e�ective optimization is performedbecause only one local source is accessed.4 Related workMOMIS is in the line of the \virtual approach"and \read-only view" systems, that is, systems sup-porting read-only view of data that reside in multi-ple databases [9]. All of the virtual approaches arebased on a model of query decomposition, sendingsubqueries to source databases, and merging the an-swers that come back. Projects close to MOMIS,based on description logics, are SIMS and Informa-tion Manifold. They are focused primarily on con-junctive queries (i.e., expressible using select, projectand join), and have more the 
avor of theOpen WorldAssumption - the answer provided through an inte-grated view will hold a subset of the complete answerthat is implied by the underlying databases. For theschema, a \top-down" approach is used: in essence aglobal schema encompassing all relevant informationis created, and data held in the source databases isexpressed as views over this global schema [16]. TheSIMS project [1] proposes to create a global schema



de�nition using the LOOM Description Logics. In-formation Manifold [10] provides a source and queryindependent mediator. The GARLIC project [14]builds up on a complex wrapper architecture to de-scribe the local sources with an OO language (GDL),and on the de�nition of Garlic Complex Objects tomanually unify the local sources to de�ne a globalschema. The use of a global schema allows MOMISand all the above systems to support every possibleuser queries on the schema instead of a prede�nedsubset of them. In the OBSERVER system [11],metadata descriptions and ontologies for each dif-ferent information source are considered, providingknowledge on the vocabulary used in the source. Thefocus of the system is on providing semantically richqueries on distributed information sources. Issues re-lated to information integration are not taken intoaccount. Rather, inter-ontology relationships haveto be de�ned, under responsibility of the integra-tion designer, to handle heterogeneity between dif-ferent vocabularies for query processing. In [13], theSCOPE system is presented to perform semantic rec-onciliation of heterogeneous sources. Also in this sys-tem, thesauri and ontologies are used for identify-ing inter-schema semantic relationships, representedas assertions. Here the focus is on supporting dy-namic and query-oriented integration, by construct-ing and re�ning contexts (i.e., sets of assertions) be-tween the schema elements of the communicating sys-tems, based on the knowledge acquired during thereconciliation process. In our project, we performvalidation of the Common Thesaurus knowledge be-fore starting the integration process, and we performsemantic integration of the sources based on selecteda�nity clusters, to generate the mediator integratedview of the sources. The idea of a validation andcoordination mechanism as in SCOPE can be usefulalso in our approach, to manage the assimilation ofnew source schemas in the Common Thesaurus andin the mediator integrated view of the sources.References[1] Y. Arens, C.Y. Chee, C.N. Hsu, andC,A. Knoblock, \Retrieving and Integrat-ing Data from Multiple Information Sources",Int. Journal of Intelligent and Cooperative Inf.Sys., Vol.2, No.2, pp.127-158, 1993.[2] D. Beneventano, S. Bergamaschi, S. Lodi andC. Sartori, \Consistency Checking in ComplexObject Database Schemata with Integrity Con-straints", IEEE TKDE, Vol. 10, 1998.[3] D. Beneventano, S. Bergamaschi, C. Sartori,M. Vincini, \ODB-Tools: A Description Log-ics Based Tool for Schema Validation and Se-
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