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1 Introduction e Data integration If the registered resource can be
viewed as a database, the registry information includes the

In many data-centric scientific applications it is common to €xportschema (e.g., relational or XML Schema), and possi-
register datasets and computational services witidara-  Ply other constraints (e.g., foreign keys, semantic integrity
tion registry(also commonly called eatalog directory, or ~ Constraints, etc.) and query capabilities (e.g., full SQL vs.
repository. For example, the scientific data-handling sys- template-based queries only). Specific source queries can
tem under development in the SEEK prdftust consider b€ executed directly by the end user (using an ontology), or
various dataset registries, including: MCAT, for access to indirectly via a database mediator system.
SRB-registered datasefs [9]; Metacat, for KNB-registered ® Remote service invocation and workflow enactment
datasetd [6]; DiGIR, for UDDI-registered data [3]; and Xan- The web, including grid environments, is becoming widely
thoria, an XML-based data registry [10]. A challenge for used as distributed computation platform. For example,
SEEK, and similar efforts such as GE@Ns to provide  Standard web services can be invoked based on their reg-
uniform access to registries and registered resources, basei§tered WSDL descriptions.
on emerging web and grid standards. e Data transformation With the availibility of dis-
Providing uniform access is especially difficult for scien- tributed services comes the possibility of chaining them to-
tific resources due to their inherent structural and semanticgether to create complex scientific workflows. To connect
heterogeneity. We focus on the use of ontologiessir and compose heterogeneous services, input and output data
mantically registeringscientific resources, and consider the types must be aligned and data must be transformed as the
implications of semantic registration for enabling uniform Services are executed [2]. The new workflow may also be
registry-based operations. In general, the use of ontologiesstored and registered.
offers richer contructs and more flexibility for classifying,
discovering, and integrating scientific resources when com-The Problem.  There are various standards and imple-
pared with typical keyword-based metadata approaches. Mentations of resource registries for distributed data and
services, however, the principles of resource registration
Background: Why Registration? The purpose of re- and its implications for scientific-data integration are not
source registration is to facilitate the discovery of resourcesWell understood. The advent of semantic-web standards
and the execution of operations over themreiourcecan ~ such as OWL and RDF provides new opportunitiesser
be a dataset (file), a collection of datasets (including nestedmanticregistration of resources—where resource descrip-
collections), a database, or a web (or grid) service. Com-tions go beyond descriptive (free form) metadata, database
mon examples of operations using registered resources inschemas, and WSDL descriptions.
clude the following. We propose a framework for semantic registration of
e Data and service discoven registered datasetcan data sources that makes the following contributions. First,

be found by issuing a search query agaifisisemantic in- ~ We register datasets and services with their structural de-
formation stored in the registry. Often the result of such an scriptions étructural registration and associated query ca-
operation will include a hancﬁ]ao the resource, which may pabilities. Second, ontologies become registered resources
be a (possibly persistent) unique object identifierfogim- ~ themselves, allowing us to (1) associate data objects (i.e.,
ilarly, a web or grid service can be discovered and its input the logical data items within resources) with specific con-

and output parameters understood if its WSDL description Cepts and properties of registered ontologgesi{antic data
has been registered. registratior), and (2) express inter-ontology constrairas (
ticulation registration, which are ontologies themselves,
ozz*gg(;rels( Sg“ggﬁ”ff‘d by NSF grants No. ITR 0225673 (GEON) and ITR  and can thus can be registered as well. Finally, using the
15 ( _ ) . . framework, we identify desirable properties of semantic
eehttp://seek.ecoinformatics.org . . . . .
2Seehttp:/www.geongrid.org registration mappings for data sources, and illustrate their

3A URL, DOI, SRB-id, LSID (life-sciences-id), a GRI (grid-id), etc. use for our goal of enabling the integration of scientific data.
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Figure 1. Architecture overview.

2 Preliminaries

Figure[1 shows an overview of the architecture of our

proposed framework. The main components include ser-

vices for ontological reasoning, mediation, registration, and
data access.
(not shown) stores the core registry information, including
ontologies, ontology articulations, external semantic con-
straints (e.g., unit conversion rules and other scientific for-

We assume the actual federation registr

a full ontology signature: (if it contains relationships be-
tween terms of the controlled vocabulary). In either case,
there are no axioms and hence no defined logical seman-
tics. A metadata specificationan be seen as an instance
of an ontology having only binary predicat& denoting

the metadata properties (e.title, author, date cf. Dublin
Core). Again, the absence of axioms means that no logical
semantics is defined.

