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Abstract. The interoperabilit y problem arisesin heterogeneoussystems
where di!eren t data sourcescoexist and there is a need for meaningful
inform ation sharing. One of the most representiv e realms of diversity
of data representation is the spatio-temporal domain. Spatio-temporal
data are most often described according to multiple and greatly diverse
perceptions or viewpoints, using di!eren t terms and with heterogeneous
levels of detail. Reconciling this heterogeneity to build a fully integrated
database is known to be a complex and currently unresolved problem,
and few formal approaches exist for the integration of spatio-temporal
databases. The paper discussesthe interoperation issue in the context
of conceptual schema integration. Our proposal relies on two well-known
formalisms: conceptual models and description logics. The MADS con-
ceptual model with its multiple representation capabilities allows to fully
describe semantics of the initial and integrated spatio-temporal schemas.
Description logics are used to expressthe set of inter-schema mappings.
Inference mechanisms of description logics allow us to check the com-
patibilit y of the semantic mappings and to propose di!eren t structural
solutions for the integrated schema.

1 In t ro duct ion

Information sharing between heterogeneousinformation sourcesis a signiÞcant
challenge,which hasbeenthe focusof much research but remainsan open prob-
lem. Enabling the cooperation of heterogeneousinformation systemsis not easy
to achieve becauserelated knowledgeis most likely described in di!eren t terms
and usingdi!eren t assumptionsand di!eren t data structures. Heterogeneity may
arise from syntactic, structural and semantic di!erences in the data sources.

! The work presented in this paper was partly carried out in the framework of the
EPFL Center for Global Computing and supported by the Swiss National Funding
Agency OFES as part of the European projects KnowledgeWeb (FP6-507482) and
DIP (FP6-507483).



Syntactic heterogeneity is due to the useof diversedatabasemodels (e.g. object
oriented vs. relational), structural heterogeneity arisesfrom di!eren t conceptual
choicesduring the databasemodeling phase(e.g., modeling as an object, as a
relationship, or as an attribute), and semantic heterogeneity comes from dif-
ferencesbetween the terms used to represent information and their intended
meaning. Heterogeneity is accentuated for spatio-temporal data, due to the ex-
istence of two very di!eren t paradigms for data representation, known as the
raster mode (spaceis represented through images)and the vector mode (space
is represented as sets of localized objects). Moreover, spatio-temporal data can
be represented at di!eren t granularities or levels of detail for the spatial and/or
temporal features. Also, we have to consider topological relationships between
objects, temporal evolution and synchronization relationships.

Two main categoriesof frameworks have beenproposedfor the co-operative
information systems:federation of information systems [1] and mediation which
relieson the deÞnition of wrappers and mediators [2]. Wrappersareusedto access
local sourcesfrom the mediation layer and mediators provide a transparent ac-
cessto the information from the cooperative layer. Mediation-basedarchitectures
facilitate evolution through the addition of new data sources.They support co-
operation of large information systemsand thus they are more suitable in a web
environment. Federation-basedarchitectures are best suited for small-scalecoop-
eration. In all theseapproaches,information sharing can be doneeither through
the deÞnition of direct mappings between the sourcedata sets, or through the
deÞnition of an integrated schematogether with associated mappingssupporting
accessto the existing data instances.

Irrespectively of the system architecture, a fundamental task in integration
is the abilit y to recognizecorresponding information in heterogeneousdata sets
and to describe the mappings between them. A large number of papers have
investigated various facets of mappings, such as mapping discovery, mapping
deÞnition or mappings usage.

Mapping discovery. Surveys originating from two di!eren t communities, data-
base and ontology, analyse various propositions from di!eren t points of view:
databaseintegration [3] and ontology mapping [4]. Work on mapping discovery
aims at providing heuristics to Þnd corresponding elements in di!eren t infor-
mation systems, and basically relies on similarit y measures.In the survey on
automatic schema matching, Rahm and Bernstein in [3] proposea classiÞcation
of the matching approaches.They distinguish the shema-level and the instance-
level matchers. The methods for matching discovery are classiÞedas element-
level or structure-level with linguistic or constraint-based heuristics. Automatic
mapping discovery becameparticularly important for ontology cooperation due
to the large number of concepts in an ontology. Ehrig and Sure in [5] propose
a methodology combining di!eren t similarit y measuresfor identifying mappings
between two ontologies. Doan et al. in [6] and [7] propose a system, GLUE,
that apply machine learning techniques to improve the mapping discovering
process.However, complex mappings have proven di"cult to extract and the
mapping discovery procedurecertainly requireshuman feedback. Dhamankar in
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[8] presents a promising system, iMAP , for the discovery of complex mappings
betweendatabaseschemas.However, mapping discovery betweenheterogeneous
schemasdescribingspatio-temporal data still remainsan open issue.In the works
on ontology mapping described in [4], the sets of mapping operators used in
di!eren t mapping methods are inferior to the one we use for spatio-temporal
schemasmapping; the algorithms used for initial mappings proposition are not
designedto capture ontologies spatio-temporal features.

Inter-schema correspondences. Complementary to the above approaches,other
research works ([9], [10], [11], [12]) focus on formalisms to specify and useinter-
schemaknowledge.From a conceptualperspective, inter-schemaknowledgeiden-
tiÞes elements (or sets of elements) in two schemasthat describe the same(or
related) facts in the real world, and speciÞesto what extent the data instances
and their type deÞnitions relate to each other (i.e., what is identical, what is
similar, what is di!eren t). This inter-schema knowledge can then be used to
build the integrated schema and to provide for an integrated accessto the data
sources.The four works presented below follow this objective using di!eren t lan-
guages.A formalism relying on a logic-basedlanguage is proposedby Catarci
and Lenzerini in [9]. The languagethey proposeis usedto describe both schemas
and inter-schemaknowledge.The reasoningmechanism of the languagecan then
be used to check inter-schema consistency(i.e., the correctnessof the coopera-
tiv e information system) and to support integrated accessto data. Calvaneseet
al. [10] present an architecture for information integration. A Description Logic
called DLR , which includesconceptsand n-ary relationships, is usedto describe
the databaseschemas,to specify inter-schemaknowledge;reasoningservicesare
used during the integration process.The samelanguage,DLR , is proposedby
Calvaneseet al. in [11] to deÞnemappings in a general framework for ontology
integration. These mappings allow the mapping of a concept in one ontology
to a view, i.e., a query in another ontology. Finally, Devogele et al. [12] pro-
pose a complete methodology for spatial database integration based on three
phases:schema preparation, correspondenceinvestigation, and integration. The
authors also provide an algebraic data manipulation language(algebra for com-
plex objects) to describe inter-schema correspondencesthat fully supports the
description of correspondencesbetweenthe spatial features of data.

Querying. Once mappings are formally deÞned,one should be able to usethem
for query answering and reasoning[13]. Calvaneseet al. [11] discussvarious ap-
proachesfor specifying mappings (global- and local-centric approaches) and, for
each approach, analyzethe complexity of query answering. The authors conclude
that mappingsshould be deÞnedusing suitable mechanismsbasedon query lan-
guages.In [14], Halevy et al. expressmappings betweendata sourceson a pair-
wise basis and deÞneinclusion and equivalencerelationships between views of
each schema.An algorithm enabling queriesto go through mappings in order to
Þnd data is also proposed.
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Semantic enrichment. In order to reconcilesemantic heterogeneity more seman-
tic information about data is needed.Various proposed approaches add extra
information to data either through the speciÞcation of meta-data, or through
the explanation of the context of data or more generally, by using descriptions
stored in ontologies.Meta-data describe the content of the underlying data in an
easily understandable way. Contexts are more complex descriptions specifying
the domain of sourcedata. Ontologies, by deÞnition, provide an encoded repre-
sentation of a shared understanding of terms and concepts in a given domain
and communit y. They serve as semantic referencesfor usersor applications that
accept to align their interpretations of the semantics of their data to the inter-
pretation stored in the ontology. Ontologiesare actually extensively proposedas
a meansto overcomeinteroperabilit y problems[15]. This is the focusof the work
of Fonsecaet al. in [16]. In their framework, conceptual schemasof geographical
databasesare mapped to spatial ontologies that are consideredas the formal
representation of the spatial semantics. The objective in describing such map-
pings is to enrich the conceptual schema descriptions and thus, to improve the
integration of databaseconceptualschemas.Hakimpour and Geppert in [17] pro-
posea databaseintegration approach that employs formal ontologies merging.
Sourceontologies (one per databasesource) are merged by a reasoningsystem
that Þndssemantic similarit y relations betweenthe various deÞnitions used for
each concept. An ontology-based schema integrator builds the global schema
of the integrated database using the source schemas and the mappings found
during the ontology merging process.Fonsecaet al. in [18] proposean Ontology-
Driv en GIS system which plays the role of a system integrator. The idea is to
provide accessto data by browsing through ontologies.The architecture is based
on four main components namely the ontology server, the ontologies, mediators
and applications that give accessto the information sources.The ontology server
is the central component providing the connection between the ontologies, the
applications and the information sources.The integration is partly realized by
the mediators: when the information system is queried, the mediators extract
parts of information necessaryto generatea complete instance from the ontolo-
giesand the information sources.

Our proposal focuseson the co-operation of spatio-temporal databases.In
this respect, our objective is to proposea complete methodology for the inte-
gration of spatio-temporal conceptualschemas.Our approach relieson two well-
known formalisms: conceptual models and description logics. Spatio-temporal
conceptual schemasto be integrated are speciÞedusing the MADS conceptual
data model [19], which can represent rich spatio-temporal semantics. Reason-
ing servicesof description logics are then used to check the consistencyof the
mappings that guide the construction of the integrated schema.

Compared to the paperspresented above, our proposal falls within the scope
of approaches that aim at deÞning a formalism or methodology to specify and
useinter-schemaknowledge.We do not tackle the issueof mapping discovery, as
we assumethat a set of inter-schema correspondencesgiven by the designer is

4



completedby an inferenceengine,nor do we considerthe subject of query rewrit-
ing, which is out of the scope of this work. However, the proposal contributes to
the area of research on the following original topics:

– the proposed methodology, based on description logics reasoning mecha-
nisms, conceptual modeling and integrit y constraints, is hybrid and thus
innovative;

– wearedealingwith spatio-temporal data which, to the bestof our knowledge,
has not yet beenattacked;

– we are using reasoningmechanismsof description logics in order to validate
the set of inter-schema mappings against the sourceschemas.

The paper is structured as follows: Section 2 brießy describes the MADS
model and intro ducestwo schemasthat are usedasa running examplethrough-
out the paper. Section 3 intro ducesdescription logics: The SHI Q description
logic is usedto describe sourceschemasand inter-schemamappingswithout any
spatial and temporal features. The spatial and temporal aspects are speciÞed
using an extension of ALC, ALCRP(D), that provides concrete domain with
spaceand time. Section4 presents our integration methodology through its var-
iousparts: speciÞcationof the inter-schemamappings,validation, and generation
of an integrated schema. Finally, Section 5 concludesthe paper.

2 The MADS model

MADS [19] is an object+relationship spatio-temporal conceptualdata model. In
this model, we assumethat the real world of interest that is to be represented in
the database is composedof complex objects and relationships between them;
both characterized by properties (attributes and methods), and both may be
involved in a generalization hierarchy (is-a links). To further illustrate our pro-
posal, we will usetwo MADS schemasshown in Figures 1 and 2. Theseschemas
are designedfor two tourist o"ces describing the samegeographicalarea, the
city of Paris. The purposeof the schemaT2 is to provide tourists with informa-
tion on the closestto the tourist sites boat, bus, metro, and tram stops. Schema
T1 is more general and describes the transport meansand the tourist sites of
the samecity. Both schemasillustrate structural, spatial, and temporal MADS
modeling capabilities.

Data structuring capabilities of MADS are orthogonally complemented with
spaceand time modeling concepts,i.e., spatialit y and temporalit y may be asso-
ciated at the various structural levels: object, attribute, and relationship. The
spatialit y of an object conveys information about its location and its extent;
the temporalit y describes its lifecycle. For instance in Fig. 1, the object type
TouristPlace has both a spatialit y (an area) and a temporalit y (an interval). At-
tributes may have spatial (e.g. the attribute Start of the object type Walk in Fig.
2) or temporal (e.g. the attribute Season of the object type Theatre) domains
of values. A set of predeÞnedspatial and temporal abstract data types is used
to describe the spatial and temporal extents of data. The abstract data types
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Fig. 1. Schema T1.

are organized in a generalization hierarchy where generic data types are used
to describe domains whosevaluesmay be of di!eren t, more speciÞctypes,e.g.,
small rivers may be described as lines, bigger onesas areas,hence,their domain
should be of the generictype Geo.Attributes may alsobe space-or time-varying,
supporting in this way the continuous view of space.For instance, the attribute
nbLanes of Road in Fig. 2 whosevalue is changing according to the considered
road section is a space-varying attribute.