Resource Renaming. In the federation registry, we avoid
name clashes between vocabularies from different scientific
resources (datasets, services, etc.) by assuming each re-
source has a globally unique identifiefe.g., implemented

as a URI). We then rename symbols accordingly: Every
symbol in¥; is prefixed with its resource-idto obtain a
unique vocabulary; := {i.s | s € %;}, allowing new
resources to join the federation without introducing identi-
fier conflicts. A resource-id is also commonly referred to
as anamespace By id(s) we denote the globally unique
resource identifieof a symbols.

B Resource Registration

Registering Ontologies and Articulations. An ontology
O is registered by storing its logic axionds, and its sig-

mulas), registration mapping rules, database schemas, anfayrey.,, in the federation registffl. An articulation on-

service descriptions. Here, we provide preliminaries for for-

malizing the components of our framework. We discuss re-

source registration in more detail in the next section.

Underlying Formalism. We use first-order logic as a
standard, underlying formalisnSyntax: We consider sig-
natures: with predicate symbols » and function symbols
Yr. By Xp, (XFr,) we denote the subsets ofary pred-
icate (function) symbolsyc = X are constants.Se-
mantics: A first-order structureZ interprets predicate and
function symbols as relations and functions, respectively;
constants are interpreted as domain elements. Givamd

a set of formulasb over X, we say thafZ is amodelof @,
denotedl = ®,if Z = pforall ¢ € @, i.e., all formulas in
® are satisfied bg. We can implement constraint checking
by evaluating the queryz | Z | »(Z)}.

Ontologies. An ontology O is a set of logic axiom®,
over a signatur& = CURUI comprising unary predicates
C C ¥p1 (concepty binary predicate® C Yps (roles
propertied, and constant§ C X, (individualg. ®¢ is
usually from a decidable first-order fragment; most notably
description logicqd]. A structureZ is called amodelof an
ontology®o, if Z = ®o.

We can view controlled vocabularies and metadata spec-databaseD, ¥p is a schem® = {Ry,...

ifications as limited, special cases of ontologies.cdn-
trolled vocabularycan be viewed, e.g., as a et X of
individuals(constants); a set of named conceptor even

tology A links ontologiesO; andO; and is given as a set
of axioms® 4 over X4 Yo, U Xo,, thereby logically
specifying inter-ontology correspondences. For example,
i.c = j.(D N 3R.E) is anarticulation axiomy € &4 and
states that the conceptin O; is equivalent—in terms of
O;—to thoseD having at least onB-relatedE. This is ex-
pressed equivalently as follows (using first-order logic syn-
tax):

Va :i.C(x) < j.D(x) A Jy : jR(z,y) A j.E(y)

(¢)

Note thaty is anintensionaldefinition: we have not said
how we can access instance objects (implicitly referred to
via variablesz andy), i.e., how to populat&€, D, etc., as
classes. Finally, expressing inter-ontology articulations as
ontologies achieves closure within the framework: There is
no need to manage a new type of artifact and we can reuse
the given storage, querying, and reasoning techniques.

Structural Data Registration. When registering a
database, schema-level information and query capabilities
should be included to facilitate queries by the end user or
a mediator system. Specifically, the database registration
information contains:

e The databasschemaXp. In the case of a relational
,R,}, where
eachR; is the schema of an exported relation.

4For example, OWL is the W3C standard for representing ontologies
and thus can be used as a concrete synta® for
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e A set of localintegrity constraintsb . We can distin- integration space _ _
guish different types of constraints, e.g., structural (such as -~ ontological domain

foreign key constraints) and semantic constraints. \(lT\ri“ed)
e A query capability specificatiodl,. For example, { )
ITp may be a set of access patterins [7], prescribing the in-
put/output constraints for each exported relation. More gen- Deentity /-
erally, I, may be given as a set of view definitions (possi- Partial
Models

bly with access patterns) supported by the souvcdf D
provides full-fledged SQL access, this may simply be en-
coded by a reserved worfltp, = {SQL}.

To register the structural definition of the data source, datasets, databases, services, ...
a data-access handler must also be provided (similar to @ Figure 2. Result of semantic data registration.
wrapper). The data-access handler provides basic services
for executing underlying queries and converting data to a
common format for use by the registration and mediation
service.

Registration
Mappings

Registering Partial Models. A datasetD that is regis-
tered to an ontology) contributes to the extent of the fed-
eration relative taD. Registered datasets are not materi-
alized according to the ontology; instead the registration

appings are used to access the underlying sources when
needed. A datasd? is eligible to be registered to an ontol-
ogy O in the federation if and only if it can be interpreted as
apartial modelZ of O, denotedl =, ¥o, which implies
ZUT = ¥o for some unknowd’.

A partial model differs from a true model of the ontology
in that some required information may be missing. We de-
note the interpretation induced by applying a semantic data
registration¥ , of databaseD to an ontologyO asZp. If
the latter is a partial modéfp =, ¥o, then the model
Ip UZT'p E ¥y contains an unknown or hidden pdrt,.