Relationships are either classical n-ary relationships among individual ob-
jects or n-ary relationships among setsof objects (multi-association). Relation-
ships may be enhancedwith one or several speciÞc semantics, such as aggre-
gation, topological, synchronization, and inter-representation semantics. Topo-
logical and synchronization semantics deÞne constraints between spatial and
temporal objects respectively. The relationship along between the object types
Stop and TransportLine in Fig. 2, holds a topological semantics of intersection.

Multi-representation has been added in MADS as an additional orthogo-
nal dimension. Multi-representation allows the deÞnition in the sameschema of
several representations for the samereal world objects. Thosemultiple represen-
tations may be the consequenceof diverging requirements during the database
design phaseor, in the particular context of spatial data, of the description of
data at various levelsof detail. The MADS multi-representation feature may also
be usedin the context of spatial databaseintegration where the full integration,
possibly basedon di!eren t levels of detail, is not possible[12].

To allow usersto retrievespeciÞcrepresentations from the setof existing ones,
these representations have to be distinguishable and denotable. To this extent,
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representation stamps are addedon data, whether they are object type instances
or attribute values, and on meta-data, object and relationship type deÞnitions
or attribute deÞnitions. Stamps are vectors of valuescharacterizing the context
of each representation (e.g. spatial resolution, viewpoint, . . . ). Object and rela-
tionship typesmay be representation-varying typesand thus have a di!eren t set
of attributes accordingto the consideredrepresentation. For instancein Fig. 7.d,
the object type Monument is a multi-representation type with two deÞnitions,
onefor stamp t1 with the attribute Style and onefor stamp t2 with the attributes
Devotion, Material and Construct. Attributes of such typesmay have several def-
initions (di!eren t cardinalities and/or value domains) and/or several values(the
notation of such an attribute is f(t1, t2) to state that the value is function of the
stamp). For instance, the attribute Name of District hasa representation-varying
deÞnition, i.e., it is a multi-v alued attribute for the stamp t1 and a monovalued
attribute for the stamp t2. Relationship typesmay hold several di!eren t seman-
tics according to the representation and, for instance, be a topological relation-
ship in one representation and a synchronization in another. We also propose
a speciÞc inter-representation semantics that may be applied to both associ-
ations and multi-associations to denote that the linked instances are di!eren t
representations of the samereal world object. Actually this inter-representation
semantics doesnot induce any constraints betweenthe linked objects. It denotes
paths in the schema that are likely to support consistencychecks and update
propagation rules. For instance, the correspond relationship in Fig. 7.c holds a
multi-representation semantics which states that the instancesof TouristSite and
TouristPlace linked through this relationship are two representations of the same
real world object. For data manipulation, we have deÞnedan algebraic language
that provides formal support for manipulating multi-represented data. Concern-
ing multi-representation, usersmay specify one or several stamps that delimit
the subsetof the databasethey will be working on.
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3 Descri pt ion Logics

Description Logics are a family of terminological formalisms with formal logic
semantics and designedfor representing knowledge and for reasoningabout it.
Basic elements in a description logic are primitiv e concepts,primitiv e roles, the
universalconcept ! and the bottom concept " . Complex conceptsand rolescan
be built from primitiv e onesusing the considereddescription logic constructors.
The terminology deÞnesrelevant conceptsof the domain and their properties.
Then individuals occurring in the domain are described using this terminology
[20].

Basic description logic constructor, as found in ALC are: ÂC (negation),
C# D (conjunction), $R.C (value restriction) and %R.! (limited existential quan-
tiÞcation) where C and D are conceptsand R is a role. The ALCR+ description
logic is an extension of ALC with transitiv e roles. The description logic SHI Q
[21] extends ALCR+ with inverse roles, role hierarchies and qualiÞed number
restrictions (& n R.C and ' n R.C). QualiÞed number restrictions play an im-
portant role for representing and for reasoningabout conceptualmodelsbecause
they add the abilit y to model cardinalities of relationships [22]. The expres-
sivenessof SHI Q is rich and allows encoding of database schemas but it is
insu"cien t to describe spatio-temporal objects.

For representing and reasoningabout spatial objects, spatial description log-
ics have beenproposedin the literature. Qualitativ e spatial reasoningin descrip-
tion logic is basedon topological relationships [23],[24].Theseare known as the
set of the RCC8 relations : Equal (EQ), Disconnect (DC), Externally Connected
(EC), Partial Overlap (PO), Tangential Proper Part (TPP), Non-Tangential Proper
Part (NTPP) and the inversesof TPP and NTPP : TPPI and NTPPI. A family
of description logics called ALCI RC C suitable for qualitativ e spatial reasoning
on various granularit y is discussedin [25]. The satisÞability problem of these
logics is addressedconsidering the role axioms derived from the RCC composi-
tion tables. Inverseand disjoint roles are also neededto capture the semantics
of thesesrelationships.

Recent work [26]hasbeenproposedto Þnda way to combine available knowl-
edgerepresentation and reasoningformalisms suitable to considerdi!eren t real
aspectsof the world such as time and space.An E-connection is deÞnedin terms
of abstract description systems(ADSs), and is a combination of description log-
ics, numerous logics of time and space,and modal and epistemic logics. Link
relationships are intro duced to combine the formalisms while keeping their do-
mains disjoint. One of the main contributions of the work in [26] is the study
on the decidability of the E-connections;it is shown that the E-connectionsare
decidableeven with expressive link operators like boolean combinations of link
relations.

Extending descriptions logics with concrete domains is a way to intro duce
new data types such as integer or rational, or to deal with speciÞcdimensions
of objects such as spatial or temporal features. The ALC(D) [27] description
logic extendsthe ALC DL by adding a new concept-forming predicate operator.
ALC(D) divides the set of objects into two disjoint sets, the abstract and the
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concreteobjects such asnumbers,strings and in particular spatial and temporal
objects. Abstract objects can be related to abstract objects via abstract roles
and to concrete objects via concrete roles. The relationships between concrete
objects aredescribedwith a setof domain speciÞcpredicates.The pair consisting
of a set of concreteobjects and the set of predicatesforms the concretedomain.
Concretedomains increasethe expressive power of an extendeddescription logic
and allow reasoningon thesenew features.

The ALCRP(D) DL proposedby V. Haarslev [28] extendsALC(D) to build
complex roles basedon a role-forming predicate operator [29]. In particular, an
appropriate concretedomain S2 is deÞnedfor polygonsusing RCC8 relations as
basic predicates of concrete domain as shown in Fig. 3 (disjoint stands for the
DC RCC8 relationship, touching for EC, s overlapping for PO, t inside (t contains)
for TPP, s inside (s contains) for NTPP, and equal for EQ). For temporal aspect,
the concrete domain T is a set of time intervals and the 13 Allen relation-
ships (before, after, meets, met-by, overlaps, overlapped-by, during, contains, starts,
started-by, finishes, finished-by, equal) are usedas basic predicatesdescribing the
relationships betweenintervals. The combination of S2 and T , S2 ( T , deÞnesa
spatio-temporal concretedomain.

For our purpose,weexploit the ALCRP(S2( T ) expressivepower to describe
sourcespatio-temporal schemasand inter-schema mappings. Moreover, the un-
derlying theory allows to detect both inconsistenciesand implicit information in
the integration process.Using ALCRP(S2 ( T ), we can deÞnea concept that
has a geometry with a speciÞcconcretespatial role called hasArea. Further, us-
ing the hasArea feature, we can specify topological relationships betweenspatial
concepts.To deÞnea concept as a temporal concept we can use a speciÞccon-
crete temporal role called hasDuration. Through this role, temporal relationships
betweenconceptscan then be deÞned.For example, elements of the schema T1

in Fig. 1 can be described as follows.

A city has a name, it is decomposedin districts and it runs transport means:
City ) $Name.String

# & 1Name# ' 1Name
#$decomposedIn.District
#$ run.TransportMean ;

A tourist place has a name, it is a spatio-temporal object thus, it has a ge-
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ometry and a temporalit y which are respectively speciÞedby the concreteroles
hasArea of the domain Polygon and hasDuration of the domain Interval:

TouristPlace ) $Name.String
# & 1Name# ' 1Name
#%hasArea.Polygon
#%hasDuration.Interval ;

Museumsare tourist places:
Museum ) TouristPlace ;

Monuments are tourist places having a speciÞc feature expressingtheir style,
with the cardinalit y stating that a monument has exactly one style:

Monument ) TouristPlace
#$Style.String
# & 1Style# ' 1Style ;

Where, the object typesCity, Museum, Monument, TouristPlace, District, and
TransportMean aremodeledasabstract concepts;the relationshipsdecomposedIn,
run, and attributes Name, and Style are modeled as roles. Inverseroles can also
be deÞned,for example isRun * run! 1 . It is also possibleto deÞnea contempo-
rary museumas a museumwhich has at least 10 contemporary paintings:

ContemporaryMuseum * Museum # & 10 expose.ContemporaryPainting ;

To deÞnemuseums that are spatially connected to some monuments and
whoseopening times overlap, we Þrst deÞnea spatial predicate connected as the
disjunction of elementary predicates,a spatial role spatial connected basedon the
previously deÞnedconnected predicate, and a temporal role duration overlaps.
The role spatial connected (respectively duration overlaps) may be used to link
couplesof objects whosespatialit y (respectively lifecycle) satisfy the connected
(respectively overlaps) predicate. Then with these roles, we deÞnesuch muse-
ums, MuseumMonument, as follows:

connected * touching + s overlapping + t contains + t inside + s contains+
s inside + equal ;

spatial connected * %(hasArea)(hasArea).connected ;
duration overlaps * %(hasDuration)(hasDuration).overlaps ;

MuseumMonument ) Museum
#%spatial connected.Monument
#%duration overlaps.Monument ;

Thesedescriptions combine not only abstract and concreteobjects but also
the spatial and temporal concrete domains. This aspect ensures that a GIS
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Fig. 4. Integration phases.

systemreasoningcan be achieved according to the intended semantics of spatio-
temporal objects.

4 In t egrat ion methodology

Our integration methodology usestwo modeling approaches: databaseconcep-
tual modeling and modeling in description logics. Fig. 4 shows phasesthat com-
pose our integration methodology. In the scope of this paper we assumethat
the source database schemas are expressedin the MADS data model, which
has been intro duced in Sect. 2. The MADS model has a rich spatio-temporal
semantics that is easily understood by a wide circle of designersand users.Con-
trary to the proposalswith rather weak data models enhancedwith additional
mechanisms for mappings discovery, e.g., as in [8] and [6], we adhere to a dif-
ferent approach, where at the very Þrst phaseof the integration procedure, the
data are modeled with a very expressive conceptual model. The expressiveness
of MADS on one hand greatly simpliÞesmanual mapping discovery, and on the
other hand it makesthe issueof implementation of mapping discovery algorithms
lessimportant in the scope of our integration methodology. Such techniques for
MADS model would require very sophisticated algorithms becausebesidesthe
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structural dependencies,i.e., subsumption, there are three more dimensions -
spatial, temporal, and multi-representational to be encoded together with their
semantics.

MADS wasconceived asa conceptualdatabasemodel, and thus, it lacks rea-
soningservicesfor the schemaintegration processes.DeÞninginter-schemamap-
pings is an error-prone task done manually by the integrated schema designer.
Therefore, the compatibilit y of the set of mappingshas to be checked, and to do
this task we employ the DL reasoning capabilities. As inter-schema mappings
should be validated against the schemas, the sourceschemasare translated in
description logics (Phase 1 in Fig. 4). Then the set of inter-schema mappings is
translated into description logics (Phase 2 in Fig. 4).

In our method we di!eren tiate several kinds of inter-schema mappings that
are detailed in Sect. 4.1. The set of inter-schema mappings conditions changes
that can be potentially applied to the sourceschemasto construct the Þnal inte-
grated schema. Reasoningservicesof the DL are usedto validate thesechanges
by checking the compatibilit y of the integrit y constraints associated with them
(Phase 3 in Fig. 4).