As more sources are registered, moreZgf may become
known.

When an interpretation induced by a semantic data regis-
tration is not a partial model of an ontology, we say that the
interpretation isnconsistentAn inconsistent interpretation
often violates a datatype, cardinality, or disjoint constraint
in the ontology. When possible, we wish to automatically
verify that a semantic data registration is consistent, e.g., by
ensuring that the dataset is a model of the ontology. If the
model is only partial we may notify a data provider that the
dataset is incomplete with respect to the ontology.

Semantic Data Registration. A semantic data registra-
tion registers the association between data objects in
databaseD and a target ontolog®. Letk = id(Dy) and

j = 1d(0;) be the unique resource identifiers Bf, and
O;, respectively. Thesemantic data registrationf D, to
Oj is given by a set of constraints, ;, where eachy € ¥y;

is a constraint formula ovet p U ¥. For example, the se-
mantic data-registration formuta =

VaVy : 7.D(z) A j.R(z,y) <« Tz : k.P(z,y, 2) A k.Q(y, 2)

is a constraint that states ontologys concepb and its role
R can be “populated” using certain tup®g, y, z) from D.
When the semantic data-registration constragirand the
above articulatiorp are combined, we see that data objects
from D, can almost be Iinkﬂjto concepts like.C(x) in
the ontologyO;, despite the fact thab;, was registered to
O; and only indirectly ta0; (via an articulatiorO; < O;).

As shown in Figur@]l, we define the semantic context of
a data source as consisting of the portion of the ontology
the source is registered to (labeleahtextualizatiorin the
figure). Using context information, a discovery query can
often be answered using the ontological context implied by
a semantic registration. The registration service also pro-

vides operations to verify the correctness of semantic regis-dentification Declaration. Semantic data registration

trations. allows a dataset to be interpreted as a partial model of
an ontology, but does not necessarily provide enough in-

4 Properties of Semantic Data Registration formation to identify the same individuals across multiple
datasets, which is essential for data integraﬁ]d’ﬂne ability

) ] ] ] . _ to identify equivalent data objects across different datasets
This section further defines the steps involved in semanticis needed in practice because each dataset may only pro-

data registration. In particular, we clarify the result of se- \iqe a portion of the information concerning a particular

mantically registering a dataset agartial modeland moti- object. As shown in Figurg]2, we consider an additional
vate the need for additional, data-objat#ntification steps
(see Figurg]2). 5The problem is general to metadata and controlled vocabulary ap-
proaches as well, neither of which provide the ability to associate semantic
SFor the body ofp to fire, we also need to establish tiEgy) holds. information to data objectwithin a resource.



registration step calledentification declaratiothat allows datasets. The result of global data-object identification is

data providers to state how data objects should be identifiecthe ability to perform object fusion [8] at the mediator.

across data sources. ¢ Property identification If within a given dataset we
Obiject identity can be defined in a number of ways. relate two globally-identified data objects with an ontolog-

First, a semantic data registration can be augmented withical relation inR, it becomes possible to join information

mapping tableswhich map individual data items to recog- across datasets (assuming at least one data object occurs in

nized individuals inl, i.e., individuals that are established at least one other relation in another source). This situa-

instances within an ontology and come from an authorita- tion represents a stronger form of integration compared to

tive registry. For example, an ontology may prescribe a par- simple object fusion, and is required for wide-scale data in-

ticular species taxon, where individuals represent globally- tegration.

identified species, and a mapping table within a semantic

data registration may then associate dataset species codes® Conclusions

these global species identifiers. Second, external rules may

be used for determining identity, similar to keys in a rela- we have presented a general logic-based framework for se-
tional databasé. As an example, we may have a rule that mantically registering resources with ontologies, and dis-
ISBN codes uniquely identify publications, thus, registering cussed some properties of the resulting semantic registra-
to an ISBN property uniquely identifies the data object. Fi- tions. In [4], an early implementation of a semantic regis-
nally, a data provider may give data-object correspondencesration procedure is described in the context of an ontology-
between registered data sets. Thus, a data object is explicenabled geologic map integration system. It allows the user
itly given as equivalent to another data object (although theto register a spatial dataset (shapefile) to one rock classi-
specific identifiers of the objects may not be authoritative). fication ontology (such as the British Geological Survey),
We store identity information as part of the semantic con- and allows the user to query the data using a second on-
straints repository shown in Figyrg 1. tology (such as the Geological Survey of Canada). We are
currently extending our framework to include registration

5 Data Integration via Semantic Registration of services, as found, e.g., in scientific workflow systems.
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