At the Þnal phaseof our method the schemadesigneris presented with a set
of valid schematic patterns that can be used to design the integrated schema
(Phase 4 in Fig. 4). For the running example we present possible structural
solutions in Sect. 4.2.

4.1 Inter-schema mappings

The inter-schema mappings are initially formulated in the MADS language,for
details of the languagethe interested reader may refer to [30]. We distinguish
several typesof MADS inter-schemamappings. Firstly , there are mappings that
expressthe relationships betweenpopulations of schemaelements that are inten-
tionally related. We useterms intentionally and extensionally in the samesense
asin [9], i.e., intentionally related object typessharethe schemalevel representa-
tion; extensionally related object typesshareparts of their populations4. We call
thesemappingsSchema population Correspondences or SCs.For the population
correspondenceswe apply the set operators shown in Fig. 5. Intuitiv ely, if an
SC is asserted,then the intentional equivalenceis assumed,and the extensional
relationship is deÞnedby the operator. If the operator is disjoint, there are no
common instancesin the two populations.

Further, another set of mappings describes the intentional relationships be-
tweenthe descriptionsof the schemaelements involved in an SC. By the descrip-
tion we assumethe attributes, including identiÞers, and relationships. Since,the
attributes and relationships in MADS can have spatial/top ological and(or) tem-
poral/synchronization semantics, the set of operators for the set of Property se-
mantic Correspondences or PCs includes spatial operators (Fig. 3) and a subset

4 These relations are orthogonal, i.e., two object typescan be intentionally equal (the
same schema representation) but extensionally disjoint (no common instances) or
vice versa.
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Fig. 5. Population relationships and corresponding DL expressions.

of Allen operators mentioned in Sect. 3. A subsetof PCs that involvesidentiÞer
attributes is called Matching Rules or MR. In caseof a non-disjoint operator in
the SC, the MRs are used to match identical instances.This set of mappings,
formulated for all intentionally and extensionally related schemaelements is used
then for deÞningpossibleschematic patterns for an integrated schema.

For the purposeof this paper we will give the inter-schemamappingsalready
translated in DL as presented in Sect. 3. The intention of this translation is to
validate the set of inter-schema mappings using inference mechanisms of DL.
For this purpose we will weaken some semantic of the mappings, e.g., we use
the samesyntax to state relationships between key and non-key attributes for
the validation procedure,but for the clarit y of the paper we keepthe notion of
Matching Rules in further discussions.

Schema population Correspondences. For our running example (schemas
T1 and T2 in Figures 1 and 2 respectively) the relationship between the pop-
ulation of the object type TouristPlaceT1 and TouristSiteT2 is not disjoint, as
we assumesomemuseumsand monuments are represented in both databases.
The type of the relationship between these object types is intersection be-
causethe subtypes of TouristSiteT2 , Theatre and Walk, are not modeled in T1.
And, there is a subtype of TouristPlaceT1 for which there is no corresponding
subtype in TouristSiteT2 , i.e., the Curiosity subtype. The DL expressionstat-
ing the intersection of the populations of TouristPlaceT1 and TouristSiteT2 is
SharedTouristSite ) TouristPlaceT1 # TouristSiteT2 . The populations of MuseumT1

and MuseumT2 , MonumentT1 and MonumentT2 are included in each other, i.e., in
description logics - MuseumT2 ) MuseumT1 , and MonumentT2 ) MonumentT1 .

Already at the level of the Schema population Correspondences (SCs), which
are the most generalcorrespondences,we can deÞnea set of possibleschematic
solutions for the integrated schema. Structural patterns that potentially can
be applied for constructing the integrated schema, correspond to two decision
types that can be taken by the integrated schema designer.The Þrst decision
could be to merge overlapping populations. For this decision the inter-schema
mappings should be formulated for all related elements and possiblestructural
patterns should be veriÞed. For the secondtype of decision, where the popula-
tions are not merged and therefore, there are no structural transformations to
be done, the schemadesigneris provided with the multi-representation solution.
In this casethe related populations should be correctly stamped, each instance
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with the stamp(s) representing the source(s)database(s)they comefrom; formu-
lated inter-schemamappings becomethe integrit y constraints for the integrated
schema. For example, the SC MonumentT2 ) MonumentT1 would constraint the
insert operation by inserting the sameinstanceof Monument in T1 if an instance
of Monument is inserted in T2.

With the decision required structural changes,the structural pattern can-
not be chosenbasedonly upon the relationship between populations, the next
essential factor is the integratability of the related populations. In other words,
the possibility to formulate a valid mapping rule for each related representation
in the local schemas. In the set of inter-schema mappings there are two types
of correspondencesthat we call Property semantic Correspondences and Match-
ing Rules that together with the integrit y constraints are meant to assessthe
integratabilit y of the sourceschemas.In the next subsectionwe discussin more
detail Property semantic Correspondences and Matching Rules.

Property semantic Correspondences and Matching Rules. With the
Property semantic Correspondences (PCs), the schema designer states the re-
lationships betweendi!eren t representations (or part of representations) of the
intentionally or extensionally sameobject types.Thesecorrespondencesare for-
mulated for all the types of the Schema population Correspondences (SCs) in-
cluding disjoint ones,becausethe PCs relate intentional representations of the
object types.The alphabet of the languagefor the PCs consistsin the attribute
names of the schema elements involved in the SCs, in other words, the PCs
unfold the SCsexpressions.

The temporalit y (lifecycle) of an object is translated in DL by using the
predeÞnedrole hasDuration and the spatialit y by using the role hasArea asdeÞned
in [28]. We assumethat museumsin T1 have the role hasDuration. In T2, the
temporalit y is deÞnedthrough a temporal attribute openTime. Thus in T2, the
museumshave a role openTime whosedomain is a temporal domain. To express
the constraint that says that openTimeT2 of MuseumT2 is temporally equal to
the temporalit y of MuseumT1 we Þrst have to deÞnetwo rolesbasedon temporal
predicatesas in [28] :

museum equal1 * %(openTimeT2 )(hasDuration).equal ;
museum equal2 * %(hasDuration)(openTimeT2 ).equal ;

Then the constraint is deÞnedas:
MuseumT2 # MuseumT1 ) %museum equal2.MuseumT2#

%museum equal1.MuseumT1 ;

To expressspatial equality of TouristPlaceT1 and TouristSiteT2 - both object types
have spatial extensions,we state the following expressionin DL:

area equal * %(hasArea)(hasArea).equal ;
TouristPlaceT1 # TouristSiteT2 )

%area equal.TouristPlaceT1 # %area equal.TouristSiteT2 ;
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The rest of the PCs for attributes of TouristPlaceT1 and TouristSiteT1 are listed
below:

monument equal1 * %(hasDuration)(constructT2 ).equal ;
monument equal2 * %(constructT2 )(hasDuration).equal ;
MonumentT2 # MonumentT1 ) %monument equal2.MonumentT2#
%monument equal1.MonumentT1 ;
$name! 1

T1
.CityBoroughT1 * $district! 1

T2
.TouristSiteT2 ;

$name! 1
T1

.TouristPlaceT1 * $name! 1
T2

.TouristSiteT2 ;

The set of the PCs is completeif for all the SCsstated for the sourceschemas,
all the pairs of elements (attributes) of object and relationship types involved,
are examined for the existenceof a PC betweenthem. Completenessis ensured
by the DL reasoningservice.To complete the set of PCs that are initially pro-
posedby the integrated schema designer,an additional set basedon the source
schema descriptions and the set of the inter-schema mappings, is deduced by
the reasoner.Completenessof reasoningmeansin this context that no valid de-
duction is left out by the inferenceengine. In the complete set of the PCs the
designer can now state a subset called Matching Rules (MRs). The MRs are
the rules that state the correspondencesbetweeninstancesthat are represented
di!eren tly in sourceschemas.Theserules involve identiÞer attributes. Matching
rules are useful in order to Þnd corresponding data during the data integration
process.For our example, the MRs betweenTouristPlaceT1 and TouristSiteT2 are
thoseinvolving NameT2 , NameT1 attributes and the spatialit y of the object types.

TouristPlaceT1 # TouristSiteT2 )
%area equal.TouristPlaceT1 # %area equal.TouristPlaceT2 ;

$Name! 1
T1

.TouristPlace * $Name! 1
T2

.TouristSiteT2 ;

Validation in DL. As it was mentioned above, we use DL reasoningservices
to check the satisÞability of our DL model, i.e., the compatibilit y of the two
sourceschemas,and the set of inter-schema mappings expressedin DL. If our
model is found to be unsatisÞable,then the set of the inter-schema mappings
should be reconsideredfor unsatisÞedobjects (Phase 2 in Fig. 4). UnsatisÞability
meansthat there are someconceptsthat describe an empty set of instances.For
our example an unsatisÞablemodel would be detected for the following set of
deÞnitions:
StopT1Õsare spatially connectedto BusLineT1Õs:

StopT1 ) %stopServesT1 .BusLineT1 ;
stopServesT1 ) connected ;

StopT2Õsare spatially connectedto TransportLineT2Õs:
StopT2 ) %alongT2 .TransportLineT2 ;
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alongT2 ) connected ;

Somestops are represented in both databasesdescribed by T1 and T2:
StopT1 ) StopT2 ;

There is no TransportLineT2 that is spatially connectedto a BusLineT1 :
area disjoint * %(hasArea)(hasArea).disjoint ;
TransportLineT2 ) %area disjoint.BusLineT1 ;

This model will be invalidated by the reasoner based on the following infer-
ences:Þrstly, since BusLine and Stop from schema T1 are spatially connected
then, TransportLine and Stop from schema T2 are also spatially connected.Fur-
themore, someStops from T1 and T2 are the same,and consequently , someof
the BusLineT1 are spatially connectedto TransportLineT2 . This last deduction of
the reasonercontradicts the last expressionof the model above.

Upon completion of this phase, the schema designer will have in hand a
completeand valid set of inter-schemamappings.We are now able to deÞnea set
of possiblestructural solutions for the integrated schemafrom Schema population
Correspondences. In the next phase (Phase 3 in Fig. 4), di!eren t schematic
patterns will be validated against the compatibilit y of integrit y constraints for
the integrated solutions.

4.2 Structural solution for the integrated schema

Proposedschematic patterns for the integrated schema suggestapplication of a
particular structural transformation of the schemaelements involved in the inter-
schema mappings. Thesestructural transformations should be validated for the
integrit y of the resulting schema.The question to be answered is, whether these
transformations would lead to a violation of the integrit y constraints imposed
on one or several schemasÕelements. If the planned structural transformation is
not valid for the given integrit y constraints, then the integrit y constraints are
weakened,or another structural solution is proposed,and the check is run again.
To ensurethe meaningful integrated solution even for the casesof greatly diverse
representations of related data we employ the multi-representation solution con-
sistently preserving the initial representations on the integrated level.

In the following sectionswe will considerthe integration of two object types,
TouristPlaceT1 , and TouristSiteT2 . Weassumethe following setof correspondences
is stated (as explained in Sect. 4.1):

area equal * %(hasArea)(hasArea).equal ;
museum equal1 * %(openTimeT2 )(hasDuration).equal ;
museum equal2 * %(hasDuration)(openTimeT2 ).equal ;
monument equal1 * %(hasDuration)(constructT2 ).equal ;
monument equal2 * %(constructT2 )(hasDuration).equal;

Schema population correspondences:
(1) SharedTouristSite ) TouristPlaceT1 # TouristSiteT2 ;
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(2) MuseumT2 ) MuseumT1 ;
(3) MonumentT2 ) MonumentT1 ;

Property semantic correspondences:
(4) MuseumT2 # MuseumT1 ) %museum equal2.MuseumT2#

%museum equal1.MuseumT1 ;
(5) MonumentT2 # MonumentT1 ) %monument equal2.MonumentT2#

%monument equal1.MonumentT1 ;
(6) $name! 1

T1
.CityBoroughT1 * $district! 1

T2
.TouristSiteT2 ;

Matching Rules within the Property semantic correspondences:
(7) TouristPlaceT1 # TouristSiteT2 ) %area equal.TouristPlaceT1#

%area equal.TouristSiteT2 ;
(8) $name! 1

T1
.TouristPlaceT1 * $name! 1

T2
.TouristSiteT2 ;

Schematic Patterns. The set of possibleschematic patterns depends on the
type of the SCsbetween the related representations. From the spectrum of the
structural patterns [31], the integrated schema designeris provided with several
patterns for validation. For the context of this paper we chose four structural
patterns: fusion - the one resulting in the least number of schema elements for
the integrated schema; generalization-partition - the one that producesthe most
detailed integrated schema; and two types of multi-representations that relate
sourceschemaswithout changing their structures. For our exampleschemas,the
population correspondenceon TouristSite and TouristPlace is intersect (as per
assertion (1)), and hence the designerwill be provided with all four patterns.
The set of available patterns would be di!eren t for diferent operators in the
population correspondenceexpression.For example, with the disjoint operator,
the generalization-partition pattern is excludedasits application requirescommon
instancesin related populations.

The Þrst solution (Fig. 6.a) is to extract the overlapping part of the popu-
lations and model it as the subtype of the two sourcepopulations. This policy
uses the multi-inheritance paradigm of the MADS data model. This pattern
is called generalization-partition. With this structural pattern, the popula-
tion of the SharedTouristSiteTint is TouristPlaceT1 # TouristSiteT2 . The population
of the SharedTouristSiteTint are those tourist sites (only of subtypesMuseum and
Monument) that are closeto a public transport stop, i.e., accessibleby the public
transport.

According to the schemapopulation correspondences(1), (2) and (3), wehave
an integrated representation for common entities SharedMonument and Shared-
Museum for schemasT1 and T2. The subtype Curiosity (as well as Theatre and
Walk) is not present as a subtype of SharedTouristSiteTint becausethere is no en-
tities of this type neither in CuriosityT1 # TouristSiteT2 nor in the TouristSiteT2#
ÂCuriosityT1 .
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Fig. 6. Schematic solutions under the intersection relation between the populations of
the source schemas for integrated schema Tint .

From the correspondenceassertionstating that the nameof the city borough
is equal to the district of the TouristSite (assertion (6)), the designer should
decidewhether he choosesto keepthe modeling solution of T1 - with an object
type CityBorough or District, or the modeling solution of T2 - with an attribute
district. In Fig. 6.a, city boroughs are modeled by a spatial object type District
with Name attribute. The cardinalit y of the locatedIn relationship is preserved
as it is in schemaT1 - a tourist site can be located in several city boroughs.Such
a cardinalit y would be required for examplefor the Opera de Paris theatre, that
has two buildings, one is in the 9eme city borough, and another in the 12eme. In
schema T2 the cardinalit y of the District attribute was 1:1, but preserving this
cardinalit y would invalidate the extension (population) of T1. Another solution
for CityBorough would be to keepit as a multiv alued attribute of TouristSite (as
it is in T2), but since in T1 there are relationships attached to the CityBorough
object type, the designershould adhereto the pattern shown in Fig. 6.a. where
the relationship locatedIn is linked to TouristSite (as in the sourceschemaT1 for
the object type TouristPlace) and attribute District is removed from TouristSite.

Finally, we have to considerthe correspondenceassertions(4) and (5) about
the temporalit y of TouristPlace and the temporal attributes of Museum and Mon-
ument. To be consistent with the schema T1, the temporalit y of TouristPlace
should be preserved. Considering the MADS model, several solutions are possi-
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Fig. 7. Multi-represen tation solutions under the intersection relation betweenthe pop-
ulations of the source schemas for integrated schema Tint .

ble for the temporal attributes openTime and construct : we could either remove
them as the temporalit y of TouristPlace will be inherited in Museum and Monu-
ment, or deÞnethem asderived attributes (derived from the inherited temporal-
it y) or Þnally, keepthem and add an integrit y constraint. In Fig. 6.a, we choose
to present the secondpossibility with derived attributes to keep the resulting
schema more detailed.

The secondpossiblestructural pattern (Fig. 6.b) is fusion where the popu-
lations of the sourceschemasare merged.As previously, before giving the Þnal
schema, the designerhas to consider the correspondenceassertions(6), (4) and
(5). The proposedsolution for the CityBorough is the sameas in the Þrst pattern
for the samereasons.Considering the temporalit y of the TouristSite object type,
the situation and the proposedpattern is di!eren t from above: the temporalit y
of TouristPlaceT1 is migrated one level down (TouristPlace no longer has a tem-
poralit y but all its subtypes have one), becausein T2 there are more subtypes
for TouristSite and not all of them have temporal attributes. In addition, usage
of the redeÞnedtemporal attributes OpenTimeTint and ConstructTint is more ex-
pressive for the schema user than would be the inherited temporalit y (as it was
in the sourceschema T1).

Finally, the third and fourth possible structural solutions are the multi-
representations shown in Fig. 7, where the initial representations and local
integrit y constraints are preserved and no structural transformation is done.
This pattern can be applied in the situation where all other proposedpatterns
are invalidated.
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Two possiblemodeling solutions may be considered:the designercould ei-
ther choose to link the di!eren t object types under consideration with a link
holding the speciÞc inter-representation semantics (as in Fig. 7.c) or integrate
the di!eren t representations in a multi-representation object type (as in Fig.
7.d). The last solution is structurally the sameas the fusion but all the schema
elements hold the stamps characterizing the schema from where they come: t1
for elements described in T1, and t2 for elements from T2. Thus, the object type
TouristSite holds the stamps t1, t2 as it is deÞnedin both schemas(with a di!er-
ent namebut the samesemantic) whereasCuriosity bearsonly the stamp t1 as it
is only described in T1. When consideringthe object Monument stamped t1, t2,
its attributes Devotion and Material are stamped t2 as theseattributes are only
described in the schema T2, Style is stamped t1 and Þnally Construct is deÞned
in both schemasthus stamped t1, t2. Moreover, the object District is stamped
t1, t2 and its attribute Name has a representation-varying deÞnition: for t1 it is
a monovalued attribute and for t2 it is a multi-v alued attribute.

Validation in DL. The compatibilit y of integrit y constraints is checked if the
object typesunder constraints are involved in a SC and according to the chosen
structural pattern, the representations of the two conceptsare merged (totally
or partially). The component ICs must be checked to deducea common, global
ICs guaranteeing validit y of the resulting global ICs. The result of the validation
procedure determines if we can deÞne valid integrit y constraints for merged
object typesand consequently for the whole integrated schema.

For our exampleschemas,assumethat a schematic pattern fusion proposed
for the object typesTransportLineT2 and BusLineT1 with integrated object type is
TransportLineTint which is deÞnedasTransportLineTint ) BusLineT1 # TransportLineT2 .
From the deÞnition of the schemaT1 the reasonerwould Þnd that BusLineT1 has
a role stopServesT1 (Fig. 1) with the cardinalities & 1stopServes! 1

T1
.StopT1 and

& 1stopServesT1 .BusLineT1 . On the other side, from the deÞnition of the schema
T2 (Fig. 2) the reasonerwould Þnd that TransportLineT2 has a role alongT2 with
the cardinalities & 1along! 1

T2
.StopT2 and & 2alongT2 .TransportLineT2 . Thus, the

deÞnition for the integrated conceptsStopTint and TransportLineTint are the fol-
lowing:

TransportLineTint )
$along! 1

Tint
.StopTint

# & 1along! 1
Tint

.StopTint

# & 2along! 1
Tint

.StopTint ;

StopTint )
$alongTint .TransportLineTint

# & 1alongTint .TransportLineTint

# & 1alongTint .TransportLineTint ;
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As the resulting integrated cardinalit y for alongTint the reasonerwould pro-
pose& 2along! 1

Tint
.StopTint . The choice of this cardinalit y as the global one may

invalidate a part of the population of BusLineT1 becausethe cardinalit y of the
along! 1

T1
role was1:n. To meet the cardinalit y 2:n for all instancesof Tint, designer

could formulate and executea query that would Þll the referenceattribute for
TransportLineTint with at least 2 values.

As well, the designercould chooseto impose1:n as the global cardinalit y of
the along! 1

Tint
.StopTint . In this case,no population is invalidated, but the semantics

of 2 terminusstopsis lost. To keepthis information for the integrated schema,the
designercan formulate a query that Þndsthe 2 terminus stops for each instance
of the TransportLineTint , so every time the user wants to Þnd two terminus stops
for a given line, he/she would executethis query.

4.3 Composing Integrated Schema

By the completion of the validation procedurefor the DL integrated schemade-
scriptions, the designerof the integrated schemahasvalid structural solutions for
the related representations assuredby the reasoningengine;associated integrit y
constraints; and mappings for all related elements of the schemasprovided by
the complete set of inter-schema mappings. In this last phaseof the integration
processthe designercan choosethe integrated solutions for each related element
of the sourceschemasand composethe resulting integrated schema.

As it was shown in Sect. 4.2, for each set of mappings, a designer is pro-
vided with oneor more valid structural solutions (Figures 6 and 7 show possible
structural solutions for TouristPlace and TouristSite object types). For the Þnal
integrated schema, for each set of mappings for (at least) intentionally related
object types, schema designer can choose one of the solutions following a cri-
terion. This criterion is application dependent and could be for example, the
complexity of the structural solution, or the type of links used, or the types
of queriesthat will be processedby the information systemunder development.
Consideringthe structural solutions shown in Figures 6 and 7, the designercould
choosethe fusion as the least complex one, i.e., the one with the least number
of elements. As the solution for the bus lines and bus stops representation, the
designercould chooseto adhereto the multi-representation solution asshown
in Fig. 8, to avoid the invalidation of the population of BusLineT1 object type
(cf. the validation section above).

Let us now demonstrate how the mappings can be used in an integrated
database.For the part of the schemashown in Fig. 8 the following mappings for
the Bus and BusLine object typesare relevant:

Schema population correspondences:
(1) BusT2 ) BusLineT1 ;
Matching Rules within the Property semantic correspondences:
(2) $number! 1.BusT2 * $busNum! 1.BusLineT1 ;
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Fig. 8. Multi-represen tation solution for bus lines and bus stops in an Tint .

Let us assumethat we use an SQL like query language to query and main-
tain the database.Mapping (1) requires insertions of an equal instance in the
BusLine table every time a new instance is inserted in the Bus table. The equal-
it y betweenthe instancesof Bus and BusLine is deÞnedby the mapping (2), i.e.,
the value of the attribute busNum in BusLine must be equal to the value of the
attribute number in Bus. Then, the following code will be added to keep the
integrated databasevalid:

CREATE TRIGGER busLine
AFTER INSERT ON Bus

BEGIN
SELECT busNum FROM BusLine WHERE busNum = NEW.number
IF SQL%NOTFOUND THEN
INSERT INTO BusLine VALUES(NEW.number) ;
ENDIF ;

END ;

Now, every time an insert operation is executedon the Bus table, the trigger
will be Þred to check the existenceof an equal instance in the table BusLine, if
it is not found, an insert operation will be executedon the BusLine table, with
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the value of the busNum attribute equal to the last inserted value of the number
attribute.

5 Concl usion

Database integration has been and continues to be the focus of many research
e!orts, and is a task much harder by the presenceof spatio-temporal aspects.
Very few formal approaches have been reported which deal speciÞcally with
spatio-temporal databases.

In this paper we proposean approach to integrate spatio-temporal database
schemasrelying on two well-known formalisms: conceptual models and descrip-
tion logics. We use MADS, an object+relationship conceptual model, intended
to describe spatio-temporal application data. A peculiar feature of MADS that
is of interest in a data integration environment is that it includes speciÞccon-
cepts to describe multiple representations of data. Indeed, as stated in [12], full
integration of spatial databaserequiresa powerful data model for the integrated
schema in order not to loose the semantics of the original schemas. Descrip-
tion logics are a family of knowledge representation formalisms, with special
support for the deÞnition of terminologies. The Þrst phaseof our methodology,
Figure 4, consists of deÞning the source schemasusing the MADS conceptual
model. Inter-schema mappings are then deÞnedbetween the source schemas.
SincedeÞninginter-schemamappingsis an error-prone activit y, we needto check
the compatibilit y of the mappings. In Phase 2, mappings are thus expressedin
Description Logics whoseinferencemechanismsare usedfor satisÞability check-
ing. From those validated mappings, integration patterns are proposedin Phase
3, and their compatibilit y against integrit y constraints is checked. The designer
is subsequently provided with a set of valid patterns, to be used in deÞningthe
integrated schema (Phase 4).

To further this work we plan to design a framework in which one would be
able to follow our methodology and to realize its schema integration task in
an assistedway. Our framework will combine existing tools like MADS schema
editor [19] to design sourceschemasenhancedwith capabilities to deÞneinter-
schema mappings; an automatic translator from MADS to a Description logic
formalism; and Þnally, with a DL reasonerlike Racer [32] enhancedwith spatio-
temporal semantics in order to validate the mappingsand the integrated schema.
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